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Abstract 

Tuberculosis is a global disease affecting humans, animals, and marine life. In humans, it is 

primarily caused by the bacterium Mycobacterium tuberculosis and a few closely related 

species. M. tuberculosis was responsible for 1.6 million deaths in 2022, equating to one death 

every 20 seconds. Antibiotic resistance in M. tuberculosis is a major concern and a significant 

driver of mortality. The Mycobacterium genus has a unique, impermeable cell wall built on a 

foundation of peptidoglycan, which provides tensile strength and resists osmotic pressure. 

Peptidoglycan, an extensive cell wall polymer of alternating N-acetylglucosamine and N-

acetylmuramic acid residues, is cross-linked by short peptides. Peptidoglycan-targeting 

enzymes, such as D,D-carboxypeptidases, are tightly regulated to enable growth and division. 

Building on the observation that the loss of LpqF leads to altered colony morphology in M. 

marinum, this thesis characterises the function of this protein. LpqF is a low molecular weight 

penicillin-binding protein (PBP) conserved in mycobacteria. Our data support classifying LpqF 

as a D,D-carboxypeptidase that is inhibited by meropenem. These data show that LpqF has a 

unique N-terminal NTF2-like domain that binds to peptidoglycan, suggesting a positioning 

mechanism for the catalytic domain to access its substrate. Additionally, two of eight mutants 

(D85A and R98A) designed in the N-terminal NTF2-like domain further support this hypothesis 

by showing that these residues likely have roles in anchoring LpqF to peptidoglycan. 

Furthermore, this thesis presents evidence that Δlpqf causes an accumulation of the fluorescent 

D-amino acid (FDAA) 3-[7-nitrobenzofurazan]-carboxamide-D-alanine (NADA) along the 

lateral cell wall in M. marinum, indicating the involvement of LpqF in peptidoglycan 

incorporation. 

This work provides a strong foundation for further analysis and elucidation of D,D-

carboxypeptidases. Understanding the function and regulation of LpqF could offer valuable 

insights into developing inhibitors targeting proteins involved in peptidoglycan biosynthesis, 

potentially aiding in the creation of new therapeutics against drug-resistant strains of M. 

tuberculosis. 

 
 
 
  



 iii 

Declaration 
 
The work presented in this thesis has been carried out under the supervision of Dr Patrick J. 

Moynihan and Prof Gurdyal S. Besra in the School of Biosciences at the University of 

Birmingham, UK, B15 2TT during the period of June 2020-December 2023. I hereby declare 

the work in this thesis is original except where acknowledged by reference. No part of this work 

is being, or has been submitted for a degree, diploma or any other qualification at any other 

university.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 iv 

Covid-19 statement  
 
My PhD project was affected by the 2019-ongoing pandemic. During 2020-2022 there were 

three lockdowns halting the time in the lab for months at time. In between these times, due to 

social distancing there was limited, allocated time slots in the lab based on a rota system. This 

limited preliminary data acquisition and long term experimental planning. The pandemic also 

affected reagents acquisition, normal conferencing, presenting and collaborative opportunities 

between labs.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 v 

 
 
 
 
 
 
 

 
 
 
 

This thesis is dedicated to my two sons, Zayan and Toby. To you I give the future. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 vi 

Acknowledgements  
 
It is with enormous gratitude I thank my supervisor Dr Patrick Moynihan for his support and 

advice over the course of my PhD. I would like to thank Aaron Franklin, Sam Benedict, Abi 

Layton, Rudi Sullivan and Greg Gouge and everyone else in the Moynihan lab for their support 

and camaraderie. Thank you to Greg for all the coffees and laughs.  

 

I would like to thank Sarah Bhat, Alex Kingdon, Kat Abrahams and everyone else in the Besra 

lab and Bhatt lab for their advice and chats.  

 
I especially would like to thank and am so proud of my children, Zayan and Tobias for 

understanding, for the hugs, for your belief in me and for making me laugh out loud when I 

needed to. Without your presence none of this would have been worth it.  

 

To everyone whom I may have forgotten, you all have had a positive influence on my life 

over the past three years and I thank you.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 vii 

Contents 

 
Abstract……………………………………………………………………………….    ii 
 
Declaration…………………………………………………………………………….   iii 
 
Covid-19 statement……………………………………………………………………   iv 
 
Acknowledgements……………………………………………………………………  vi 
 
Table of Contents…………………………………………………………………….   viii 
 
Figure List…………………………………………………………………………….  xiii 
 
Table List…………………………………………………………………………......   xvi 
 
Abbreviation List……………………………………………………………………  xvii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 viii 

Table of Contents 
 
 
1 Chapter 1. General introduction……………………………………………………… 1 
 
1.0   The Mycobacterium genus……………………………………………………………...  1 

1.2  History of tuberculosis………………………………………………………………….   2 

1.3  Environmental and social implications of mycobacterial infection…………………….   4 

1.4  Epidemiology of Tuberculosis………………………………………………………….   5 

1.4.1 Global prevalence of M. tuberculosis infection……………………………………..   5 

1.4.2 Drug resistant strains of M. tuberculosis……………………………………………   6 

1.4.3 HIV-associated M. tuberculosis infection…………………………………………..   8 

1.4.4 United Nations (UN) Sustainable Development Goals (SDGs)………………….....   8 

1.5  Infection and pathogenesis……………………………………………………………..   9 

1.6  Treatment of M. tuberculosis…………………………………………………………..  11 

1.7  The cell wall of Mycobacteria………………………………………………………....  15 

1.7.1  Mycobacterial outer membrane……………………………………………………  16 

1.7.2  Mycobacterial inner membrane (MIM)……………………………………………  17 

1.7.3  Mycolic acids………………………………………………………………………  22 

1.7.4  Arabinogalactan…………………………………………………………………… 26 

1.7.5 Peptidoglycan……………………………………………………………………....  29 

1.7.6 Mycobacterial classification………………………………………………………..  30 

1.7.7 Modifications of peptidoglycan…………………………………………………….  30 

1.7.7.1    Admidation……………………………………………………………………….  30 

1.7.7.2    N-deacteylation…………………………………………………………………...  31 

1.7.7.3    N-glycolylation…………………………………………………………………...  31 

1.7.8 Mycobacterial cross linking………………………………………………………..  32 

1.7.9 Peptidoglycan cytoplasmic biosynthesis…………………………………………...  33 

1.7.10 Formation of lipid linked muropeptides……………………………………………  34 

1.7.11 Translocation of lipid linked muropeptide across the plasma membrane………….  36 

1.7.12 Peptidoglycan periplasmic biosynthesis……………………………………………  37 

1.7.13 D,D-transpeptidases………………………………………………………………… 40 

1.7.14 L,D-transpeptidation………………………………………………………………...  41 

1.7.15 Penicillin binding protein catalytic mechanism…………………………………….  43 

1.7.16 Peptidoglycan cleaving enzymes…………………………………………………...  44 



 ix 

1.7.16.1 Muramidases……………………………………………………………….. 45 

1.7.16.2 N-acetylglucosaminidases………………………………………………….. 47 

1.7.16.3 N-acetylmuramoyl-L-alanine amidases……………………………………..  48 

1.7.16.4 Endopeptidases……………………………………………………………... 48 

1.7.16.5 Carboxypeptidases………………………………………………………….  49 

1.7.17  Cleaved peptidoglycan……………………………………………………………...51 

1.8  Inhibitors of peptidoglycan synthesis………………………………………………….  52 

1.8.1 D-cycloserine………………………………………………………………………..  52 

1.8.2 β-lactams and adjuvants for targeting L,D-TPases and PBPs………………………  54 

1.8.3 Penams……………………………………………………………………………...  56 

1.8.4 Penems……………………………………………………………………………...  56 

1.8.5 Carbapenems……………………………………………………………………….  57 

1.8.6 Cephams……………………………………………………………………………  57 

1.8.7 Monobactams………………………………………………………………………  59 

1.8.8 Clavams…………………………………………………………………………….  59 

1.8.9 Mode of action of β-lactams………………………………………………………..  60 

1.9  Resistance to b-lactams;  b-lactamases………………………………………………..  61 

1.10 The use of model organisms and systems to study genes in pathogenic  

mycobacteria………………………………………………………………………………..  64 

1.11 The use of  genetic tools to identify new enzymes in TB research………………...  65 

1.11.1 Transposons………………………………………………………………………...  66 

Aims and Objectives……………………………………………………………………….  69 

   
2 Chapter 2. Materials and Methods…………………………………………………..  70 

2.1  Culture media…………………………………………………………………………..  71 

2.1.1 Lysogeny broth…………………………………………………………………….   71 

2.1.2 Lysogeny broth agar……………………………………………………………......   71 

2.1.3 Middlebrook 7H9 Media…………………………………………………………...  72 

2.1.4 Middlebrook 7H10 Agar……………………………………………………………  72 

2.2   in silico analysis……………………………………………………………………….  72 

2.2.1    Multiple sequence alignments……………………………………………………...  72 

2.2.2    Synteny for lpqf…………………………………………………………………….  73 

2.2.3 Conservation of motifs and domain analysis………………………………………  73 



 x 

2.3 Cloning……………………………………………………………………………….   73 

2.3.1 Oligonucleotides……………………………………………………………………  73 

2.3.2 Polymerase Chain Reaction (PCR)………………………………………………...  74 

2.3.3 Restriction free PCR (RF cloning)…………………………………………………  74 

2.3.4 Preparation of plasmid DNA……………………………………………………….  74 

2.3.5 DNA concentration determination…………………………………………………  75 

2.4  Site directed mutagenesis and PCR………………………………………………….   75 

2.4.1 Generic method for Agarose Gel Electrophoresis………………………………….  77 

2.4.2 Generic method DNA extraction from Agarose Gel……………………………….  78 

2.4.3 Purification of DNA product……………………………………………………….  78 

2.4.4 Digestion, Ligation and recirculation mixture……………………………………...  78 

2.5 Electroporation and transformation into competent cells……………………………… 79 

2.5.1 Electroporation into M. marinum competent cells…………………………………  79 

2.5.2 Transformation of E. coli strains…………………………………………………...  79 

2.6 Preparation of glycerol stocks…………………………………………………………  80 

2.6.1 Protein expression and harvesting………………………………………………….  80 

2.7 Protein purification……………………………………………………………………  81 

2.7.1 Buffer exchange and salt removal using dialysis…………………………………..  82 

2.7.2 Concentration of purified protein…………………………………………………..  82 

2.7.3 Anion Exchange……………………………………………………………………  83 

2.7.4 Size Exclusion Chromatography…………………………………………………...  83 

2.7.5 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis…………………..  83 

2.8 Transposon mutagenesis library………………………………………………………  84 

2.8.1 Microbial growth curves……………………………………………………………  86 

2.9 Microscopy (confocal and phase contrast)……………………………………………   86 

2.10    Biochemistry……………………………………………………………………….   87 

2.10.1   Bocillin fluorescence assay……………………………………………………….   87 

2.10.2   Cephalosporinase assay using nitrocefin as a substrate…………………………..   88 

2.10.3   Purification of peptidoglycan …………………………………………………….  89 

2.10.4   Degradation assay using FITC ……………………………………………………   89 

2.10.5   Sample preparation and RP-HPLC……………………………………………….   90 

2.10.6   Thin Layer Chromatography……………………………………………………...   91 

2.10.7   Peptidoglycan binding assay……………………………………………………...   92 



 xi 

2.10.7.1   Classical SDS-PAGE peptidoglycan binding assay………………………  92 

2.10.7.2   NHS-Rhodamine adapted peptidoglycan binding assay………………….  92 

 

3 Chapter 3. Identification and bioinformatic analysis of LpqF…………………….  95 

3.0   Introduction…………………………………………………………………………...  95 

3.1   An archived Tn library contains putative cell wall enzymes identified as having  

altered  colony morphology in M. marinum……………………………………………  98 

3.1.1 phAE181 as a delivery system……………………………………………………...  98 

3.1.2 Experimental aim…………………………………………………………………...  99 

3.1.3 MMAR_5092……………………………………………………………………... 101 

3.1.4 Morphological screen for genes involved in cell wall assembly…………………... 104 

3.1.5 LpqF (Rv3593)……………………………………………………………………  107 

3.1.6 The N-terminal domain of LpqF has an NTF2-like fold………………………….  114 

3.1.7 LpqF is a low molecular weight PBP with a unique motif III within the catalytic  

triad………………………………………………………………………………..  118 

3.2 Discussion…………………………………………………………………………….. 126 

3.3 Conclusion…………………………………………………………………………….  130 

 

4 Chapter 4. Rv3593 (LpqF) is a low molecular weight penicillin binding protein and  

is selectively inhibited by carbapenems…………………………………………….  131 

4.0  Expression and purification of LpqF…………………………………………………  131 

4.1  Functional analysis of LpqF………………………………………………………….  132 

4.1.1 LpqF is unlikely to be a β-lactamase……………………………………………...  133 

4.1.2 LpqF selectively binds to β-lactams and is inhibited by meropenem……………..  134 

4.2 Discussion…………………………………………………………………………….. 136 

4.3 Conclusion…………………………………………………………………………….  139 

 

5 Chapter 5.  Biochemical analysis of LpqF…………………………………………  141 

5.0 Introduction………………………………………………………………………….... 141 

5.1 LpqF does not perform a D-amino acid exchange reaction in vitro…………………...  142 

5.2 LpqF has weak or no hydrolytic activity on polymerised peptidoglycan……………..  143 

5.3 LpqF cleaves L-alanine-γ-D-glutamate-L-lysine-D-alanine-D-alanine pentapeptide….  151 

5.4 Discussion…………………………………………………………………………….. 153 



 xii 

5.5 Conclusion…………………………………………………………………………….  159 

 

6 Chapter 6. LpqF binds to peptidoglycan via its NTF2-like domain……………...  161 

6.0 Introduction…………………………………………………………………………...  161 

6.1 The NTF2 domain of LpqF binds peptidoglycan……………………………………..  162 

6.2 The NTF2 domain of LpqF mediates peptidoglycan binding………………………...  163 

6.3 Discussion…………………………………………………………………………….   173 

6.4 Conclusion…………………………………………………………………………….  176 

 

7 Chapter 7. LpqF plays a role in peptidoglycan incorporation……………………  178 

7.0  Introduction…………………………………………………………………………..  178 

7.1  Fitness analysis of ∆lpqf mutant strains………………………………………………  179 

7.2 An lpqf transposon mutant has altered peptidoglycan incorporation relative to wildtype  

M. marinum……………………………………………………………………………….   187 

7.3 Discussion…………………………………………………………………………...   189 

7.4 Conclusion…………………………………………………………………………..   192 

 

8 Chapter 8. General discussion…………………………………………………….   193 

8.1 Future work……………………………………………………………………………  196 

8.2 General conclusion……………………………………………………………………   199 

 

References………………………………………………………………………………..   200 

 
 

 

 

 
 
 
 
 
 
 
 
 
 



 xiii 

 
List of Figures  
 
Figure 1.    UKHSA statistics of total number of people reporting TB cases in England  

from 2020-22……………………………………………………………………………….    5 

Figure 2.    Global map of estimated tuberculosis incidence rates for 2022……………….   6 

Figure 3.    The WHO global map of the incidence of multidrug/rifampicin resistant TB...   7 

Figure 4.    The WHO global map of estimated distribution of cases……………………...   8 

Figure 5.    Diagram outlining potential routes for pathogenic outcome for  

M. tuberculosis infection…………………………………………………………………...  11 

Figure 6.    Schematic representation of a cross-section of the cell wall structure  

in mycobacteria…………………………………………………………………………….  16 

Figure 7.    A presentation of the biosynthetic pathway for PIMs and inositol acylation…  19 

Figure 8.    The structure of LAM from M. smegmatis and M. tuberculosis………………  22 

Figure 9.    A basic representation of the biosynthetic pathway for the generation of  

mycolic acids………………………………………………………………………………. 25 

Figure 10.   Representation of arabinogalactan structure in M. tuberculosis……………...  27 

Figure 11.   A schematic of the arabinogalactan biosynthesis in Mycobacteria…………..  29 

Figure 12.   Schematic of the basic chemical composition of mycobacterium 

peptidoglycan………………………………………………………………………………  33 

Figure 13.   Diagrammatic representation of the cytosolic phase of peptidoglycan synthesis  

in the cell wall of mycobacteria…………………………………………………………….  36 

Figure 14.   Representative motifs in PBPs for Gram positive and Gram negative bacteria  

as well as mycobacteria responsible for lipid II integration into the existing  

peptidoglycan structure…………………………………………………………………….. 39 

Figure 15.   A schematic outlining the transpeptidation reaction resulting in the 3,4 cross- 

link, bridging two stem peptides and carboxypeptidation………………………………….  41 

Figure 16.   Schematic of the steps depicting the 3,3 cross-linking created by the L,D- 

transpeptidases……………………………………………………………………………... 43 

Figure 17.   A description of the bacilli cell responses during PG repair and  

maintenance………………………………………………………………………………... 45 

Figure 18.   A schematic of the formation of the di-peptide, converting L-alanine to D- 

alanine……………………………………………………………………………………...  52 

Figure 19.  A basic depiction of the modes of action for the lipid II inhibitors  



 xiv 

preventing incorporation into mature peptidoglycan………………………………………   53 

Figure 20.  The similarity of the β-lactam ring…………………………………………….  61 

Figure 21.  Confirmation of M. marinum colony morphology defects from an Tn library.. 106 

Figure 22.  A spot assay using wildtype and ∆lpqfMm (12C3)……………………………  107 

Figure 23.  Phylogenetic analysis of lpqf and its relationship to evolutionary distance  

in mycobacteria…………………………………………………………………………… 109 

Figure 24. Synteny analysis reveals the approximate loci for Rv3591, Rv3592, Rv3593,  

and Rv3594……………………………………………………………………………….. 112 

Figure 25. LpqF is predicted to belong to the PBP/B-lactamase family of enzymes…….  113 

Figure 26. LpqF has two domains, an N-terminal NTF2-like domain and a C-terminal  

PBP domain……………………………………………………………………………….  116 

Figure 27. LpqF bears the signature motifs of a LMW PBP……………………………..  122 

Figure 28. SDS-PAGE analysis of LpqF purification……………………………………  132 

Figure 29. LpqF β-lactamase activity assay……………………………………………...  134 

Figure 30. LpqF is inhibited by a variety of β-lactams…………………………………..   136 

Figure 31. Assessment of the capability of LpqF to exchange D-alanine in an in vitro  

Assay……………………………………………………………………………………...  143 

Figure 32. LpqF does not hydrolyse polymerised M. smegmatis peptidoglycan in an  

in vitro degradation assay…………………………………………………………………  145 

Figure 33. Determination of LpqF hydrolytic activity on FITC-PG by thin  

layer chromatography……………………………………………………………………..  148 

Figure 34. HPLC separation of reaction products derived from LpqF digestion of E. coli  

and M. smegmatis peptidoglycan…………………………………………………………   150 

Figure 35. LpqF-catalysed reaction products against pentapeptide……………………...   153 

Figure 36. Structural comparison of the NTF2LpqF and Bd1075 NTF2 domain suggests  

that NTF2LpqF is unlikely to function in the same way…………………………………...   163 

Figure 37. LpqF binds to peptidoglycan via the NTF2LpqF domain……………………...   165 

Figure 38. Structure of the NTF2LpqF and residue selections for site-directed  

mutagenesis……………………………………………………………………………….  166 

Figure 39. Purification of NTF2LpqF variants with putative binding residue substitutions..  167 

Figure 40. Development of a medium-throughput peptidoglycan-binding assay………..   169 

Figure 41. NHS-rhodamine NTF2 conjugated peptidoglycan binding assay……………   172 

Figure 42. Morphological evaluation of an M. marinum lpqf transposon mutant……….   180 



 xv 

Figure 43. Morphological evaluation of ∆lpqf in Mycobacterium smegmatis…………...   182 

Figure 44. Growth kinetics for wildtype and ∆lpqf in M. marinum……………………...   183 

Figure 45. Analysis of ∆lpqf Sm and wildtype in M. smegmatis liquid cultures………….   184 

Figure 46. Cell wall labelling of wildtype and ∆lpqf M. marinum strains with FDAA  

dyes HADA and NADA…………………………………………………………………..  188 

Figure 47. A description of the function for LpqF a new mycobacteria D,D-CPase……..   195 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xvi 

List of Tables 

 
Table 1.   A summary of mycobacterial species causing disease in animals and humans…   2 

Table 2.   1st line antibiotics in the DOTS programme…………………………………….  12 

Table 3.   Reduced antibiotic regime in the DOTS programme…………………………..  13 

Table 4.   Drugs used for TB regimens associated with multi-drug resistant strains……...  14 

Table 5.   The nomenclature of the most common β-lactams and a representative  

structure from each class is outlined……………………………………………………….. 55 

Table 6.    Outlines the strains and plasmids that were used in this study…………………  70 

Table 7.    Plasmids used in this study………………………………………………….…  71 

Table 8.  Primers and melting temperatures (Tm) for site directed mutagenesis of NTF2 

domain……………………………………………………………………………………..  76 

Table 9.    Reaction mixture for RFP1 PCR……….………………………………………  76 

Table 10.    Reaction mixture for RFP2 PCR……………………………………………..  77 

Table 11.    PCR thermocycler parameter settings………………………………………..  77 

Table 12.    List of transposon mutagenesis library as labelled in original Tn library  

(Chen., 2010)………………………………………………………………………………  85 

Table 13.    A list of β-lactam antibiotic used in the fluorescence assay………………….  88 

Table 14.    Twenty two isolated mutants in M. marinum from the Chen et al. (2010) study  

with morphological changes……………………………………………………………… 104 

Table 15.    A representation of the structural alignments of NTF2 domains……………. 117 

Table 16.   Alignment of 3h3h and NTF2 of LpqF structures for assessment of conservation  

of ligand binding residues………………………………………………………………..   118 

Table 17.   A summary of statistics for representing the diversity of the 18 enzymes from  

S11 and S13 groups utilised in Figure 27…..…………..………………………………..  123 

Table 18.   Muropeptides from E. coli analysed by HPLC………………….…………...  150 

 

 

 

 

 

 



 xvii 

List of abbreviations 
 

ADC                             

Å                                   

BCG                             

CalC2                             

D                                   

dH2O                              

DAT                             

D-iso-Glu                        

DNA                              

EDTA                             

EMB                              

GlcNAc                         

HIV                                

HMW                             

I                                     

INH                               

IPTG                             

kDa                               

KOH                              

LAM                             

LB                                 

LM                                

LMW                             

M                                  

MurNAc                       

MWCO                           

mAGP                            

mg                                 

mM                               

meso-DAP                     

NaOH                           

Albumin, Dextrose, Catalase 

angstrom 

Bacillus Calmette-Guérin 

Calcium Chloride  

Amino acid: aspartic acid  

Distilled water 

Diacyltrehalose 

D-iso-glutamine  

Deoxyribonucleic Acid  

Ethylenediaminetetraacetic acid  

Ethambutol 

N-acetylglucosamine 

Human Immunodeficiency Virus  

High molecular weight  

Amino acid: isoleucine 

Isoniazid 

Isopropyl-β-D-thiogalactopyranoside 

Kilodalton  

Potassium Hydroxide  

Lipoarabinomannan 

Lysogeny Broth  

Lipomannan 

Low molecular weight  

Molar 

N-acetylmuramic acid 

Molecular weight cut-off  

Mycolyl-arabinogalactan-peptidoglycan  

Milli Gram 

Milli Molar 

meso-diaminopimelic acid 

Sodium hydroxide 



 xviii 

Na₂CO₃                           

Ni2+-NTA                       

NTF2                              

ng                                   

OADC                            

OD600nm                           

PBP                                 

PBS                                 

PCR                                 

PDIM                              

PG                                   

PI                                     

PIM                                 

PPM                                

pH                                  

PZA                               

Q                                     

R                                    

RIF                                

RNA                              

RP-HPLC                       

SDS                                

SDMs                            

SDS-PAGE                    

TB                                 

TLC                               

TDM                              

TMM                             

v/v                                  

v/w                                 

W                                    

WHO                              

μg                                   

Sodium Carbonate 

Nickel Nitrilotriacetic Acid 

Nuclear transport factor like domain/fold 

Nano Gram 

Oleic Acid, Albumin, Dextrose, Catalase 

Optical Density at 600 nm 

Penicillin Binding Protein 

Phosphate Buffered Saline 

Polymerase Chain Reaction   

Phthiocerol dimycocerosate  

Peptidoglycan  

Phosphatidyl-myo-inositol 

Phosphoinositol mannoside 

Polyprenyl-phosphate-mannopyranose 

Power of Hydrogen   

Pyrazinamide 

Amino acid: glutamine  

Amino acid: arginine  

Rifampin 

Ribonucleic Acid      

Reverse phase high performance liquid chromatography 

Sodium Dodecyl Sulfate  

Site Directed Mutagenesis 

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis   

Tuberculosis  

Thin layer chromatography   

Trehalose dimycolate  

Trehalose monomycolate  

Volume per Volume  

Weight per Volume 

Amino acid: tryptophan  

World Health Organisation  

Micro Gram  



 xix 

μL                                  

μm                                 

μM                                 

 Micro Litre  

 Micro Meter  

 Micro Molar  



 1 

Chapter 1. General introduction 
 

1.0 The Mycobacterium genus 

The etiological agent of tuberculosis (TB) is Mycobacterium tuberculosis, along with other 

closely related strains grouped into the M. tuberculosis complex (MTBC), within the 

genus Mycobacterium. This genus belongs to the phylum Actinomycetota and the 

family Mycobacteriaceae (Velayati et al., 2017).  Members of the MTBC share high genetic 

similarity but exhibit variability in host specificity, geographic distribution, and 

pathogenicity (Reva et al., 2015; Taiana Tainá Silva-Pereira, Naila Cristina Soler-Camargo and 

Marcia, 2024). The genus Mycobacterium was originally classified based on the characteristics 

of M. tuberculosis, including differences in cell wall composition (e.g., mycolic acids), cellular 

morphology (e.g., pigmentation), and the ability to grow under aerobic conditions (Lehmann 

& Neumann, 1896; Ramakrishnan et al., 1997; Chen et al., 2010; Hashish et al., 2018; Liang 

et al., 2020; Liu et al., 2023). However, these classifications have been updated with the 

integration of comparative genomics, which has helped identify conserved gene sequences 

specific to Mycobacterium, improving phylogenetic accuracy (Advani et al., 2019; 

Kumaragurubaran Karthik et al., 2023). Differences in 16S rRNA genomic data have also 

become a cornerstone of modern data analysis (Tortoli et al., 2017). There are approximately 

190 species within this genus, which have adapted over millennia to diverse environments such 

as water, soil, air, and dust (Reva et al., 2015).  Many of these species can cause infections in 

immunocompromised individuals, highlighting the genus's adaptability. Notable examples 

include the clinically significant human pathogens M. tuberculosis and Mycobacterium leprae, 

as well as non-tuberculous species such as Mycobacterium abscessus and Mycobacterium 

avium (Tortoli et al., 2017; Tortoli et al., 2019). The genus Mycobacterium is divided into 

slow- and fast-growing species (Fedrizzi et al., 2017). The slow growers are further subdivided 

into two complexes: the M. tuberculosis complex (MTBC) and the Mycobacterium 

avium complex (MAC), as summarised in Table 1. Fast growers include both pathogenic and 

non-pathogenic strains, also detailed in Table 1. 
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Table 1: A summary of mycobacterial species causing disease in animals and humans. Highlighting the 
groupings of fast and slow growers in the mycobacterial genus and a summary of the host and epidemiology for 
MTBC, MAC and MCAC. Table adapted from Reva et al., 2015; Forbes, 2017; Kanabalan et al., 202; Besiatykh 
et al., 2021; Zhou et al., 2021. 

 
 
 
1.2 History of tuberculosis  

Studies conflict on how long tuberculosis has afflicted humans, with early research suggesting 

its presence as far back as 9000 years ago (Hershkovitz et al., 2008; WHO, 2023; CDC, 2019). 

Evidence includes studies on ancient mummies from Egypt dating back to 2050 BC, where 

PCR and spoligotyping techniques identified M. tuberculosis DNA (Zink et al., 2003). 

However, low genetic variation and analysis of mosaic gene sequences suggest that the 
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progenitor of M. tuberculosis infected hominids approximately 3 million years ago (Gutierrez 

et al., 2005). Later studies propose that the co-divergence of M. tuberculosis into humans 

occurred around 70,000 years ago during the Neolithic era (Comas et al., 2013). MTBC is 

divided into human- and animal-adapted strains, facilitating studies of M. tuberculosis and M. 

bovis, which have provided insights into the co-evolution of MTBC with human migration 

patterns out of Africa (Gordon and Behr, 2015). Recent research suggests that both human- 

and animal-adapted MTBC strains underwent dual evolution to adapt to their respective 

hosts (Brites et al., 2018; Gagneux, 2012; Gordon and Behr, 2015). 

Over the centuries, before the advent of infection science and the identification of the 

etiological agents responsible for tuberculosis, the disease was described in various ways 

across many cultures. In ancient Greece, Hippocrates referred to it as phthisis (from “phthiein” 

meaning to waste away), characterising it by emaciation of the individual and ulceration of 

lung tissue (Daniel & Iversen, 2015). He noted that the disease was more common during the 

temperate months, and primarily affected individuals between the ages of 18 and 35 years 

(Daniel & Iversen, 2015). By 1720, the disease was known as consumption, and a new theory 

of its origin was proposed by Benjamin Marten in his publication “A New Theory of 

Consumption” where he suggested that microscopic “animacul” could survive in the host and 

cause TB (Hardy, 1999; Daniel, 2001).  

 

A century later, during the 1800s, studies into the causative agent of infected lung and liver 

tissues from animals were conducted. The French physician René Laënnec and later Dr. Philipp 

Friedrich Hermann Klencke studied the pathology caused by small masses of fibrotic and 

necrotic caseous lesions (referred to as tubercles by pathologist Mathew Baillie in 1793)  in 

both humans and animals (Roguin, 2006; Smith., 2023; Crainz et al., 1982). These studies led 

to Theodor Albrecht Edwin Kleb’s, attempts to isolate the TB bacillus in 1867 by using TB-

containing material on egg white, stored in sterile flasks. The culture medium turned turbid and 

was then used to infect guinea pigs, leading to the conclusion that the inoculation material 

contained the causative agent of TB (Susser and Stein, 2009; CURIOSity Digital Collections, 

2022). Twenty years later, in 1882, Robert Koch published his findings on the isolation of M. 

tuberculosis, declaring that he had discovered the cause of TB (Blackswan et al., 2013). Koch 

demonstrated that Mycobacterium along with other bacterium could be grown outside of the 

host and could reproduce disease in a new host (Tabrah., 2011). In 1884, he published “Koch's 

Postulates,” which outlined four principles: 1) the microorganism must be found in all diseased 
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hosts but not in healthy ones, 2) the microorganism can be isolated from the infected host and 

grown in culture, 3) when the cultured microorganism is inoculated into a new healthy host, it 

must cause disease, and 4) the microorganism must be re-isolated from the inoculated host and 

identified as the same microorganism (Tabrah., 2011). These postulates became the 

foundational principles for studying all infectious diseases. Koch continued his research on 

tuberculosis in search of a cure, and in 1890, he announced the discovery of tuberculin, derived 

from TB bacilli. Although tuberculin was initially thought to attenuate mycobacterial growth 

in vitro and in animal studies, it was later found to be ineffective as a therapeutic but proved 

valuable in 1931 for diagnosing TB using purified tuberculin protein derivative (Daniel., 2006; 

Yang, Kruh-Garcia, and Dobos, 2012; Akkermans, 2014). 

 

1.3 Environmental and social implications of mycobacterial infection  

During the time of Robert Koch's discoveries, the death rate from TB infection was 

approximately 900 deaths per 100,000 people. This high mortality rate coincided with the 

urbanization of Europe and the Americas between the 18th and 19th centuries, as people 

migrated to major city hubs in search of employment (Daniel, 2006). TB infection was closely 

linked to poverty, malnutrition, poor hygiene, and overcrowded living conditions (Hargreaves 

et al., 2011; Duarte et al., 2018). Additionally, cattle were often kept near living quarters, 

increasing the prevalence of M. bovis in milk and meat products (Waddington, 2004). These 

conditions facilitated zoonosis, the transmission of diseases from animals to humans, 

prompting efforts to limit the spread of infection through contaminated meat and 

dairy (Waddington, 2004). Despite the introduction of milk pasteurisation in the 1930s, 

zoonotic transmission remains a major health concern, not only for M. bovis but also for M. 

tuberculosis infections (Rowe & Donaghy, 2008). 

The UK has a relatively low human-to-human transmission rate of TB at 7.8%, giving it one 

of the lowest incidence rates in Europe (GOV.UK, 2023, see Figure 1). In contrast, Ukraine 

reports the highest incidence rate at 27%, with 7.3 deaths per 100,000, a figure exacerbated by 

the ongoing Russian-Ukrainian conflict (Mencarini et al., 2023). Despite its overall low 

incidence, TB remains a concern in the UK; between 1999 and 2010, there was a 50% increase 

in TB cases in London, leading The Telegraph to label the city as "The TB Capital of 

Europe" (The Telegraph, 2010; UCL, 2010). 
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Figure 1: UKHSA statistics of total number of people reporting TB cases in England from 2020-22. These 
statistics reflect the number of reported cases of TB per region 1,084 of the population overall. In 2022, London 
had the highest number of cases (1220) but has decreased from 1,572 in 2021. From 2021-22; increase of 20% of 
population in the Southwest, East, Northeast, Northwest, Southwest and Yorkshire and the Humber remained 
comparable and decreased in East and West Midland (-10.1%, -31.1% respectively) (Figure adapted from; 
GOV.UK, 2022).  

 

In the UK, the prevalence of M. bovis in cattle has steadily increased since the early 2000s, 

leading to the annual slaughter of over 40,000 cattle. This situation imposes a substantial 

financial burden on taxpayers, amounting to approximately £150 million per year, with 

additional costs impacting the farming industry (Hogarth & Sawyer, 2023). These 

circumstances highlight the critical importance of updating and implementing One Health 

policies that address the interconnections between human, animal, and environmental health. 

Additionally, the use of high-throughput, rapid diagnostics during outbreaks is essential for 

promptly identifying and managing cases, thereby limiting transmission and reducing the 

overall economic burden.  

 
1.4 Epidemiology of Tuberculosis  

 
1.4.1 Global prevalence of M. tuberculosis infection  
 
TB is present in every country worldwide and is responsible for causing long-term disease in 

humans. Globally, TB is classified as the second most common cause of death from a single 

infectious pathogen, following SARS-CoV-2 (Global Tuberculosis, 2023). In 2019, 7.1 million 

new TB cases were reported (World Health Organisation, 2022; Gavi.org, 2022). According to 

the 2023 Global Tuberculosis Report, the number of newly diagnosed TB cases in 2022 

increased to 7.5 million, up from 5.8 million in 2020, with a reduction in death rates to 1.3 
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million (Global Tuberculosis Report, 2023, Figure 1). However, the total number of people 

with an active infection was estimated at 10.6 million (5.8 million men, 3.5 million women, 

and 1.3 million children), similar to the levels in 2021 (WHO, 2023). This disparity in case 

reporting is attributed to limited access to medical care and diagnostics during the COVID-19 

pandemic (World Health Organisation, 2022, 2023). Notably, 11% of these cases were among 

individuals under 15 years of age, with 250,000 children dying from tuberculosis each 

year (World Health Organisation, 2022). The incidence rate per 100,000 population varied 

between countries, with the highest numbers reported in Africa, Southeast Asia, the Western 

Pacific, the Eastern Mediterranean, the Americas, and Europe (Global Tuberculosis Report, 

2023, Figure 2). TB is endemic in low- and middle-income countries and those experiencing 

conflict, with Africa currently having the highest incidence rates of pulmonary TB (WHO, 

2023). 

 

 
Figure 2: Global map of estimated tuberculosis incidence rates for 2022 (Figure adapted from; WHO Global 
TB Report., 2023). 
 

1.4.2 Drug resistant strains of M. tuberculosis 

In 2022, approximately 450,000 individuals were diagnosed globally with multidrug-resistant 

and rifampicin-resistant TB, with a cure success rate of 63% (World Health Organisation, 

2022; Rich et al., 2023). However, only 40% of those diagnosed with multidrug resistant TB 
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sought treatment, leading to an increased mortality rate estimated between 191,000 and 

264,000 (World Health Organisation, 2022). 

Rifampicin-resistant, multidrug-resistant, totally drug-resistant, and extensively drug-resistant 

tuberculosis strains are resistant to isoniazid, rifampin (RIF), and fluoroquinolones, posing a 

significant global health security threat (Zhao et al., 2012; Zhang et al., 2014; Migliori et al., 

2012). The World Health Organisation’s 2022 guidelines for treating multidrug-resistant and 

rifampicin-resistant TB outline a hierarchical treatment regime based on patient 

outcomes (WHO Consolidated Guidelines on Tuberculosis, 2022; Rich et al., 2023). WHO 

statistics indicate that the incidence of multidrug-resistant and rifampicin-resistant TB cases 

varies significantly between countries and regions. New cases range from less than 4% in 

Africa, the Americas, the Western Pacific, and South-East Asia to over 26% in Europe (World 

Health Organisation, 2022). Recurring cases are predominantly found in the Eastern 

Mediterranean and Europe, with rates ranging from 7.9% to 57%, respectively. The highest 

incidence rates are observed in the Russian Federation, Eastern Europe, and Central Asia 

(Figure 3). 

Figure 3: The WHO global map of the incidence of multidrug/rifampicin resistant TB for newly infected 
cases in 2022. Figure adapted from; WHO Global TB Report., 2023. 
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1.4.3 HIV-associated M. tuberculosis infection 

People with HIV are approximately 30% more susceptible to developing a co-infection with M. 

tuberculosis, which significantly contributes to AIDS-related mortality rates (Salomon et al., 

2022). WHO statistics estimated that in 2022, there were 710,000 individuals co-infected with 

HIV and TB, accounting for around 7% of all TB cases and resulting in 187,000 deaths (World 

Health Organisation, 2023). The epidemiological patterns of TB+HIV cases closely mirror 

those of TB-only cases (Figure 4; Suthar et al., 2012; Gupta et al., 2012; Odone et al., 2014). 

The highest number of co-infected individuals was recorded in low- to middle-income 

countries, with over 50% in the southern African region (Figure 4). Combined antiretroviral 

and anti-tubercular therapy can improve survival rates for co-infected individuals (Mukonzo et 

al., 2019). However, long-term treatment can complicate the therapeutic process due to drug 

interactions and synergistic complications, as well as hyperimmune responses (Dooley et al., 

2019). 

 
Figure 4: The WHO global map of estimated distribution of cases for co-infection (TB+HIV) from newly 
infected cases in 2022. Figure adapted from; WHO Global TB Report., 2023.  
 

1.4.4 United Nations (UN) Sustainable Development Goals (SDGs)  

In 2014, WHO member nations initiated a global strategy to address preventable but dangerous 

neglected diseases such as TB, HIV/AIDS, and malaria, with goals set for the period between 
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2015 and 2030 (United Nations, 2023). This strategy outlined seventeen goals aimed at 

addressing the root causes of persistent health threats, such as hunger, poverty, inequality to 

accessible medicine, education, and clean water (United Nations, 2023). In 2018, the United 

Nations (UN) agreed on a prevention policy specifically targeting unmet needs in TB care, 

which included implementing TB intervention strategies, investing in diagnostics and 

treatment centres, and conducting research into therapeutics and vaccines. To achieve these 

targets, it is estimated that $13 billion (US) is needed annually. The initial goal was to reduce 

TB mortality rates by 2030, improve access to treatment centres for up to 80% of individuals, 

and achieve a 90% improvement in the implementation of appropriate TB therapy 

regimens (World Health Organisation, 2023; United Nations, 2023). 

However, the UN Sustainable Development Goals (SDG) report in 2023 indicates that these 

objectives have been significantly impacted by the COVID-19 pandemic, the climate crisis, the 

war in Ukraine, and the Israel-HAMAS conflict. These events have shifted the timeline for 

ending the TB epidemic to 2030. The report highlights that global conditions have become 

more challenging for the world’s poorest populations and emphasises the need to adapt the 

EndTB goals outlined in the SDG manifesto to meet a revised agenda that aims to improve 

socio-economic and global health outcomes by 2030 (United Nations, 2023). 

1.5 Infection and pathogenesis  

The direct transmission of M. tuberculosis occurs through the air, with as few as ~5 bacilli, 

each 1-5 microns in size, needed to successfully enter the host (Loudon & Roberts, 1967; 

Fennelly & Jones-López, 2015; Tellier et al., 2019). The outcome of infection varies depending 

on the individual's circumstances. Approximately 25% of the global population is infected 

with M. tuberculosis, meaning they carry the bacterium in a latent, non-contagious state. 

Among these individuals, an estimated 5-15% are at risk of developing active tuberculosis, the 

symptomatic and contagious form, within two years of the initial infection. This two-year 

period represents the highest risk for progression, though active tuberculosis can still develop 

at a later stage (Behr, Edelstein, & Ramakrishnan, 2018; Gill et al., 2022; Dartois & Rubin, 

2022). Individuals at higher risk of developing an active infection include those with 

immunocompromised conditions such as HIV, diabetes, or long-term complications from long 

COVID (Udoakang et al., 2023; Nowiński, Wesołowski, & Korzeniewska-Koseła, 2023). It is 

common for immunocompromised individuals and young children (~10%) to develop a 
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primary active TB infection (Young, Gideon, & Wilkinson, 2009). Active infection typically 

results in lung damage due to primary active pulmonary TB, where granulomas form tubercle 

cysts that consist of macrophages containing bacilli, cell debris, foam cells, and innate effector 

cells as a measure of infection control (Johansen et al., 2018). Individuals with active TB will 

experience acute symptoms, including coughing up blood or cloudy sputum, malaise, weight 

loss, and COPD-like shortness of breath. These individuals may recover from active infection 

but the bacilli become metabolically inactive. Post-primary or secondary infection may occur 

if the individual becomes for example immune comprised (World Health Organisation, 2023).  

In contrast, 90% of individuals exposed to TB bacilli will not develop an active infection, as 

the bacilli are contained within granulomas or tubercles (Allen et al., 2015). These individuals 

will not experience symptoms because the bacilli become metabolically inactive, leading to 

latent tuberculosis infection, where the bacilli can reside in the lungs for long periods (World 

Health Organisation, 2023; Klink et al., 2013; Zhang et al., 2018). However, in approximately 

10% of individuals with an inactive M. tuberculosis infection, reactivation can occur if the 

individual becomes immunosuppressed due to comorbidities such as HIV, diabetes, or 

cancer (Shaler et al., 2012; Ai et al., 2016; World Health Organisation, 2023). The precise 

factors that trigger reactivation and disease progression are currently under 

investigation (Carranza et al., 2020). Figure 5 outlines potential progression routes that 

individuals with M. tuberculosis infection may experience within their lifetime.   
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Figure 5: Diagram outlining potential routes for pathogenic outcome for M. tuberculosis infection. Flow 
chart data based on Shaler et al., 2012.  
 
 
Opinions on the classical disease progression paradigm for tuberculosis (TB) have changed 

significantly over the last decade, prompting increased research into areas such as the 

incubation periods of M. tuberculosis. Current studies and opinions suggest much shorter 

incubation periods than previously believed, and that the underlying causes of infection 

reactivation may be linked to antimicrobial resistance rather than aging or declining 

immunity (Behr, Edelstein and Ramakrishnan, 2018). These developments underscore the need 

to reassess symptom-based diagnostic methods to account for a spectrum of disease states 

between active (infectious) and non-infectious TB. Such an approach could reduce the risk of 

misdiagnosing individuals with infectious TB (Richards et al., 2023). 
 
1.6  Treatment of M. tuberculosis  
 

Most cases of tuberculosis (TB) are curable; however, without treatment, individuals infected 

with M. tuberculosis are 60% more likely to succumb to the disease (World Health 

Organisation, 2023). For drug-susceptible M. tuberculosis, treatment involves combinations of 

first- and second-line drugs, collectively referred to as Directly Observed Treatment (DOT) 

(Larkins-Ford et al., 2022). The DOT approach was introduced to help reduce the risk of 

resistance, enhance adherence to the regimen, and shorten the duration of therapy (Larkins-

Ford et al., 2022). By 2005, over 187 countries had implemented DOTs programmes 
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(Pasipanodya and Gumbo, 2013). However, challenges such as the emergence of multi-drug 

resistance strains, limited access to a continuous supply of medicines, and the affordability of  

treatment in some high burden countries have led to adherence failures. These challenges 

highlight the need for additional treatment strategies, including on-site microbiology testing 

labs and individualised treatment plans (Bastian et al., 2000).  

 

The global standard for first-line antibiotics includes rifampin, isoniazid, pyrazinamide, and 

ethambutol, with ethionamide recently added for adolescents (Larkins-Ford et al., 2022; World 

Health Organisation, 2023). For example, a combination of isoniazid (INH), rifampin (RIF), 

pyrazinamide (PZA), and ethambutol (EMB) is used for 4-6 months, followed by an additional 

4 months of isoniazid and rifampin to treat active TB (Dartois & Rubin, 2022; World Health 

Organisation, 2023). Table 2 outlines examples of drug-susceptible TB treatment at three 

different stages of the DOTS program. 

 
Table 2: 1st line antibiotics in the DOTS programme for susceptible strains. EMB; ethambutol, STP; 
streptomycin.   

Case type Phase 1 (1-2 months) Phase 2 (1-4 months) Phase 3 (1 month) 
New INH, RIF, PZA, EMB INH, RIF N/A 

Relapse INH, RIF, PZA, EMB, 
STP 

INH, RIF, PZA, EMB INH, RIF, EMB (1 month) 

 

In 2019, a treatment plan for multidrug-resistant tuberculosis was approved and implemented, 

incorporating the drugs bedaquiline, pretomanid, and linezolid in combination with drugs 

outlined in Table 2 (Conradie et al., 2020; World Health Organisation, 2023). This regimen 

significantly increased the cure rate from less than 50% to over 90% and reduced the treatment 

duration from 24 months to just 6-9 months (Conradie et al., 2020; Larkins-Ford et al., 2022; 

Table 3).  
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Table 3: Reduced antibiotic regime in the DOTS programme for drug resistant strains used in WHO 
member countries. BDQ; bedaquiline,  PA; pretomanid, LZD; linezolid, MDR; multi-drug resistant, RR-TB; 
rifampicin resistant, XDR-TB; extremely drug resistant.  

Case type Regimen (6 months) Regimen (9 months) Regimen (4-9 months) 
MDR/RR-TB + 

fluoroquinolones 
BDQ, PA, LZD 
moxifloxacin2 

- - 

MDR/RR-TB - BDQ, EMB1, INH1 

levofloxacin/moxifloxacin2, 

ethionamide2 (after 2 

months of LZD) 

BDQ, EMB1, INH1, PZA1 ,  
levofloxacin/moxifloxacin2  

XDR-TB N/A N/A N/A 
1 In combination with drugs see Table 2, 2 In combination with drugs see Table 4 

Second-line antibiotics include kanamycin, streptomycin, capreomycin, amikacin, 

levofloxacin, and moxifloxacin (CDC MPEP MTBC DST Report, 2018). The specific 

treatment regimen depends on factors such as the type of infection (active, latent, or mixed 

sub-populations of culturable and non-culturable bacilli) and whether the isolates are rifampin-

susceptible and isoniazid-resistant (Mukamolova et al., 2010; Loraine et al., 2016). Drug-

tolerant strains, non-adherence to treatment, misdiagnosis, and malnutrition have impacted 

eradication efforts and contributed to drug resistance in M. tuberculosis (Liebenberg, Gordhan, 

& Kana, 2022). Table 4 outlines the drug regimen for patients infected with a strain of M. 

tuberculosis that is resistant to at least one drug (NICE, 2024; Mirzayev et al., 2020). 
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Table 4: Drugs used for TB regimens associated with multi-drug resistant strains. Regimens for multidrug 
strains are grouped into classes. Group A drug can comprise one or two drugs and with at least one from B group. 
Drugs from group C are only used if groups A and B cannot be completed (Mirzayev et al., 2020).  

Groups Drugs Drug target Mechanism of action 
A 

Drugs used in  

combination for 

multi/rifampicin 

resistant strains 

with 2 or more 

in this group  

levofloxacin or 
moxifloxacin 

DNA gyrase and topoisomerase II  & 
IV 

 

DNA damage, 
preventing replication, 

transcription, and 
repair 

bedaquiline ATP synthase Inhibits ATP synthase 
linezolid 23S ribosomal RNA of the 50S subunit Inhibits protein 

synthesis 

B 

Drugs used in 

combination 

with Group A 

clofazimine Membrane associated physiological 
processes including cell respirations 

and ion transport (ATPase) 

Cellular growth 

D-
cycloserine/terizidone 

L-alanine racemase and D-alanine-D-
alanine ligase 

Inhibits cytoplasmic 
PG synthesis 

C 

1st and 2nd line 

drugs used for 

sensitive /multi 

and rifampicin 

resistant in 

combination 

with others in 

groups A and C  

Ethambutol  Glutamate racemase Inhibits arabinosyl 
transferase 

delamanid or 
pretomanid 

Dpr2 subunit of 
Decaprenylphosphoribose-2’-

epimerase 

Inhibits methoxy/keto 
mycolic acids 

/arabinogalactan 
Pyrazinamide  RpsA, GpsI, PanD At acidic pH: Inhibits 

protein translation, 
nucleic acid 

metabolism, coenzyme 
A synthesis 

Amikacin 30S ribosomal subunit Inhibits protein 
synthesis 

ethionamide  ethA Disruption of mycolic 
acids 

para-aminosalicyclic 
acid 

Dihydrofolate reductase Inhibits folic acid 
synthesis 

Imipenem-cilastatin 
or meropenem 

L,D-transpeptidase Inhibits periplasmic 
PG synthesis 

 

DOTS regimens are applicable for individuals co-infected with HIV and TB; however, the 

potential for comorbidities and drug-drug interactions must be carefully considered (De Cock 

& Re, 1999; Wood et al., 2007). Similar to TB-only DOTS programs, DOTs regimens for co-

infected individuals in high-burden countries, such as Ethiopia, have shown limited success, 

with an unsuccessful TB cure rate 2.6 times higher than that of TB-only DOTs 

programs (Mekonen et al., 2024). Incorporating DOTs programs into local health policies is 
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particularly challenging in countries where consistent follow-up on adherence is difficult. The 

World Health Organisation's (2023) report uses lessons from the SARS-CoV-2 pandemic to 

refine its strategies for achieving SDG targets. Given the global rise of extensively drug-

resistant TB isolates, exploring alternative approaches for improving therapeutic delivery and 

ensuring equitable access is critical. 

1.7 The cell wall of Mycobacteria  

The Mycobacterium cell wall is a complex structure composed of multiple layers, including 

long-chain fatty acids, polypeptides, and polysaccharides (Singh et al., 2018; Ghazaei, 2018). 

While the mycobacterial cell wall shares similarities with that of Gram-positive bacteria, such 

as a thick peptidoglycan layer, it differs significantly in lipid content; mycobacteria have a lipid 

content of 60%, compared to 30% in Bacillus subtilis (dry mass) (Alderwick et al., 2015; 

Nickels et al., 2017).  

Gram-positive organisms like Staphylococcus aureus and Streptococcus pneumoniae have a 

broad peptidoglycan layer, comprising 30-70% of the total cell wall structure, with a thickness 

of 20-80 nm (Schleifer & Kandler, 1972). In contrast, Gram-negative bacteria have a thinner 

peptidoglycan layer, only 2-8 nm thick (Leduc et al., 1989; Labischinski et al., 1991; Matias et 

al., 2003; Gan, Chen & Jensen, 2008).  

Despite some similarities to Gram-negative bacteria, such as the presence of an outer 

membrane, Mycobacterium has an atypical outer membrane that contributes to the cell wall’s 

high hydrophobicity and impermeability to antibiotics (Brennan, 2003; Mahapatra et al., 2008; 

Alderwick et al., 2015; Al-Jourani et al., 2023). The mycobacterial cell wall consists of an outer 

mycobacterial membrane (MOM) and an inner membrane (MIM), with three intercalating 

covalently linked layers known as the mycolyl-arabinogalactan-peptidoglycan (mAGP) 

complex (Maitra et al., 2019; Al-Jourani et al., 2023).  

The mAGP complex consists of peptidoglycan, which is common to most bacteria but with 

some adaptations, covalently attached to arabinogalactan, a polysaccharide layer made up of a 

D-galactofuranose backbone with branched structures of polymerised D-arabinofuranose 

chains. The outermost layer, mycolic acids, contributes to the hydrophobicity and 

impermeability of the cell wall (Abrahams & Besra, 2018; Maitra et al., 2019). Figure 6 
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provides a basic diagram of the cell wall in M. tuberculosis. The next section will discuss the 

structure and biosynthesis of each layer, with a focus on peptidoglycan. 

 

Figure 6: Schematic representation of a cross-section of the cell wall structure in mycobacteria. The inner 
cell membrane (MIM) is depicted alongside the mycolyl-arabinogalactan-peptidoglycan complex, which consists 
of the hydrophilic portion of peptidoglycan, arabinogalactan, and the hydrophobic layer of mycolic acids. The 
figure also shows the intercalating lipoarabinomannan and a single linker unit from MurNac to L-rhamnose 
(represented as black sticks) at the base of galactan, as well as the attachment sites to the mycolic acids via the 
non-reducing end of arabinogalactan (Minnikin et al., 2015; Dmitriev et al., 2000). The outer membrane region 
(MOM) is where mycolic acids are located within the hydrophobic region, with glycolipids situated above. For 
simplicity, other lipids such as phospholipids, higher phosphoinositol mannosides (PIMs), and lipomannan have 
been omitted. Adapted from (Hett and Rubin, 2008; Kieser and Rubin, 2014; Porfírio et al., 2019). Green circles 
represent mannan; yellow circles, D-galactofuranose; green stars, D-arabinose; and white hexagons, inositol with 
diacylglycerol. 
 

1.7.1 Mycobacterial outer membrane  

The outer membrane of M. tuberculosis contains components such as sulfoglycolipids, 

phthiocerol dimycocerosate (PDIM), trehalose dimycolate (TDM), diacyltrehalose (DAT), 

polyacyltrehalose (PAT), trehalose monomycolate (TMM), and trehalose dimycolate (TDM), 

which are intercalated into the mycolic acid layer (Chiaradia et al., 2017; Abrahams & Besra, 

2018; Maitra et al., 2019). These components confer pathogenesis and virulence properties to 
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the mycobacterial cell (Mishra et al., 2011; Chiaradia et al., 2017; Maitra et al., 2019). 

Additionally, the composition of the outer membrane renders it highly hydrophobic, restricting 

the permeability of hydrophilic molecules. Nutrients such as glycerol, vitamin B12, and iron 

as well as drugs are believed to cross this barrier predominantly via porins or transporters 

(Niederweis et al., 2010b; Chiaradia et al., 2017). M. tuberculosis encodes approximately 140 

outer membrane proteins which perform a variety of functions, including the transport of 

extracellular materials to build biofilm and capsule, processes essential for survival within the 

host (Niederweis et al., 2010b). However, M. tuberculosis encodes two non-classical porins: a 

small, cation selective, heat sensitive porin with a short lived open state, and a 60 KDa porin 

with a long lived open state (Kartmann, Stengler and Niederweis, 1999). These porins resemble 

those found in fast growing mycobacteria, despite the functional differences in the proteins 

across each strain. Research suggests that slow growing mycobacteria, such as M. tuberculosis, 

have adapted to utilise a family of proteins called PE/PPE for nutrient uptake (Kartmann, 

Stengler and Niederweis, 1999; Melek Özkan et al., 2024).  

1.7.2  Mycobacterial inner membrane (MIM) 

The cytoplasmic membrane is primarily composed of phospholipids, including phosphatidyl-

myo-inositol (PI), phosphatidyl-myo-inositol mannosides (PIMs), phosphatidylethanolamine 

(PE), and diphosphatidylglycerol (DPG). PI serves as a stabilising anchor for PIMs by acting 

as a lipid acceptor (Figures 6 & 7). PE and DPG interact through hydrogen bonding, which is 

critical for inner membrane permeability and packing density (Murzyn, Róg, & Pasenkiewicz-

Gierula, 2005). These lipids also act as building blocks for lipoglycans, such as lipomannan 

(LM), lipoarabinomannan (LAM), and mannose-capped lipoarabinomannan (ManLAM) 

(Chatterjee et al., 1998; Nigou et al., 2002; Kovacevic et al., 2006; Siegrist & Bertozzi, 2014; 

Harrison et al., 2016; Carranza & Chavez-Galan, 2019). LM and LAM are non-covalently 

attached to the cell wall via a PIM anchor (Minnikin et al., 2015; Turner & Torelless, 2018; 

Franklin et al., 2024). LM, LAM, and ManLAM play integral structural roles in M. tuberculosis 

cell growth. They are processed by LamH, a glycoside hydrolase that cleaves the α1-6 bonds 

within LM and LAM, producing arabinomannan facilitating its transport to the capsule. This 

mechanism enables the pathogenicity associated with mycobacteria (Franklin et al., 2024). 

Phosphatidyl-myo-inositol (PI) is a critical component of both the inner and outer membranes 

of Mycobacterium species, serving as an anchor for PIMs and as a mannose acceptor during 
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PIMs synthesis (Boldrin et al., 2014). There is some disagreement in the literature regarding 

the abundance of diacyl-phosphatidyl-di-mannoside (Ac2PIM2) in the mycobacterial plasma 

membrane. While many studies agree that PI and four types of PIMs constitute 56% of the 

phospholipid content of the cell wall, with Ac2PIM2 being the most abundant at 40%, followed 

by mono-phosphatidyl-inositol-di-mannosides (AcPIM2), and mono- and diacyl-phosphatidyl-

inositol-hexa-mannosides (AcPIM6 and Ac2PIM6) (Bansal-Mutalik & Nikaido, 2014; Minnikin 

et al., 2015). Studies indicate that PIMs such as Ac2PIM2 and Ac2PIM6 are quantitatively minor 

with PI with DPG, PE, being the most dominant structural phospholipids within the inner 

membrane (Haites et al., 2005; Nguyen et al., 2022; Kitsmiller et al., 2024). However, 

Kitsmiller et al. (2024) highlight a rapid response mechanism in the mycoplasma membrane 

under membrane-fluidising stress wherein AcPIM2 and AcPIM6 undergo rapid inositol 

acylation and are converted to their diacyl forms, Ac2PIM2 and Ac2PIM6 suggesting that PIMs 

are dynamic and increase in abundance upon stressors. This finding provides a clearer 

understanding of the mycobacterial plasma membrane composition and its response to 

environmental stresses, facilitating better modelling of this crucial bacterial structure. Figure 7 

presents a basic representation of the PIM biosynthesis pathway. 
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Figure 7: A presentation of the biosynthetic pathway for PIMs and inositol acylation. PIM biosynthesis takes 
place in the plasma membrane. Each step is mediated via a mannosyltransferase or an acyltransferase. This 
diagram shows that AcPIM2 and AcPIM6  are the abundant forms of PIMS whereas Ac2PIM2 and Ac2PIM6 are 
minor secondary constituents with the potential for other PIM intermediates that may be present at lower levels. 
The transfer of the fifth mannose by PimE the enzymes that transfer the 3, fourth and fifth are currently unknown. 
The enzymes with the question marks are unknown acyltransferases responsible for converting monoacyl to diacyl 
PIMs is also unknown. For clarity LM and LAM biosynthetic enzymes have been omitted. AcPIM2, monoacyl 
phosphatidylinositol dimannoside; Ac2PIM2, diacyl phosphatidylinositol dimannoside; PIM, phosphatidylinositol 
mannoside; LAM, lipoarabinomannan; LM, lipomannan. Diagram adapted from Nguyen et al., 2022.  

 

PI is composed of a diacylglycerol backbone attached to a myo-inositol sugar ring, which is 

inserted into the membrane (Bhattacharjee, Ghosh, & Das, 2022). The synthesis of 

phosphatidylinositol mannosides (PIMs) occurs via the addition of one to six mannose residues 

to the inositol's carbon positions 2 and 6 by the mannosyltransferases PimA and PimB (Daffé, 

Crick, & Jackson, 2014). The acyltransferase Acy1T (Rv2611c in M. tuberculosis) can acylate 

PIMs (PIM1 and PIM2) at positions C3 or C6 of the mannose ring, creating the basic PIM units 

Ac1PIM4, Ac2PIM4, Ac1PIM2, Ac2PIM2, and AcPIM6 (Tran et al., 2019). From these basic 

units, more elaborate PIMs can be synthesised, forming LM and LAM (Kaur et al., 2009; 

Mishra et al., 2011). 
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Phosphatidyl-myo-inositol phosphate synthase, PgsA1, initiates PI biosynthesis by cleaving 

CDP from CDP-diacylglycerol and adding diacylglycerol to the main carbon of D-myo-

inositol-3-phosphate (Grāve, Bennett, & Högbom, 2019). This reaction produces phosphatidyl-

myo-inositol-3-phosphate, which is then dephosphorylated by an uncharacterised phosphatase 

to produce PI. On the cytoplasmic side of the membrane, PimA adds a mannopyranose from 

GDP-Mannose to the two-position of an inositol moiety of PI to produce PIM1 (Korduláková 

et al., 2002; Guerin et al., 2007; Daffé, Crick, & Jackson, 2014). PimB then adds another 

mannopyranose to the six-position of inositol to form PIM2, which is acylated by Rv2611c 

(Guerin et al., 2009; Daffé, Crick, & Jackson, 2014). Further acylation at the three-position on 

the inositol moiety, carried out by an unknown acyltransferase, converts Ac1PIM2 to Ac2PIM2 

(Enea Sancho‐Vaello et al., 2017). PimC and PimD sequentially add mannopyranose residues, 

producing Ac1PIM4/Ac2PIM4 (Bhattacharje, Ghosh, & Das, 2022). Ac1PIM2 can also be further 

modified to produce AcPIM6, which may be acylated to produce Ac2PIM6 [(Morita et al., 

2006). For further mannosylation, Ac1PIM4/Ac2PIM4 must be flipped across the lipid bilayer 

by an enzyme or flippase that is yet to be identified. Polyprenyl-phosphate-mannopyranose 

(PPM) is synthesized by Ppm1, which transfers a mannopyranose from GDP-Mannose to a 

C50/C35 polyprenyl-phosphate (Gibson et al., 2003). Under different conditions, AcPIM2, 

Ac2PIM2, AcPIM6, and Ac2PIM6 accumulate in the cell envelope (Nguyen et al., 2022; 

Kitsmiller et al., 2024). 

Once the PIM units are in the outer membrane, synthesis of higher PIMs, LM, and LAM can 

commence. The PPM-dependent glycosyltransferase PimE adds two α(1,2) terminal 

mannopyranoses to Ac1PIM4/Ac2PIM4, producing mature Ac1PIM6/Ac2PIM6 [(Morita et al., 

2006; Boldrin et al., 2014; Bhattacharje, Ghosh, & Das, 2022). The mannosyltransferases 

MptA and MptB then add an α(1,6) mannopyranose residue from PPM to Ac1PIM4/Ac2PIM4 

for the synthesis of LM and LAM (Arun Kumar Mishra et al., 2007; Arun Kumar Mishra et 

al., 2008). Branching occurs via the addition of α(1,2) side chains by MptC [(Mishra et al., 

2011; Jankute et al., 2015). LM serves as a precursor for LAM; if no further additions are made, 

LM is produced. LAM is created by attaching arabinose to the mannose backbone (Jankute et 

al., 2015). Approximately 55-70 arabinofuranose residues are added to LM by an unknown 

arabinofuranosyltransferase, producing an arabinan structure similar to arabinogalactan (AG) 

(Jankute et al., 2015). Approximately 12-16 α(1,5) arabinofuranose residues are polymerised 

by the arabinosyltransferase EmbC to the priming arabinofuranose (Shi et al., 2006; Alderwick 

et al., 2011). The AftC and AftD enzymes, responsible for branching arabinogalactan, also 
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undertake branching in LAM and incorporate branches at α(1,3) followed by α(1,5) 

polymerisation (Alderwick et al., 2006; Birch et al., 2008). As in arabinogalactan, the arabinose 

chains in LAM are capped by AftB with a β(1,2) linkage (Seidel et al., 2007). resulting in LAM 

production. In slow-growing mycobacteria, LAM can be further modified by MptC and CapA 

with additional α(1,2) mannopyranose residues, producing ManLAM (Dinadayala et al., 2006; 

Kaur et al., 2008). As a final step, an unknown enzyme terminates the mannose cap by adding 

an α(1,4) 5-deoxy-5-methyl-thio-xylofuranose (Maeda et al., 2002; Ludwiczak et al., 2002; 

Turnbull et al., 2004). In M. smegmatis, the LAM cap is phosphatidyl-myo-inositol instead of 

mannose (Sparkes et al., 2024). Sparkes et al. (2024) also found that in M. smegmatis, LAM 

and MptA-deficient strains affect cell division and cell shape in a RipA-independent manner. 

Taken together, PIMs, LM, and LAM contribute to structural integrity and are potential targets 

for anti-tubercular drugs (Mishra et al., 2011; Källenius et al., 2016; Sparkes et al., 2024; see 

Figure 6). Figure 8 is a representation of the LAM structure in M. tuberculosis and M. 

smegmatis.  
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Figure 8: The structure of LAM from M. smegmatis and M. tuberculosis. The structure predominantly consists 
of α-links collectively known as D-arabinan, while the terminal of the D-arabinan ends in β-links. In pathogenic 
mycobacteria such as M. tuberculosis, mannose caps the β-linked D-Araf residues. In contrast, some non-
pathogenic species, such as M. smegmatis, are capped by phosphatidyl-myo-inositol. LM, lipomannan 
domain. Diagram adapted from Shimokawa et al., 2023.  
 

1.7.3 Mycolic acids 

Mycolic acids form an outer waxy layer composed of two branched fatty acid chains, providing 

an additional layer of defence by acting as a barrier to hydrophilic drugs and small molecules 

(Nataraj et al., 2015; Hett & Rubin, 2008). The meromycolate chains consist of 24-26 α-alkyl 

carbon atoms and 42-62 β-hydroxy carbon atoms (Sridharan et al., 2007; Hett et al., 2008; 

Schiebel et al., 2013). Mycolic acids undergo bifurcation, with some covalently linked via ester 

bonds to arabinogalactan, others are attached to trehalose monomycolate (TMM) or trehalose 

dimycolate (TDM), and some existing as free lipids (Draper et al., 1997; Bhamidi et al., 2008; 

Alderwick et al., 2015). TMM and TDM intercalate into mycolic acids, forming the interlinked 
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mAGP network (Crick et al., 2001; Crick et al., 2008; Hett et al., 2008; Alderwick et al., 2015). 

The structure of mycolic acids can vary, featuring modifications such as α, α′ epoxy, methoxy, 

keto, and carboxy groups, depending on the species of mycobacteria (Liu et al., 2023). For 

example, M. smegmatis mc2155 possesses epoxy but not keto or methoxy modifications, which 

are present in M. tuberculosis and M. marinum, both of which contain α, α′, and keto mycolates 

(Liu et al., 2023). These modifications may play a species-specific role in contributing to 

antimicrobial resistance, intracellular modulation of the host immune response, cholesterol 

accumulation, and biofilm formation (Morris et al., 2005; Marrakchi, Lanéelle, & Daffé, 2014; 

Pawełczyk & Kremer, 2014). 

The biosynthesis of mycolic acid precursors is facilitated by the fatty acid biosynthetic cycle, 

involving two fatty acid synthases: FAS I and the acyl carrier protein-dependent FAS II 

(Lefebvre et al., 2020). FAS I elongates the C14-CoA fatty acid chain to 26 carbon lengths, 

generating C24-C26 acyl-CoA, which is essential for the α-branch of mycolic acids (Jamet et 

al., 2015). FAS II utilises malonyl-AcpM, a unit that extends C16-C18 fatty acids to produce 

mycolic acids (Kremer et al., 2001). Before entering the FAS II pathways, malonyl-AcpM is 

produced by the ACP transacylase FabD, which acylates AcpM, an acyl carrier protein 

(Kremer et al., 2001). Subsequently, a condensation reaction facilitated by β-ketoacyl-ACP 

FabH produces C16-AcpM from C14-CoA via malonyl-AcpM (Choi et al., 2000). The 

resulting C16-AcpM is then channelled into the FAS II cycle, where MabA catalyses a keto 

reduction reaction, creating a hydroxyl group (Marrakchi et al., 2002; Bhatt et al., 2007). The 

3-hydroxy-ACP dehydratase enzymes HadAB and HadBC perform a dehydration reaction on 

the hydroxyl group, resulting in a double bond formation (Sacco et al., 2007; Singh et al., 

2022). Finally, the cycle is completed by a reduction reaction catalysed by acyl carrier 

reductase InhA on the double bond (Xu et al., 2022; Melanny Ika Sulistyowaty et al., 2023). 

Each iteration of the cycle adds two carbon atoms, with β-ketoacyl-AcpM synthases KasA and 

KasB catalysing the condensation reaction of the elongated lipid with additional malonyl-

AcpM, until 42-62 carbon atoms are produced, completing the FAS II cycle (Schaeffer et al., 

2001; Kremer et al., 2002). 

Modifications to the meromycolate involve the addition of a cyclopropane ring, resulting in α, 

α′ keto, methoxy, and epoxy variations that define the types of mycolic acids [(Glickman, Cox, 

& Jacobs, 2000; Glickman, 2003; Dubnau et al., 2002; Barkman et al., 2010; Liu et al., 2023). 

C26-α-alkyl-CoA synthesised by polyketide synthase PKS13, produced by FAS I, is added to 
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AMP-ligated meromycolates by acyl-AMP ligase FabD32 (Trivedi et al., 2004; Gande et al., 

2004; Portevin et al., 2004; Khun et al., 2016; Kim et al., 2023). In the final steps of the mycolic 

biosynthesis pathway, maturation of the meromycolate is achieved via a reduction reaction 

catalysed by the reductase Rv2509 (Bhatt et al., 2008; Javid et al., 2019). The mature mycolic 

acid chain is then attached to trehalose to form TMM, which is transferred by the efflux 

transporter MmpL3 to the periplasmic side of the membrane in collaboration with the 

chaperone lipoprotein LpqN, which also interacts with the mycoltransferase Ag85 (Xu et al., 

2017; Melly et al., 2019). Once TMM reaches the periplasmic space, Ag85 isoforms can either 

transfer the mycolyl moiety of TMM to arabinogalactan or convert it to TDM (Backus et al., 

2014). Figure 9 is a basic representation of the biosynthetic pathway of mycolic acids.  
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Figure 9: A basic representation of the biosynthetic pathway for the generation of mycolic acids. (A) The 
biochemical reactions necessary to achieve the biosynthesis of mature mycolic acids are symbolized with black 
arrows. The enzymes responsible for each reaction are named in black square boxes. For clarity the cofactors that 
are needed for reactions to occur such as NADPH and NADH and some biochemical intermediates reactions have 
been omitted and are symbolised by interrupted arrows. The different proximal and distal modifications 
meromycolate chain are via the condensing interacting mycolic acid-Mtfs (MA-Mtfs). Acyl-CoA, acetyl-
coenzyme A; FAS-I and II, fatty acid synthase type I and II; HadAB/BC, beta-hydroxyacyl-ACP dehydratase 
complex; InhA, 2-trans-enoyl-acyl carrier protein reductase; KasA/KasB, beta-ketoacyl-acyl carrier protein 
synthases A/B; MabA, beta-ketoacyl-acyl carrier protein reductase. (B) The chemical structure of the mycolic 
acids that exist in the mycobacterial cell envelope. The nonoxygenated mycolates, α-mycolates; α- (78 to 80 
carbons), α1- and α2- (78 and 79 carbons, respectively), and α′- (64 carbons); The oxygenated mycolic acids are 
the keto, methoxy, and epoxy mycolates. Diagram adapted from Cantaloube et al., 2011; Beatriz et al., 2022.  
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1.7.4 Arabinogalactan 

Arabinogalactan is a polysaccharide composed of branched protrusions from the cell 

membrane, made up of the two monosaccharides D-arabinofuranose and D-galactofuranose 

(Lechevalier & Lechevalier, 1970; McNeil et al., 1987; Lowry, 2016; Dulberger, Rubin, & 

Boutte, 2019). These are the most abundant monosaccharides in the mycobacterial cell wall 

(Belete, 2022). The primary chain is linear, consisting of 30 alternating β-1,5 and β-1,6 linked 

D-galactofuranose residues (Besra et al., 1995; Hett & Rubin, 2008; Abrahams & Besra, 2018). 

There are three points on the galactan chain, located at positions 8, 10, and 12 (see Figure 10), 

where D-arabinofuranose residues are attached via α-1,3 linkages (Besra et al., 1995; 

Alderwick et al., 2015). These D-arabinofuranose chains are extended by 13 D-arabinofuranose 

residues, which are bifurcated at the α-1,3 position on each branch point (Daffe, Brennan, & 

McNeil, 1990; Alderwick et al., 2015). The D-arabinofuranose can be further branched to 

produce a tree-like structure, with the termini consisting of a D-arabinofuranose chain linked 

at branch point positions α-1,3 and α-1,5, which are extended by β-1,2 linked D-

arabinofuranose (Daffe, Brennan, & McNeil, 1990). The hexa-arabinofuranose unit structures 

provide anchor sites for mycolic acids. In M. tuberculosis, approximately 66% of the D-

arabinofuranose residues are mycolated (McNeil, Daffe, & Brennan, 1991). Modifications to 

the arabinose residues from the tree-branching structure on the chain can occur with the 

addition of α(1→2)-D-galactosamine or succinyl residues, depending on the mycolate 

composition, to provide structural stability (Draper et al., 1997; Lee et al., 2006; Bhamidi et 

al., 2008; Škovierová et al., 2010; Peng et al., 2012). Figure 10 shows a basic representation of 

the biochemical structure of arabinogalactan in M. tuberculosis. 
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Figure 10: Representation of arabinogalactan structure in M. tuberculosis. Schematic shows an 
arabinogalactan structure with mycolate attachment sites at the non-reducing terminal ends of the arabinofuranose 
chain. Each branched tree like structure is called a hexa-arabinoside unit. Galactosamine and succinyl residues 
shown allow for structural stability (Bhamidi et al., 2008). For clarity the hydrolases that have recently been 
discovered have been omitted. Galf;  D-galactofuranosyl, Araf; D-arabinofuranosyl. GalN; D-galactosamine. 
Diagram is adapted from Jankute & Cox., 2015.  

 

Arabinogalactan is synthesised starting from decaprenyl precursors (D-P) in the cytoplasm and 

polymerised in the periplasm, following the pathway depicted in Figure 11. Briefly, the N-

acetyl glucosaminyl-1-P transferase WecA (Rv1302 in M. tuberculosis) combines N-

acetylglucosamine-1-phosphate and C50-phosphate (C50-P) to produce C50-P-P-N-acetyl-

glucosamine, a precursor to the linker unit between arabinogalactan and peptidoglycan 

(Alderwick et al., 2015; Jin et al., 2010; Huszár et al., 2017; Batt et al., 2020). The linker unit 

is completed by the dTDP-4-dehydro-rhamnose reductase RmlD (Rv3266c in M. tuberculosis), 

which utilises the sugar donor UDP-L-rhamnose to add an L-rhamnose sugar moiety to the 

rhamnosyl-transferase WbbL (Rv3265c) (Ma, Pan, & McNeil, 2002; Mills et al., 2004). WbbL 

transfers an α-L-rhamnopyranose moiety from dTDP-L-rhamnose to decaprenyl-di-
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phosphoryl-α-D-N-acetylglucosamine, producing α-L-rhamnopyranose-α-D-GlcNAc-P-P-DP 

at positions 1,3 (Grzegorzewicz et al., 2008).  

Two galactofuranose units are then added at positions β-1,4 and β-1,5, respectively, by the 

galactosyltransferases GIfT1 (Rv3782c) and GifT2 (Kremer et al., 2001; Mikušová et al., 2006; 

Rose et al., 2006; Alderwick et al., 2008; Beláňová et al., 2008; Larrouy-Maumus et al., 2012). 

This forms a lipid-linked linker with a galactofuranose chain attached that must be transferred 

to the outer membrane. This step is completed by an unknown translocase; however, research 

studies have implicated Rv3781, Rv3783 in the GIfT-wzm operon, or Rv3789 as potential 

candidates for this action (Dianišková et al., 2011; Larrouy-Maumus et al., 2012; Savková et 

al., 2021). Furthermore, Rv3789 is located upstream of the phosphoryl-D-arabinose 

biosynthetic gene cluster dprE1 and dprE2 (Larrouy-Maumus et al., 2012), which donates 

arabinofuranose to elongate the arabinose chain. The subunit Dpr2 of decaprenyl-

phosphoribose-2’-epimerase, a target for delamanid and pretomanid, is involved in the final 

steps of synthesising phosphoryl-D-arabinose (Mikusová et al., 2005; Abrahams et al., 2023).  

Arabinogalactan synthesis continues with the arabinosyl-transferase AftA, which uses 

decaprenyl-monophosphoryl-arabinose to catalyse the transfer of the arabinofuranosyl moiety 

to a galactan chain, a process known as priming (Alderwick et al., 2008; Gong et al., 2023). 

An unknown glycosyltransferase then elongates the arabinofuranose linked at position α-1,5, 

with bifurcation occurring via AftC and further polymerisation by AftD (Alderwick et al., 

2005; Birch et al., 2008; Škovierová et al., 2009). At a branch point on the galactan chain at 

position α-1,3, AftB caps arabinofuranose at the β-1,2 position to terminate arabinogalactan 

synthesis (Seidel et al., 2007).  

Finally, glycosyltransferases make further modifications: either Rv3779 adds D-galactosamine, 

or an unknown glycosyltransferase adds a succinyl group (for non-mycolated arabinogalactan) 

to the arabinogalactan structure (Scherman et al., 2009; Škovierová et al., 2010; Peng et al., 

2012; Rana et al., 2012). The mature arabinogalactan is then translocated and ligated to 

peptidoglycan at the 6-position of approximately 10% MurNAc residues by the 

phosphotransferase Lcp1 (McNeil et al., 1987; Barry et al., 2007; Harrison). Figure 11 

illustrates the biosynthetic pathway of arabinogalactan in M. tuberculosis. 
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Figure 11: A schematic of the arabinogalactan biosynthesis in Mycobacteria. Synthesis occurs in a stepwise 
action of N-acetyl glucosaminyl-1-P transferase, WecA, rhamnosyl-transferase WbbL, and 
galactosyltransferase GlfT1 followed by polymerisation of 30 galactan residues catalysed by 
galactosyltransferase GlfT2. Translocation of galactan chain to the periplasm through Wzm-Wzt that make 
up a transporter complex (Rv3781, Rv3783 & Rv3789) (Dianišková et al., 2011; Gérald Larrouy-Maumus et al., 
2012; Savková et al., 2021). Abbreviations: phospho-α-d-ribosyl-1-pyrophosphate (pRpp), 
decaprenylphosphoryl-D-arabinose (DPA), DPX-decaprenylphosphoryl 2′-keto-β-d-erythro-pentofuranose, 
decaprenol-1-phosphoribose (DPR), D-arabinose in furanose ring form (D-Araf), D-galactose in furanose ring form 
(D-Galf), l-rhamnose in pyranose ring form (l-Rhap). Diagram adapted from Birch et al., 2008;  Savková et al., 
2021; Rose et al., 2006.  
 

1.7.5 Peptidoglycan  

The overall structure of peptidoglycan is conserved in the bacterial kingdom, with some 

modifications discussed below (Schleifer and Kandler, 1973; Brennan et al., 1995). 

Peptidoglycan plays a critical role in maintaining cell shape and size, withstanding osmotic 

pressure, providing a protective barrier against drug/compound penetration, and serving as a 

scaffold for proteins (Nguyen et al., 2006; Turner et al., 2014; Meeske et al., 2016). In 

mycobacteria, peptidoglycan supports the entire mAGP complex, playing roles in cell 

signalling, antimicrobial resistance, and coordination of cell elongation and division (Hett and 

Rubin 2008; Abraham and Besra, 2018; Squeglia et al. 2018).  
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The conserved core structure of peptidoglycan consists of long glycan strands composed of a 

repeating dissacharide of N-acetylmuramic acid (MurNAc) and N-acetylglucosamine 

(GlcNAc), linked at b-1,4 positions. These strands are linked to amino acids via a lactoyl 

moiety on MurNAc, forming stem-peptides that vary by species and will be discussed further 

below (Vollmer and Höltje, 2004; Vermassen et al., 2019). In mycobacteria, these peptide 

chains contain L-alanine, D-iso-glutamine, meso-diaminopimelic acid, D-alanine, and the 

terminal D-alanine, producing the final pentapeptide, L-alanine-D-iso-glutamine-meso-

diaminopimelic-acid-D-alanine-D-alanine (Brennan et al., 1995, Kumar et al., 2012).  

Peptidoglycan biosynthesis occurs in three stages: (1) cytoplasmic, (2) transport across the 

membrane, and (3) and polymerisation and incorporation of new peptidoglycan (Figures 14 

&17). The next section will describe the generic composition of peptidoglycan at each stage in 

detail, followed by a discussion of mycobacterial-specific adaptions.  

1.7.6 Mycobacterial classification  

The classification system devised by Schleifer and Kandler (1973) assigned the peptidoglycan 

in mycobacteria to the A1g=A31 chemotype, which is the same as found in E. coli and Bacillus 

species. This classification is based on the presence of meso-diaminopimelic acid (meso-DAP) 

as ε-amino group of 3rd amino acid in the stem peptide, which is linked to the carboxyl group 

of 4th D-alanine on an adjacent peptide stem (Schleifer and Kandler.,1973).  

 

1.7.7 Modifications of peptidoglycan  
 
1.7.7.1 Amidation  
 

Modifications to D-iso-glutamate and meso-DAP residues in the stem peptides of 

peptidoglycan may contribute to resistance against lysozyme digestion. Amidation of these 

residues via the ε-carboxylic group could reduce the net charge of the peptidoglycan, 

potentially hindering enzymatic digestion (Konati et al., 1970; Mahapatra et al., 2008). While 

D-iso-glutamate modifications have been implicated in TPase activity, meso-DAP 

modifications are crucial for modulating peptidoglycan hydrolysis in both Gram-positive 

bacteria, such as B. subtilis, and mycobacteria (Ghuysen et al., 1971; Figueiredo et al., 2012; 

Zapun et al., 2013; Dajkovic et al., 2017). 
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In mycobacteria, a deviation from the canonical peptidoglycan structure occurs when the stem 

peptides undergo amidation at position 3 of the ε-carboxy group of meso-A2pm, yielding meso-

DAP, and/or at position 2 of D-glutamate, yielding D-iso-glutamine (D-iso-Glu) 

residues (Kumar et al., 2012; Shaku et al., 2023). In M. smegmatis, amidation occurs at the 

pentapeptide lipid II stage of peptidoglycan synthesis in the periplasm, resulting in non-, mono, 

and di-amidated molecules (Mahapatra et al., 2005). 

Amidation of D-glutamate is carried out by the MurT-GatD complex and is essential for both 

D,D- and D,L-TPase reactions, which are vital for 3,4 and 3,3 cross-links, respectively (Zapun 

et al., 2013; Shaku et al., 2023). Amidation of meso-DAP is facilitated by the glutamate 

amidotransferase AsnB and is crucial for peptidoglycan cross-linking in M. 

tuberculosis (Ngadjeua et al., 2018). However, the amidotransferase LstA, responsible for 

meso-DAP amidation, is not essential for cross-linking in Corynebacteria. Depletion of LstA 

led to reduced meso-DAP amidation and increased susceptibility to lysozyme (Levefaudes et 

al., 2015). These modifications regulate stem peptide cross-linking, contribute to resistance 

against lysozyme, and may play a role in resistance to endopeptidases in 

mycobacteria (Levefaudes et al., 2015; Ngadjeua et al., 2018; Shaku et al., 2023). 

1.7.7.2 N-deacteylation  
 

In mycobacteria, N-deacetylation occurs, which involves the removal of the C2-acetyl group 

from MurNAc or GlcNAc moieties in polymerised peptidoglycan by the deacetylase PgdA 

(Vollmer & Tomasz, 2000). Until recently, Rv1096, a homologue of PgdA, was identified in 

M. tuberculosis as having deacetylase activity (Lu et al., 2020). This modification ablates 

lysozyme activity because the interaction between the acetyl group and the lysozyme active 

site is disrupted, leading to a predominance of un-deacetylated glycan strands and decreased 

recognition of peptidoglycan via nucleotide-binding oligomerisation domain-containing 

protein (NOD) receptors (Boneca et al., 2007; Callewaert & Michiels, 2010).  

 

1.7.7.3 N-glycolylation 
 

Peptidoglycan in some mycobacteria undergoes several modifications. For example, in most 

mycobacteria, with Mycobacterium leprae being a notable exception, some MurNAc residues 

can be modified by N-acetylmuramic hydroxylase  (NamH) to become N-glycoylmuramic acid 
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(MurNGlyc) (Mahapatra et al., 2007; Lavollay et al., 2008; Catalão et al., 2019; Birhanu et al., 

2019). This modification involves the oxidation of MurNAc from an N-acetyl group to a N-

glycolyl group, resulting in the formation of N-glycoylmuramic acid (MurNGlyc) (Raymond 

et al., 2004; Gateau, Bordet and Michel, 1976). The degree of MurNGlyc modification varies 

among mycobacterial species and can be influenced by growth conditions and treatment with 

D-cycloserine (Mahapatra et al., 2005; Hett and Rubin 2008; Birhanu et al., 2019).  

 

For instance, the Mahapatra et al (2005) study observed a 100% conversion to MurNGly in 

isolated nucleotide-linked peptidoglycan precursors when M. tuberculosis cultures were 

treated with D-cycloserine, whereas M. smegmatis showed a mixture of both MurNAc and 

MurNGlyc. These results highlight differential enzymatic responses to cell wall stressors in 

mycobacteria. NamH is not essential in M. tuberculosis in vitro, and depletion of NamH did 

not affect the growth or pathogenicity of bacilli in a mouse model (Raymond et al., 2005).  

 

Hydroxylation by NamH of the N-acetyl group and to an N-glycolyl group by NamH 

contributes to the immunogenicity of M. tuberculosis by inducing NOD2 host immune cell 

responses (Hansen et al. 2013). It is hypothesised that this modification increases the 

abundance of hydrogen bonds in the linkages, thereby stablishing the cross-linking (Brennan 

et al., 1995; Raymond et al., 2005). It may also enhance resistance to exogenous lytic enzymes 

such as muramidases and β-lactam antibiotics (Raymond et al., 2005). Thus, N-glycolylation 

of peptidoglycan in mycobacteria may play a crucial role in the structural stability of the cell 

wall and in successful host invasion.  

1.7.8 Mycobacterial cross linking   

There are approximately 70-80% of the peptides in mycobacterial peptidoglycan that are cross-

linked, in contrast to E. coli and other Gram-negative bacteria, which typically exhibit ~50% 

cross-linking. This makes mycobacterial peptidoglycan among the most highly cross-linked in 

bacteria (Matsuhashi et al., 1966; Kumar et al., 2012; Vollmer et al., 2004). In mycobacteria, 

peptidoglycan is initially cross-linked at positions 3 and 4 (D,D cross-links) between the 

acceptor peptide at position 3 and the donor peptide at position 4, forming meso-DAP-D-Ala 

residues at the cell poles. As the cell matures, these cross-links transition to 3,3 (D,L cross-

links), forming meso-DAP-meso-DAP connections in the lateral wall (Kumar et al., 2012; 

Lavollay et al., 2008; Ghuysen et al., 1968; Wietzerbin-Falszpan et al., 1970).  
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The 3,3 cross-links are also common in spore-forming bacteria and during entry into the 

stationary phase (Kumar et al., 2012; Lavollay et al., 2008). The study by Lavollay et al. (2008) 

demonstrated that peptidoglycan purified from stationary phase mycobacterial cells contained 

~80% 3,3 cross-linked residues, suggesting that the increase in these cross-links is an 

adaptation to growth conditions and nutrient scarcity during the stationary phase (Lavollay et 

al., 2008; Mahapatra et al., 2007).  

 

Overall, adaptation of peptidoglycan structure is essential for survival in nutrient-limited 

environments. Ongoing research into how peptidoglycan-active enzymes in mycobacteria are 

affected by these modifications could lead to the identification of potential targets for 

inhibitors. Figure 12 outlines the chemical composition of peptidoglycan in mycobacteria. 
 

 
Figure 12: Schematic of the basic chemical composition of mycobacterium peptidoglycan. The glycan 
backbone (GlcNAc and MurNAc) is depicted with the modifications MurNGly (blue, purple). Outlined are the 
3®3 and 3®4 cross-links of the stem-peptides carried out by the D,D- and L,D-TPases. Stars highlight the 
representation of peptidoglycan modifications. Purple star; N-glycolylation and red star; amidation points in the 
stem peptide. Also shown is 1,6-AnhMurNAc a termination of the glycan chain polymerisation in the upper right. 
Also highlighted is the Gly substitution in place of L-alanine on the stem peptide. Adapted from (Maitra et al., 
2019).  
 

1.7.9 Peptidoglycan cytoplasmic biosynthesis 

Peptidoglycan biosynthesis begins in the cytoplasm, utilising the glucosamine biosynthesis 

pathway and carbohydrate metabolism (Craggs et al., 2018). This section will describe the 

enzymes involved in this initial stage of peptidoglycan biosynthesis (Figure 13). The first 



 34 

enzyme in the cytoplasmic pathway for synthesising disaccharide-pentapeptides, which are 

later used as peptidoglycan building blocks, is N-acetyl-glucosamine-1-phosphate 

acetyltransferase uridylyl-transferase (GlmU). In M. tuberculosis, GlmU is encoded by the 

gene Rv1018c. GlmU functions through its two domains to produce the first precursor in the 

peptidoglycan synthesis pathway, uridine-diphosphate-N-acetyl-glucosamine (UDP-GlcNAc) 

(Craggs et al., 2018). The acetyltransferase domain of GlmU is responsible for producing N-

acetylglucosamine-1-phosphate by transferring an acetyl group from acetyl-coenzyme A 

(Zhang et al., 2009). The uridyl-transferase domain then catalyses the uridylation of N-

acetylglucosamine-1-phosphate into UDP-GlcNAc (Zhang et al., 2009). 

Following this, the Mur enzymes convert UDP-GlcNAc into UDP-MurNAc, also known as 

Park's nucleotide. The MurA-F enzymes sequentially incorporate the amino acids L-Ala, D-

iso-Glu, meso-DAP, and D-alanyl-D-alanine, with the latter being added by the ligase Ddl, as 

described below (Babajan et al., 2011; Munshi et al., 2013). The conversion of UDP-GlcNAc 

into UDP-MurNAc occurs via a two-step process involving the enzymes UDP-GlcNAc enol-

pyruvyl transferase (MurA; Rv1315) and UDP-N-acetyl-enol-pyruvyl-glucosamine reductase 

(MurB; Rv0482) (Babajan et al., 2011). MurA transfers an enol-pyruvate group from 

phosphoenolpyruvate (PEP) to GlcNAc at the carbon 3 position, producing UDP-GlcNAc-

enol-pyruvate (Babajan et al., 2011; De Smet et al., 1999). MurB then reduces enol-pyruvate 

to the D-lactoyl group with the help of the co-factors NADPH and FAD, ultimately producing 

UDP-MurNAc (Eniyan et al., 2018). Additionally, some UDP-MurNAc is modified to UDP- 

MurNGlyc at this stage of peptidoglycan synthesis by the hydroxylase NamH (Birhanu et al., 

2019; Raymond et al., 2005). 

1.7.10 Formation of lipid linked muropeptides  

The latter part of the cytoplasmic peptidoglycan biosynthesis pathway is dedicated to the 

selection of amino acids that will be appended to UDP-MurNGlyc and UDP-MurNAc, creating 

the disaccharide-pentapeptides that form Park's nucleotide (discussed below). The amino acids 

L-alanine, D-iso-glutamine, and meso-Dap are sequentially added to UDP-MurNGlyc and 

UDP-MurNAc by the ligases MurC, MurD, and MurE (encoded by Rv2152c, Rv2155c, and 

Rv2158c, respectively) via ATP. This process ensures the correct amino acid is attached to the 

peptide chain, extending the stem up to the third amino acid (Kurosu et al., 2007; Munshi et 

al., 2013) (Figure 13). Finally, the D-alanine-D-alanine dipeptide is synthesised by an alanine 
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racemase, Alr, and the Ddl ligase, which is specific for D-alanine. This dipeptide is then added 

to the peptide subunit by MurF (Rv2157c), forming the complete muramyl-pentapeptide, Park's 

nucleotide (Munshi et al., 2013). The nucleotide is then anchored to the inner membrane by 

phospho-N-acetyl-muramoyl-pentapeptide transferase (MurX, Rv2156c), producing 

decaprenyl diphospho-MurNAc-pentapeptide (lipid I) via coupling to decaprenyl-phosphate 

(C50-phosphate) (Bruning et al., 2011; Chen et al., 2016). Lipid I is subsequently converted to 

lipid II by the glycosyltransferase MurG (Rv2153c), which transfers UDP-GlcNAc onto the 

MurNAc or MurNGlyc residue, forming a glycosidic bond at the β(C1→C4) position. This 

ultimately produces decaprenyl pyrophosphoryl-MurNAc-GlcNAc-pentapeptide (lipid II) 

(Mengin-Lecreulx et al., 1991; Mahapatra et al., 2005; Bouhss et al., 2008). 

The MurA-F enzymes are crucial in peptidoglycan biosynthesis and are the products of 

essential genes in most bacteria. M. tuberculosis is no exception, making these enzymes 

attractive targets for inhibitor design (Sassetti et al., 2003; Griffin et al., 2011; DeJesus et al., 

2017). Several studies have shown that the regulation of Mur enzymes is key to bacterial 

survival against environmental stressors such as antibiotics, competition, or host immunity. For 

example, a study by Sapkota et al. (2020) using antisense genetic studies found that MurA and 

MurC enzymes are crucial for endospore formation in Clostridioides difficile. In M. smegmatis, 

MurA is upregulated 30-fold by the inactive peptidoglycan amidase CwlM, which is 

phosphorylated by the serine/threonine protein kinase PknB (Boutte et al., 2016). The study by 

Boutte et al. (2016) also found that under nutrient-deficient conditions, CwlM is 

dephosphorylated, resulting in antibiotic tolerance. Additionally, CwlM is vital for polar 

growth in M. smegmatis. Furthermore, the PknA and PknB serine/threonine protein kinases 

regulate the attachment of the pentapeptide to UDP-MurNAc by phosphorylating the Mur 

ligases in response to host-induced stimulatory factors, a process that is essential for cell 

growth (Munshi et al., 2013; Turapov et al., 2018; Zeng et al., 2020). A diagrammatic outline 

of the mycobacterial peptidoglycan biosynthesis pathway within the cytoplasm and the 

inhibitors used against the Mur, GlmU, and Ddl enzymes is depicted in Figure 13. 
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Figure 13: Diagrammatic representation of the cytosolic phase of peptidoglycan synthesis in the cell wall of 
mycobacteria. The 1st stage of PG biosynthesis begins with the Mur enzymes, Mur A & B convert UDP-GlcNAc 
to UDP-MurNAc and UDP-MurNGlyc. Then the synthetases Mur C-F specific for an amino-acid residue is 
attached to the growing pentapeptide L-Ala (orange), D-iso-Glu (yellow), meso-Dap (green) and the dipeptide 
subunit, D-Ala- D-Ala (light blue). Once the L-Ala-UDP-MurNAc-D-iso-Glu-meso-Dap-D-Ala-D-Ala (lipid I) is 
complete it is then anchored to the inner membrane and UDP-GlcNAc is then added via MurG forming lipid II. 
This disaccharide-pentapeptide subunit is now ready to be transported out into the periplasm via the MurJ/FtsW 
complex (2nd stage translocation). Also shown is CwIM role in regulation of MurA and the inhibitor for Ddl 
enzyme and the D-Ala-D-Ala ligation. Abbreviations: L-Ala; L-Alanine, D-iso-Glu; D-iso-glutamine, D-meso-2,6, 
diaminopimelic acid, D-Ala; D-Alanine UDP: Uridine diphosphate, ATP; Adenosine triphosphate, ADP; 
Adenosine diphosphate. Figure created using (BioRender., 2022). Adapted from (Batt., 2020).  
 

1.7.11 Translocation of lipid linked muropeptide across the plasma membrane  

Before the disaccharide-pentapeptide subunit (lipid II) can be incorporated into the existing 

peptidoglycan structure, it must be translocated across the plasma membrane into the periplasm 

(Figure 14). Recent studies have identified two proteins, MurJ (Rv3910) and FtsW (Rv2154c), 

that play a role in the "flipping" of lipid II across the membrane. However, the mechanism of 

lipid II translocation in mycobacteria was only uncovered recently (Butler et al., 2013; Ruiz et 

al., 2015). FtsW is a Shape, Elongation, Division, and Sporulation (SEDS) protein that was 

first identified by Mohammadi et al. (2011) as capable of translocating a fluorescently tagged 

lipid II-homologue across the membrane of liposomes and lipid vesicles (Mohammadi et al., 

2011). In contrast, studies by Sham et al. (2004, 2014) suggested that FtsW was deficient in 

transferring lipid II, indicating instead that MurJ is responsible for the translocation mechanism 

(Sham et al., 2014). The role of MurJ as a "flippase" has been further supported by recent 

studies using E. coli as a model organism. Bolla et al. (2018) and Zheng et al. (2018) 

demonstrated through native mass spectrometry and high-throughput mutagenesis, 
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respectively, that MurJ interacts with lipid II (Bolla et al., 2018; Zheng et al., 2018). 

Additionally, Kuk et al. (2016) used MurJ from Thermosipho africanus to identify structural 

features consistent with a transporter, including a cytoplasmic opening and a gated central 

cavity leading to the periplasm, further suggesting its role in lipid II translocation (Kuk et al., 

2016; Meeske et al., 2016). 

Taguchi et al. (2009) proposed that FtsW functions as a peptidoglycan glycosyltransferase, 

with lipid II as its substrate, delivering it to MurJ. However, they could not rule out the 

possibility that FtsW also acts as a lipid II transporter (Emami et al., 2017; Meeske et al., 2016; 

Taguchi et al., 2019). Overall, the currently accepted view, based on the majority of studies, is 

that MurJ is the primary transporter responsible for lipid II translocation across the membrane. 

Additionally, it has been shown that in B. subtilis, MurJ, along with Amj, plays a crucial role 

in coordinating peptidoglycan synthesis (Meeske et al., 2016). Together, these findings suggest 

a working hypothesis of a MurJ/FtsW complex, possibly in conjunction with other SEDS 

proteins, to facilitate the transfer of lipid II into the periplasm. A diagrammatic representation 

of this mechanism is shown in Figure 14. 

1.7.12 Peptidoglycan periplasmic biosynthesis 

There are two known classes of enzymes that use lipid II as a substrate to generate 

peptidoglycan strands: the division (FtsW-FtsI) and elongation (RodA-PBP2) SEDS complex 

proteins, as discussed above, and the high molecular weight penicillin-binding proteins 

(HMW-PBPs) (Sauvage et al., 2008; Keiser et al., 2015; Sassine et al., 2017). Unlike the SEDS 

proteins, which are monofunctional glycosyltransferases, the HMW-PBPs perform both 

glycosyltransferase and peptidyltransferase reactions. Once lipid II has been translocated to the 

periplasm, the final stage of peptidoglycan synthesis involves the incorporation and 

polymerization of the disaccharide-pentapeptide dimer into the existing multi-layered 

peptidoglycan structure (Figure 14). This process is carried out by monofunctional and 

bifunctional synthases that possess transpeptidase and transglycosylase domains, respectively, 

and are collectively referred to as penicillin-binding proteins (PBPs) (Sauvage et al., 2008; 

Keiser et al., 2015).  

Most PBPs are extracellular, membrane-bound enzymes classified into A, B, or C groups based 

on their function, domain organisation, and molecular weight (Waxman & Strominger, 1983; 

Goffin & Ghuysen, 2002). For example, the monofunctional and bifunctional PBPs are 
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classified as class A and B, respectively, and are considered high molecular weight (HMW) 

enzymes. In contrast, class C PBPs, such as carboxypeptidases, are low molecular weight 

(LMW) enzymes (Sauvage et al., 2008; Figure 14, A). The most prominent polymerising PBPs 

carry out specific multifunctional roles, such as the class A synthases PonA1 (PBP1; Rv0050) 

and PonA2 (PBP2; Rv3682) in M. tuberculosis, and PonA3 in M. smegmatis. PBP1 and PBP2 

are products of the ponA1 and ponA2 genes, and unlike the class B and C PBPs, they are 

responsible for attaching a lipid II molecule with a GlcNAc at the OH group at position 4 to 

another lipid II molecule at position 1 of a MurNAc, forming a β-1,4 glycosidic bond. Lipid II 

then loses its decaprenyl phosphate group (Mahapatra et al., 2005). This step is regulated by 

PknB, which, as discussed above, plays a species-specific role in modulating the Mur enzymes, 

as well as PBP1 and PBP2 activity, by phosphorylating the lipid-linked anchor, subsequently 

affecting the rate of cell elongation (Kieser et al., 2015; Kaur et al., 2019). The bifunctional 

PBPs can be indispensable, whereas the monofunctional class B synthases and class C 

hydrolases often exhibit redundancy (Suzuki et al., 1978; Denome et al 1999; Meberg et al., 

2001; Sauvage et al., 2008). Despite their differences in function and essentiality, these 

enzymes are important drug targets (Sauvage et al., 2008; Crick et al., 2001; Waxman & 

Strominger, 1983; Sassine et al., 2017). An overview of the lipid II insertion, polymerisation, 

and cross-linking pathways carried out by these enzymes is outlined in Figure 14 B. 
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Figure 14: Representative motifs in PBPs for Gram positive and Gram negative bacteria as well as 
mycobacteria responsible for lipid II integration into the existing peptidoglycan structure. (A) Modular 
domains for each class of PBPs and description of each functional domain, schematic is representative of 10 
different domains in 213 eubacteria. Figure adapted from Macheboeuf et al., 2006. (B) The third stage begins 
once Lipid II has been transported into the cytoplasm it is incorporated into the nascent PG by the 
transglycosylation domain of PBP1 and PBP2 (bPBP), forming and adding to the glycan chains of repeating 
MurGlyc/MurGlyc-GlyNAc units. The pentapeptide chains are added to the peptidoglycan via transpeptidation 
by the D,D-peptidases with adjacent peptide stems in a ‘zippering’ effect. Subsequent L,D reactions occur to 
reinforce peptidoglycan adding to stability. The recycling of lipid II carrier occurs by its removal and its return to 
the cytoplasmic space ready to be reused. Also outlined are the inhibitors for lipid II, D,D and L,D peptidases in 
red colour. mPBP; monofunctional penicillin binding proteins, bPBP; bifunctional penicillin binding proteins. 
Adapted from (Batt et al., 2020).  



 40 

1.7.13 D,D-transpeptidases  
 

The 3,4 cross-links made by D,D-transpeptidases (D,D-TPases) are the most abundant in many 

bacteria. However, in mycobacteria, only about 20% of the peptides form 3,4 cross-links, 

where the ε-amine (NH2) group on the D-centre of meso-DAP (acyl acceptor stem) binds to the 

α-carbonyl (COOH) group on D-alanine (acyl donor stem), forming a D,D bond (Wietzerbin et 

al., 1974). This forms the 3,4 interpeptide stem cross-link, fully incorporating the disaccharide-

pentapeptide subunit into the existing peptidoglycan (see Figures 12, 15) (Kumar et al., 2012; 

Kieser et al., 2015; Sauvage & Terrak, 2016; Sauvage et al., 2008).  

 

For successful transpeptidation, three steps must occur in succession: 1) a rapid, non-covalent 

complex forms between a penicillin-binding protein (PBP) and the peptidoglycan 

pentapeptide; 2) an acyl-PBP intermediate is produced between the α-carboxyl group at the C-

terminus of the 4th and 5th D-alanine on the donor pentapeptide stem and the active site serine 

residue in the D,D-TPase domain of the PBP. To form this acyl-PBP intermediate, the PBP 

active site utilises a deprotonated lysine to abstract a proton, activating the nucleophilic activity 

of the catalytic serine (Kumarasiri et al., 2014); and 3) deacylation occurs as 

carboxypeptidation or transpeptidation releases the PBP, and in the case of transpeptidation, a 

covalent bond is formed with an adjacent acceptor tetra-peptide (Sauvage et al., 2008; Pandey 

et al., 2018; Kumarasiri et al., 2014; Macheboeuf et al., 2008).  

 

In contrast, D,D-endopeptidases function opposite to D,D-TPases by hydrolysing the cross-links 

within the peptide stems. Thus, effective communication between different PBPs must be 

established before new peptidoglycan fragments can be integrated into the nascent 

peptidoglycan. An outline of the 3,4 cross-link process is presented in Figure 15. 
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Figure 15: A schematic outlining the transpeptidation reaction resulting in the 3,4 cross-link, bridging two 
stem peptides and carboxypeptidation. The serine of the PBP attacks the amide bond between D-alanine4-D-
alanine5 activates and forms a complex with a donor peptide stem (1). This creates an acyl-PBP intermediate 
forming an ester bond where the lysine in the active site of TPase or C-TPase removes a proton from the serine 
(lysine-serine system) initiating an attack on the amine group on the acyl-PBP enabling deacylation to occur (2). 
These reactions result in the terminal D-alanine5 on a donor stem-peptide being released in the deacylation step, 
whereby the PBP is also displaced. Depending on the reaction i.e., carboxypeptidation or transpeptidation, 
hydrolysis of a water molecule occurs on the donor peptide and forms a disaccharide-tetrapeptide (4), or a covalent 
bond (cross-link) to an amide group of mA2pm on an acceptor stem peptide is made producing the 3,4 cross-linked 
dimer respectively. Adapted from (Lupoli et al., 2011).  
 
 
1.7.14 L,D-transpeptidation  

In mycobacteria, the predominant cross-linkages occur at positions 3,3 between meso-DAP 

residues on adjacent tetrapeptides carried out by L, D-TPases (Kumar et al., 2012; Lavollay et 

al., 2008). This L,D cross-linkage has been identified in various species, such as E. coli during 

the stationary phase, where it constitutes 6-15% of cross-links (Goffin & Ghuysen, 2002; 

Templin et al., 1999; Pisabarro et al., 1985; Glauner et al., 1988), and in Clostridium 

perfringens and Streptomyces spp. (Leyh-Bouille et al., 1970). Similar to the 3,4 cross-links, 

the terminal D-alanine is removed from the stem peptide by a D,D-CPase, creating a substrate 

for the L,D-TPases LdtA (Rv0116c) and LdtB (Rv2518c), which are products of the ldtMt1 and 

ldtMt2 genes in M. tuberculosis (Correale et al., 2013; Bianchet et al., 2017). 

Unlike D,D-TPases, L,D-TPases have a cysteine residue in their active site instead of a serine 

(Biarrotte-Sorin et al., 2006; Mainardi et al., 2005). Additionally, the substrate for L,D-

peptidases is a tetrapeptide rather than a pentapeptide (Figure 16). Acylation begins when the 
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L,D-TPases interact with the tetrapeptide (donor strand) via the cysteine residue, forming an 

acyl-enzyme intermediate at the 3rd position, which subsequently removes the other D-alanine 

(Pandey et al., 2018). Deacylation then occurs when the L,D-TPase is removed by the amine 

group on the meso-DAP at the 3rd position of the acceptor stem peptide (Figure 16). This 

creates a covalently L,D cross-linked bridge between the COOH group of the L-centre of meso-

DAP on the donor peptide and the NH2 group of the adjacent D-centre of meso-DAP on the 

acceptor peptide, allowing the formation of the 3,3 linkage (Wietzerbin et al., 1974; Silva et 

al., 2014). 

The 3,3 linkages help reinforce the cell wall, providing protection against β-lactam antibiotics 

or during the transition into the stationary phase (Peddireddy et al., 2017; Pidgeon et al., 2019). 

However, ongoing studies are uncovering differences between 3,3 and 3,4 cross-link 

compositions in mycobacteria (Rimal et al., 2022; Baranowski et al., 2018). The L,D-TPases 

are targets for carbapenems such as meropenem. Studies by Kieser et al. (2013) and Pidgeon 

et al. (2019) demonstrated that the deletion of ponA1, ponA2, and ldtB rendered M. tuberculosis 

susceptible to β-lactams, highlighting their vital role in the periplasmic phase of the 

peptidoglycan biosynthetic pathway (Kieser et al., 2013; Pidgeon et al., 2019). A diagrammatic 

representation of the steps for cross-linking carried out by L,D-TPases is outlined in Figure 16. 
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Figure 16: Schematic of the steps depicting the 3,3 cross-linking created by the L,D-transpeptidases. (A) 
Acylation takes place by a L,D peptidase attaching to amide bond between fourth position, D-alanine4 and the third 
position, mA2pm3 on the disaccharide-tetrapeptide via the cysteine in the active site L,D-peptidase, and the 
carboxyl group on the donor disaccharide-tetrapetide (1). This releases D-alanine4 and forms an enzyme-
intermediate complex that contains a thioester bond between cysteine in the active site of L,D peptidase and the 
now tripeptide (2). Subsequently, deacylation takes place when the L,D-peptidase is released from its substrate 
(donor peptide) and nucleophilic attack of amine group on the mA2pm3 on the acceptor strand forming a thioester 
interbridge link and the 3,3 cross-linked dimer (3). (B) A representation of variations on the species level of the 
3,3 cross-linked dimer formation for three taxa (Lecoq et al., 2013). In E. faecium (left), a 3,3 cross-linked dimer 
is created between the third amino-acids on the stem peptide via α-carboxyl of L-lysine and α-amine of D-iso-
asparagine in the D–Ala4-D–iAsn-l–Lys3  link to an acceptor strand (Mainardi et al., 2025). In E. coli (middle), the 
3,3 cross-link occurs between the α-mine of A2pm3 on a donor tripeptide and ε-amine of A2pm3 on an acceptor 
tetra-peptide strand (Höltje, 1998; Magnet et al., 2007; Magnet et al., 2008; Sanders & Pavelka, 2013). In M. 
tuberculosis (right), the 3,3 cross-link dimer occurs via amidated meso-DAP (A2pm3) on a donor tripeptide and ε-
amine of amidated A2pm3 on an acceptor tetra-peptide strand (Lavollay et al., 2008). G, GlcNAc; M, MurNAc. 
(A) is adapted from Alaman-Zarate et al., 2024. 
 

1.7.15  Penicillin binding protein catalytic mechanism  

PBPs have a conserved catalytic triad. The first motif, SxxK, contains an activating serine and 

a lysine, which acts as a general base. The second and third motifs are (S/Y)X(N/C) and 

(K/H)(S/T)G, respectively (Lovering et al., 2012). The reaction initiates when the peptidase 

domain binds to the muropeptide substrate. During acylation, the lysine in the SxxK motif 

interacts with the SxN motif, accepting a proton to facilitate the nucleophilic attack by the 

serine in the SxxK tetrad. This process forms an acyl-intermediate with the muropeptide and 

removes the terminal D-alanine (Lovering et al., 2012). To free the enzyme, deacylation occurs, 
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where the SxN motif, activated by the KTG motif, plays a crucial role. The KTG motif serves 

as an electrostatic anchor for substrate binding (Zhang et al., 2007; Nicola et al., 2005), forming 

a hydrogen bond with a water molecule at the carbonyl group of the acyl-enzyme intermediate. 

This releases the D-alanine in a D,D-CPase, or in the case of a TPase, cross-linking occurs via 

an attack from an amino group on a neighbouring peptide branch, which hydrolyses the acyl-

enzyme intermediate (Nicola et al., 2010). Notably, residues such as asparagine, histidine, and 

threonine near the KTG motif may regulate enzyme activity and are essential for interacting 

with β-lactams (Sauvage et al., 2008; Lovering et al., 2012). 

1.7.16 Peptidoglycan cleaving enzymes  
 

Enzymes that cleave peptidoglycan are essential in cell wall biosynthesis, peptidoglycan 

remodelling, septation of daughter cells during cell division, bacterial signalling, and autolysis 

(Shockman & Höltje, 1994; Lee & Huang, 2013). The hydrolytic activity of these enzymes 

must be tightly regulated to prevent uncontrolled peptidoglycan degradation, which could lead 

to cell lysis. This regulation is achieved through multi-enzyme complexes that include 

peptidoglycan synthases, other hydrolases, or non-catalytic proteins acting as their cognate 

regulators (Uehara et al., 2009; Banzhaf et al., 2020; Morlot et al., 2010). In E. coli, 

approximately twenty hydrolases exist, with multiple enzymes responsible for each hydrolytic 

activity. None of these are essential for cell viability; mutants lacking several hydrolases show 

mild to no morphological changes, indicating compensatory mechanisms within the cell 

(Morlot et al., 2010). In contrast, the consensus on how the exact number of hydrolyses there 

are in mycobacteria is not yet currently defined (Kumar et al. 2022). With the emphasis on 

specific hydrolase function such as the endopeptidase, RipA or the N-acetylglucosaminidase 

LpqI (Hett & Rubin, 2010; Moynihan et al., 2019; Kumar et al., 2022) These enzymes facilitate 

the insertion of newly synthesised peptidoglycan by cleaving the mesh-like structure to create 

space for new glycan strands, without increasing susceptibility to antibiotics or inducing cell 

lysis (Typas et al., 2011; Egan et al., 2015). Peptidoglycan-cleaving enzymes are categorized 

into five groups based on their cleavage sites: muramidases, N-acetylglucosaminidases, N-

acetylmuramoyl-L-alanine amidases, endopeptidases, and carboxypeptidases (Vollmer et al., 

2008). Their activity must be precisely controlled to avoid uncontrolled peptidoglycan 

cleavage, which can result in cell lysis. This section will describe the activities of each of these 

peptidoglycan hydrolase enzymes and their associated signalling cascades during cell wall 
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remodelling. A diagrammatic overview illustrating the roles these enzymes play in maintaining 

cell wall homeostasis is presented in Figure 17.                                                                                               

 

Figure 17: A description of the bacilli cell responses during PG repair and maintenance. Digested fragments 
of PG by various hydrolases generates muropeptides (disaccharide-di-, tripeptides) sub-units. The digestion of PG 
releases muropeptides into the environment and/or recycled back into the cytoplasm. These induce a variety of 
pathways leading to the cycling between dormancy and reactivation. The release of muropeptides may also lead 
to the induction of b-lactamases in the presence of antibiotics. Adapted from (Porfírio et al., 2019, Maitra et al., 
2019).     
 

1.7.16.1 Muramidases 
 

Peptidoglycan turnover products can signal the expression of chromosomally encoded β-

lactamases, which degrade β-lactam antibiotics (Jacobs et al., 1997). Inhibition of glycan strand 

transpeptidation by β-lactams can induce the turnover of nascent peptidoglycan by lytic 

transglycosylases, such as the Slt in E.coli (Cho et al., 2014). This cycle of peptidoglycan 

synthesis and degradation depletes the pool of peptidoglycan precursors, contributing to the 
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bactericidal activity of β-lactams (Figure 17). Lytic transglycosylases are non-hydrolytic 

proteins that regulate peptidoglycan in a coordinated manner, enabling cell division without 

rupture due to osmotic pressure imbalances (Vollmer et al., 2008; Den Blaauwen, 2008; Uehara 

et al., 2009). These enzymes cleave the glycosidic bond between GlcNAc and MurNAc, 

forming a disaccharide-muropeptide with a 1,6-anhydroMurNAc on the MurNAc in Gram-

positive bacteria (Johnson et al., 2012; Höltje et al., 1975; Vermassen et al., 2019). This 

released fragment can contribute to the pathology caused by the cytotoxin of Bordetella 

pertussis (Cookson et al., 1989).  

 

Muramidases such as lysozyme although catalyse reactions at the same site as lytic 

transglycosylases, they differ by catalysing a hydrolysis reaction, cleaving the β(1,4) glycosidic 

bond between GlcNAc and MurNAc in bacterial cell walls, compromising the integrity of the 

cell wall and leading to bacterial lysis (Geiger et al., 2018; Jana et al., 2017). While lysozyme 

can inhibit the growth of M. tuberculosis and M. smegmatis, the peptidoglycan structure in 

these bacteria is often refractory to lysozyme because of modifications such as N-glycolylation 

they require addition and alternative hydrolytic enzymes to fully degrade the cell 

wall (Raymond et al., 2005; Mahapatra et al., 2013). 

 

M. tuberculosis, M. bovis, M. smegmatis, and M. marinum present unique challenges for cell 

elongation and division due to their complex cell wall structure. The functions of lytic 

transglycosylases in M. tuberculosis, M. bovis, M. smegmatis, and M. marinum are currently 

under investigation. The cleavage of peptidoglycan plays a crucial role in recycling, which is 

further complicated by the need for specialised enzymes and regulatory mechanisms distinct 

from those in other bacteria. Key enzymes involved in mycobacterial cell elongation and 

division include resuscitation-promoting factors (Rpfs), which cleave peptidoglycan and play 

an essential role in resuscitating dormant cells and facilitating cell division (Ruggiero et al., 

2016). 

There are five resuscitation-promoting factors (Rpfs), RpfA, RpfB, RpfC, RpfD, and RpfE 

each functioning as lytic transglycosylases with lysozyme-like domains that cleave the glycan 

chains in peptidoglycan (Wivagg et al., 2012; Ruggiero et al., 2016). While all Rpfs are 

mutually dispensable, RpfB and RpfE have been shown to be essential for the resuscitation of 

metabolically inactive bacilli in M. tuberculosis and M. Bovis (Ruggiero et al., 2016; Tufariello 

et al., 2004; Tufariello et al., 2008). Peptidoglycan fragments released by Rpfs act as signals to 
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stimulate growth. For instance, recombinant Rpfs have been shown to resuscitate M. bovis in 

vitro and enhance the recovery of M. tuberculosis from sputum samples of patients with active 

tuberculosis (Wu et al., 2008; Mukamolova et al., 2010; Ealand et al., 2019). Additionally, 

Kana et al. (2008) reported that the deletion of three rpf genes results in a loss of pathogenicity 

in vivo, indicating a hierarchy or potency of expression among Rpfs (Kana et al., 2008; 

Downing et al., 2005). Similarly, Russell-Goldman et al. (2008) observed that double deletion 

of rpfA and rpfE led to altered phenotypes and failed resuscitation of dormant cells (Romano 

et al., 2012). Expression of Rpfs also varies across growth phases and environmental 

conditions. RpfA and RpfD are predominantly expressed during early resuscitation, whereas 

RpfC and RpfE are crucial under hypoxic and acidic conditions (Gupta et al., 2011). These 

findings suggest that Rpfs act synergistically and play a crucial role in mycobacterial virulence 

(Gupta et al., 2011). 

1.7.16.2 N-acetylglucosaminidases 
 

N-acetylglucosaminidases, also called NagZ, are glycoside hydrolases that specifically target 

the glycosidic bonds within peptidoglycan, a critical component of bacterial cell walls. These 

enzymes catalyse the hydrolysis of the β-1,4 linkages between GlcNAc and MurNAc within 

the peptidoglycan, removing the terminal GlcNAc and facilitating cell wall remodelling during 

bacterial growth, division, and autolysis. The activity of N-acetylglucosaminidases, such as 

Atla and Acp, has been shown to be essential for processes like cell separation in Enterococcus 

faecalis and Clostridium perfringens, respectively, by enabling the cleavage of septal 

peptidoglycan after cell division (Eckert et al., 2006; Camiade et al., 2010). In Bacillus subtilis, 

the BsNagZ enzyme plays a crucial role in peptidoglycan turnover and recycling, especially 

under conditions of nutrient limitation (Su et al., 2016). Additionally, N-

acetylglucosaminidases are important in maintaining bacterial cell wall integrity and can 

influence bacterial virulence by modulating the susceptibility of the cell wall to host lysozymes 

(Vollmer & Tomasz, 2000). 

 

Similar to B. subtilis, M. tuberculosis has an exo-acting β-N-acetylglucosaminidase encoded 

by the lpqI gene, which was identified by Moynihan et al. (2019). This enzyme is responsible 

for recycling peptidoglycan fragments released by hydrolase activity back into the cytoplasm. 

It cleaves the link between the glycan backbone and the peptidoglycan fragments, allowing 

them to enter metabolic or recycling pathways. Some of the cleaved disaccharide units are 
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further hydrolysed by various enzymes and reused as a carbon source, stimulate host immune 

factors, or reintegrate into the peptidoglycan biosynthesis pathway (Moynihan et al., 2019). 

 

1.7.16.3 N-acetylmuramoyl-L-alanine amidases 

 

Some hydrolases have defined functions. For instance, amidases cleave the lactyl-amide bond 

between MurNAc and L-alanine on the peptide stem (Vermassen et al., 2019; Healy et al., 

2020). The AmiA, AmiB, and AmiC amidases in E. coli and their EnvC, NlpD, and ActS 

regulators play redundant roles in septation, essential for separating daughter cells. Depletion 

of all three amidases results in long, undivided cells (Boelter et al., 2022). EnvC interacts with 

and activates AmiA and AmiB, while NlpD binds and activates AmiC (Gurnani et al., 2021).  

This aberrant morphology is exacerbated in the absence of lytic transglycosylases and 

endopeptidases (Heidrich et al., 2001). Additionally, ActS, an inactive member of LytM-type 

peptidoglycan endopeptidases, activates AmiA, AmiB, and AmiC in E. coli (Gurnani et al., 

2021). Furthermore, in Bacillus subtilis, for example, the SpoIIP amidase interacts with the 

lytic transglycosylase SpoIID to form the IIP-IID complex at cell wall hydrolysis sites, 

stimulating the amidase activity of SpoIIP during pore morphogenesis (Morlot et al., 2010). 

Overall, underscoring that no one enzyme works alone.  

 

In M. tuberculosis, there are at least four amidases: Ami1 (Rv3717), Ami2 (Rv3915), Ami3 

(Rv3811), and Ami4 (Rv3594) (Machowski et al., 2014). Despite the genes ami1 and ami2 

whose product is Ami1 and Ami2 (also called Cw1M) being highly conserved, only ami2 is 

well-categorised in M. tuberculosis. It consists of two peptidoglycan-binding domains and is 

essential for growth and cell survival (Boutte et al., 2016; Turapov et al., 2018). ami4, on the 

other hand, is less studied and is unique to M. tuberculosis (Kieswetter et al., 2021). 

Additionally, Ami1 has been shown to have a synergistic role with the endopeptidase RipA in 

mediating cell division (Healy et al., 2020). 

 

1.7.16.4 Endopeptidases 
 

Endopeptidases have a broad range of functions and can cleave within any part of the stem 

peptide (Figure 17). They catalyse the hydrolysis of amide bonds within peptide stems, 

including cross-links catalysed by PBPs or L,D-CPase. For instance, the D,D-endopeptidases 
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like MepS, MepM, and MepH are responsible for cleaving 4,3 cross-links between D-alanine 

and meso-DAP, which inhibits cell elongation and peptidoglycan synthesis, ultimately leading 

to cell lysis (Singh et al., 2015; Singh et al., 2012;  Chodisetti & Reddy, 2019). Other 

endopeptidases, such as MepK, specifically hydrolyse L,D-TPase-catalysed 3,3 cross-links 

(Chodisetti & Reddy, 2019). 

 

In M. tuberculosis, the NlpC/P60-type D,L-endopeptidase RipA is the most well-characterised 

protein out of the four Rip-family members: RipA (Rv1477), RipB (Rv1478), RipC (Rv2190c), 

and RipD (Rv1566)  Mavrici et al., 2014; Martinelli & Pavelka, 2016). RipA cleaves between 

the 2nd and 3rd positions within the stem peptide (Hett & Rubin, 2010). RipA interacts with 

PonA1 and RpfB, forming a complex that cleaves the amide bond between D-iso-Glu at 

position 2 and meso-DAP at position 3 on the peptide (Hett et al., 2008; Hett & Rubin, 2010; 

Nikitushkin et al., 2015). RipA is recruited to the septum of dividing cells, and its absence 

results in growth defects and abnormal cell morphology (Ruggiero et al., 2010). PonA1 

polymerises peptidoglycan, and its activity is regulated through its interaction with RipA, 

which is crucial for cell elongation (Hett & Rubin, 2010; Kieser et al., 2015) The RipA-PonA1 

complex produces N-acetyl-glucosaminyl-β(1,4)-N-glycolyl-1,6-anhydromuramyl-L-alanyl-

D-isoGlu (Machowski et al., 2014). The RipA-RpfB-PonA1 complex is essential for 

peptidoglycan cleavage at the septum site, and thus for growth at the poles, elongation, and 

septum formation (Kang et al., 2008; Hett & Rubin, 2010). Critically the activity of RipA is 

regulated by an acid-resistant serine protease, MarP (Rv3671c) (Botella et al., 2017). 

Additionally, this complex initiates stress-response enzymes encoded by the DoSR regulon, 

facilitating the recovery of dormant mycobacterial cells (Nikitushkin et al., 2015).  

 

1.7.16.5 Carboxypeptidases 

D,D-carboxypeptidases (D,D-CPases) are crucial for regulating cross-linking and homeostasis 

in peptidoglycan. These multi-domain enzymes cleave the terminal D-alanine residues from 

the 3,4 cross-links of peptidoglycan precursors or pentapeptides, generating tetrapeptide stems 

that serve as substrates for L,D-transpeptidases (L,D-TPases) (Popham, Gilmore, & Setlow, 

1999; Vollmer et al., 2008; Pandey et al., 2018; Vermassen et al., 2019; Espaillat et al., 2024). 

This process is essential for the maturation and restructuring of the bacterial cell wall.  
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For example, D,D-CPases like PBP5 cleave the terminal D-alanine on lipid II after it has been 

added to a glycan strand, allowing transpeptidases to crosslink the newly free meso-DAP 

peptide to the D-alanine from the new glycan strand (Egan et al., 2020; Garde et al., 2021). 

Incidentally, the L,D-CPases also cleave in the same place but between the L- and D-amino 

acids (Dousa et al., 2020). The balance of hydrolysis and peptidoglycan biosynthesis 

coordinates cell wall elongation before division takes place.  

The D,D-CPases in mycobacteria, such as those identified in M. smegmatis and M. tuberculosis, 

have been shown to be integral to cell wall remodelling processes. For instance, studies have 

demonstrated that these enzymes help maintain cell shape and contribute to resistance to b-

lactam antibiotics by remodelling the peptidoglycan layer (Eun, Yapo, & Petit, 1978). 

Similarly, the gene MSMEG_2433 in M. smegmatis exhibits both D,D-CPases and β-lactamase 

activities, highlighting its role in antibiotic resistance (Bansal et al., 2015). Other D,D-CPases 

such as PBP6b in E. coli have also been shown to be important in maintaining cell shape, 

becoming increasingly active as pH rises to 5.0 and contributing to cell shape and elongation 

under acidic conditions (Peters et al., 2016). PBP5, PBP6 and PBP6b constitute up to 50% of 

the PBPs in E.coli (Meiresonne et al., 2017). Peters et al. (2016) showed that deletion of PBP6 

caused the cells to lyse in acidic conditions. Site-directed mutagenesis has also been used to 

target and characterise the D,D-CPase genes pbp5, pbp6, pbp6B, and dacD in E. coli (Waxman, 

Arima and Strominger, 1982; Baquero et al., 1996; Nicola et al., 2005; Zhang et al., 2007; Shi 

et al., 2008; Peters et al., 2016). In addition, the catalytic motifs for the function of D,D-CPases 

have proven to be crucial. For example, PBP4 in S. aureus contains the motifs SMTK, SSN, 

KTG, with serine of SMTK proposed to be activated by losing a proton to the lysine located in  

KTG. Mutating amino acids such as these abolishes enzymatic activity, inhibiting the terminal 

D-alanine on the pentapeptide from interacting with the serine of the SxxK tetrad and lysine of 

KTG (van der Linden et al., 1994; Malhotra & Nicholas, 1992).  

However, the mechanisms and timing of how D,D-CPases carry out their functions are not that 

well understood. Studies such as Ealand (2019) have found shared homology for the 

SMEG_1661, SMEG_2432, SMEG_2433, and MEG_6113 (DacB) D,D-CPases in the S11 

(InterPro IPR012338) and S13 (InterPro IPR000667) peptidase families between E. coli and 

M. smegmatis. Kang and Kim (2024) describe structural insights into PBP4, a D,D-CPase 

present in M. tuberculosis, E. coli, Haemophilus influenzae, and Actinomycetes R39, showing 
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a two-domain enzyme with a PBP domain (domain I) sandwiched between a peptidoglycan-

binding domain (domain II).  

Other studies are uncovering their multi-functional roles. For instance, the Pandey et al. (2020) 

study showed MSMEG_2432 from M. smegmatis exhibited both D,D-CPase and β-lactamase 

activities, playing a role in peptidoglycan remodelling and antibiotic resistance. Similarly, 

MSMEG_2433 has both D,D-CPase and β-lactamase activities, contributing to cell shape 

restoration and antibiotic resistance (Bansal et al., 2015). Moreover, the gene Rv3627c in M. 

tuberculosis, encoding a novel D,D-CPase, was shown to affect mycobacterial cell morphology 

and cell division, promoting elongation and Z-ring formation in M. smegmatis (Zhang et al., 

2019). 

D,D-CPases and their peptidoglycan-binding domains are crucial for bacterial cell wall 

remodelling, enzyme specificity, and adaptation to environmental stresses. The physiological 

roles of D,D-CPases in peptidoglycan turnover underscore their contribution to the structural 

integrity and antibiotic resistance mechanisms of the bacterial cell wall (Squeglia et al., 2018). 

Despite the importance of these enzymes, their actions in mycobacteria are not fully 

understood. Understanding their structure and function provides insights into their roles in 

bacterial physiology and potential targets for antibiotics and novel therapeutic approaches for 

combating mycobacterial infections, especially in the face of increasing antibiotic resistance.  

1.7.17 Cleaved peptidoglycan  

Mycobacteria shed a wide range of pathogen-associated molecular patterns (Kleinnijenhuis et 

al., 2011). Of particular relevance to this thesis is peptidoglycan fragments, which are detected 

by the pattern recognition receptor NOD2, expressed on innate immune cells. NOD2 

specifically recognises the muramyl dipeptide component of peptidoglycan (Boneca, et al. 

2007; Callewaert and Michiels, 2010; Moynihan and Clarke, 2011; Kleinnijenhuis et al., 2011; 

Li, Wang, & Liu, 2012; Giovanna Valle Germano et al., 2022; Dubé, McIntosh, and Behr, 

2022). Upon recognition of M. tuberculosis by host immune factors, NOD2 modulates host 

effector cells (Li & Wu, 2021; Cagliero et al., 2022; Giovanna Valle Germano et al., 2022; 

Dubé, McIntosh, and Behr, 2022). This receptor can distinguish between self and non-self-

components, including microbial peptides from peptidoglycan and lipoproteins secreted by M. 

tuberculosis (Duan et al., 2022; Killick et al., 2013). Consequently, this process elicits an initial 

effector response by macrophages, leading to the phagocytosis and control of the intracellular 
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proliferation of M. tuberculosis, thus contributing to the characteristic granulomatous 

pathology of TB infection (Gold et al., 2010; Harriff et al., 2014; Arango Duque & Descoteaux, 

2014; Sharma et al., 2020). 

 
1.8 Inhibitors of peptidoglycan synthesis  

Peptidoglycan is essential and unique to most bacteria, as it maintains cell shape and resists 

turgor pressure. Glycopeptide antibiotics target lipid II, which is delivered by enzymes 

responsible for the insertion and maintenance of peptidoglycan, such as the transglycosylases 

(Figures 19). Consequently, this part of the cytoplasmic peptidoglycan biosynthetic pathway 

is a significant focus for the research and development of new therapeutics. Peptidoglycan 

synthesis is inhibited by several classes of antibiotics, including glycopeptides, D-cycloserine, 

and various classes of β-lactams. The specifics of these classes will be described below. 

1.8.1 D-cycloserine 

D-cycloserine is a second-line, toxic compound used only as a last resort for multi- and 

extremely drug resistant infections (Bhat et al., 2018, Table 4). It is a structural analogue of D-

alanine, competing with the natural substrates of D-alanine racemase (Alr, Rv3423c) (de Chiara 

et al., 2020). Alr converts L-alanine to D-alanine, thus facilitating dipeptide formation for the 

final step of pentapeptide formation (Prosser et al., 2013; Figure 18). A recent study highlighted 

that mutations in the promoter of alr are responsible for resistance, and in addition, they 

identified 16 other gene mutations associated with D-cycloserine resistance (Chen et al., 2017). 

 

 

 
Figure 18: A schematic of the formation of the di-peptide, converting L-alanine to D-alanine. Also outlined 
is the mechanism of D-cycloserine preventing Alr from its substrate by binding to its active site instead. Figure 
adapted from Trivedi et al., 2018.  
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Lipid II inhibitors include vancomycin and teicoplanin among others, all of which are 

structurally similar  (Svetitsky et al., 2009). These molecules are tricyclic glycosylated non-

ribosomal peptides used for multi- and extremely drug resistant infections with Gram-positive 

bacteria like Staphylococcus aureus and Enterococcus faecalis (Barna et al., 1984; Stogios & 

Savchenko, 2020). Vancomycin and teicoplanin bind via hydrogen bonding to the C-terminal 

D-alanine-D-alanine on lipid II (Figure 19) (Sarkar et al., 2017), inhibiting polymerisation of 

muropeptides via steric hindrance and halting the transpeptidase responsible for 3,4 cross-

linking between D-alanine and the meso-DAP on the 3rd position on the adjacent peptide stem 

(Sarkar et al., 2017). Although not traditionally used against mycobacteria, Soetaert et al. 

(2015) showed that a synergistic effect was observed with vancomycin in combination with a 

lipid biogenesis inhibitor, cerulenin, in M. bovis and M. tuberculosis XDR strains (Soetaert et 

al., 2015).  

 

Figure 19: A basic depiction of the modes of action for the lipid II inhibitors preventing incorporation into 
mature peptidoglycan. On the left are the chemical structures of the teicoplanin (plus 5 R side groups) and 
vancomycin (Zeng et al., 2016). Vancomycin sequesters the substrate by binding to the to the terminal D-alanine 
on lipid II interrupting transpeptidation activities of the D,D transpeptidase and halting the cross-linkage between 
3rd m-DAP and 4th D-alanine on the adjacent peptide stem. Teicoplanin also has the same mode of action as 
vancomycin but both peptides sterically hinder the formation of the lipid II and interfering with the peptidoglycan 
layer maturation process and ultimately leading to cell lysis.   
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1.8.2 β-lactams and adjuvants for targeting L,D-TPases and PBPs  

The first β-lactam, penicillin, was discovered in 1928 by Sir Alexander Fleming (Bellamy et 

al., 1948; Fleming et al., 1945). The structure of penicillin was solved by Dorothy Hodgkin in 

1945 using X-ray crystallography (Hodgkin et al., 1965; Crowfoot et al., 1949). This structural 

elucidation aided Sir Howard Florey and Dr. Ernst Boris Chain in purifying penicillin, 

eventually making it fit for clinical use (Bellamy et al., 1948).  

In the interim years, new classes of β-lactams have been developed. β-lactams are broad-

spectrum, bactericidal compounds that covalently modify the active site of penicillin-binding 

proteins (PBPs) (Lai et al., 2017; Dalhoff et al., 2020). The β-lactam antibiotics currently used 

clinically are natural, semi-synthetic, or completely synthetic compounds (Turner et al., 2022). 

They share a common structure of the four-member β-lactam (azetidine-2-one) ring. β-lactams 

are grouped into classes including penams, penems, carbapenems, cephams, monobactams, and 

clavulans (Table 5). Each class has unique chemical modifications, giving them an affinity for 

different subsets of PBPs and transpeptidases (D,D- L,D-transpeptidases) (Zandi et al., 2021). 
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Table 5: The nomenclature of the most common β-lactams and a representative structure from each class 
is outlined. Chemical structures adapted from (Papp-Wallace et al., 2011; Lee et al., 2016; Batchelder et al., 
2020; Turner et al., 2022; ).  

Class Example of structure 

Penam                                         ampicillin   

Penem                                         faropenem                          

Carbapenem                                 meropenem 

Cepham                                      cephalothin 

Monobactam                                aztreonam 

  Clavum                                     clavulanic acid 
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1.8.3  Penams  
 

Penams, also called penicillins, possess a thiazolidine ring and a sulfur atom at position one 

(Turner et al., 2022). The most well-known natural β-lactams in the penam class are 

benzylpenicillin (penicillin G), derived from Penicillium chrysogenum (Fleming et al., 2001), 

and phenoxymethylpenicillin (penicillin V). Penicillins have excellent activity against Gram-

positives in the absence of β-lactamases but are not potent against Gram-negatives (Libby and 

Holmberg, 1945; Eagle, 1946; Eagle, 1947; E. Ellen. Nell and Hill, 1947; Thomsen Vf and So, 

1962; Davies, 2018; Barrie et al., 2024). Modifications of the structure at carbon position 6, 

where the R side chain resides, have been undertaken to broaden the therapeutic range of the 

penems (Table 5). Amoxicillin is the most clinically prescribed β-lactam globally (Tao et al., 

2019). 

 

1.8.4 Penems  

 
Penems are derivatives of the penam class of β-lactams and have structural similarities to 

carbapenems, except for a sulfur atom at position 1 (Batchelder et al., 2022). They contain a 

bicyclic core and an unsaturated five-membered ring which imposes stress on the β-lactam 

ring, enhancing its reactivity (Batchelder et al., 2020). Penems are currently being investigated 

as potential candidates for new β-lactam development. For example, the compound T405 has 

shown high antimicrobial potency against M. tuberculosis (H37Rv) and M. abscessus (ATCC 

19977) (Batchelder et al., 2022). Others in this class being researched for improved clinical 

potential against infections include faropenem and sulopenem (Batchelder et al., 2020; Zhanel 

et al., 2022). 

 

Unlike carbapenems, faropenem is orally administered with approximately 70-80% oral 

bioavailability and has shown in vitro anti-tubercular properties (Gandra et al., 2022; 

Shangguan et al., 2023). However, research is also being undertaken to improve the 

bioavailability of carbapenems (Gandra et al., 2022). 
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1.8.5 Carbapenems  

 
Carbapenems are a subclass of penems that contain a pyrroline ring unsaturated at C2-C3 

(Papp-Wallace et al., 2011; Armstrong, Fenn, and Hardie, 2021; Metha et al., 2021). The 

structural arrangements of carbapenems are responsible for their antibacterial properties 

against Gram-positive and Gram-negative bacteria within this class of β-lactams (Armstrong, 

Fenn, and Hardie, 2021). Unlike penams and cephams, which have aminoacyl substituents at 

C6, carbapenems contain an R-hydroxymethyl side chain at C6 on the β-lactam ring (Metha et 

al., 2021). Thioether modification is the main feature of carbapenems, characterised by the 

presence of a sulfur atom in the R1 side chain at position 3. Except for imipenem, all 

carbapenems are substituted with a methyl group (R2) at position 4 on the pyrroline ring. This 

increases stability in vivo towards renal dehydropeptidase (DHP-1). Without the methyl group, 

drugs like imipenem need to be co-administered with cilastatin (Table 4; Armstrong, Fenn, and 

Hardie, 2021). Another departure from the cis configuration at C5-C6 of penams and cephams 

is the trans hydrogen bond at C5-C6 in carbapenems, which attributes β-lactamase resistance 

(Armstrong, Fenn, and Hardie, 2021). Examples of highly potent carbapenems include 

meropenem, doripenem, and ertapenem. They have been clinically considered useful for 

treating multidrug-resistant infections such as carbapenem-resistant Enterobacteriaceae (Bush 

et al., 2017; Doi et al., 2019; Li et al., 2020). Carbapenems such as meropenem, having shown 

activity against pulmonary TB in vitro mouse models and in clinical trials, are being 

reconsidered for anti-tubercular treatment in combination with clavam adjuvants (Hugonnet et 

al., 2009; England et al., 2012; Payen et al., 2012; Diacon et al., 2016; Veronique De Jager et 

al., 2022). For example, Hugonnet et al.'s (2009) study showed that meropenem-clavulanate 

killed 13 different strains of extremely drug-resistant M. tuberculosis (XDR) with MICs 

between 1-1.25 µg/mL. 

 

1.8.6 Cephams  

 
Cephams, originally isolated from the mold Acremonium, are also called cephalosporins. They 

possess a 6-membered dihydrothiazine ring fused to the β-lactam ring, which is unsaturated at 

C2-C3 with a sulfur at position 5. Antibacterial activity is attributed to positions C3, C4, and 

C7 (Hughes et al., 2017, parts 1 & 2; Shchelik and Gademann, 2021; Lekshmi Narendrakumar 

et al., 2023). They are the most prescribed antibiotics due to their general tolerability, low 
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toxicity, and low allergic reporting (Bush and Bradford, 2016). There have been five 

generations of cephams with variations in the structures developed to combat resistance in 

Gram-negatives while maintaining a broad range of antibacterial activity (Bui and Preuss, 

2023).  

 

The majority of cephams in this class are semi-synthetically derived from amino-

cephalosporins acid with broad spectrum activity (Lin and Kück, 2022). For example, the first-

generation cephalothin is active against Gram-positive bacteria such as Staphylococcus spp. 

and Streptococcus spp., as well as the Gram-negative Proteus mirabilis. Additionally, 

Escherichia coli and Klebsiella pneumoniae are more susceptible to first-generation 

cephalosporins (Bui and Preuss, 2023). 

 

The second-generation cefoxitin was developed to prevent hydrolysis by β-lactamases due to 

a change from hydrogen to a methoxy group at position 7. It has moderate activity against 

Gram-positives and Gram-negatives. However, it can induce cephalosporinase expression (a 

β-lactamase that can hydrolyse cephalosporins) (Neu., 1974). The methoxy group also reduces 

the antibacterial activity of cephamycins against Gram-negatives (Page., 2007). 

 

Third generation cephalosporins, including cefotaxime, ceftriaxone, ceftazidime, ceftazidime-

avibactam, cefdinir, cefpodoxime, and cefixime, were developed to improve robustness against 

β-lactamases and have a broader antibacterial spectrum (Donowitz, 1989; NICE., 2024). They 

are more susceptible to being hydrolysed by broad-spectrum β-lactamases and AmpC-

producing organisms (Jacoby, 2009; Bui and Preuss, 2023). 

 

Fourth generation cephams, such as cefepime, have a nitrogen at C3 to help passive transport 

through the outer membrane of Gram-negatives (Okamoto et al., 1994). They are effective 

against methicillin-susceptible Staphylococcus aureus (MSSA), Streptococcus spp., 

Pseudomonas aeruginosa, and enteric Gram-negative bacteria (Bui and Preuss, 2023). 

 

Fifth generation cephams, such as ceftaroline and ceftobiprole, were developed to have a 

broader antibacterial spectrum, including extended-spectrum β-lactamase producers like 

Acinetobacter baumanii and Stenotrophomonas maltophilia. Other organisms susceptible to 

fifth generation cephams include methicillin-resistant S. aureus (MRSA), Streptococcus spp., 

Gram-negative enteric bacteria, and Gram-positive cocci (Bui and Preuss, 2023). 
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1.8.7 Monobactams  

 
Monobactams represent a single cyclic structure, namely the β-lactam ring, that was first 

isolated in Chromobacterium violaceum (Asai et al., 1981; Imada et al., 1981; Sykes et al., 

1981; Decuyper et al., 2018; Goldberg et al., 2021). Monobactams have a narrow spectrum of 

antimicrobial activity compared to other classes of β-lactams. The only licensed monobactam, 

Aztreonam, targets aerobic Gram-negative class B PBPs and PBP3, which targets the divisome 

of E. coli and M. tuberculosis (Lu et al., 2020; Liu, Miller, and Miller, 2021; Park and Cho et 

al., 2022). Ongoing studies for Aztreonam include its use against multidrug Gram-negative and 

Gram-positive infections in combination with other β-lactam classes and diazbicyclooctane 

monobactams (Bhatnagar et al., 2020; Bassetti et al., 2021). Research into the development of 

a second generation (LYS228) of monobactam is currently underway (Osborn et al., 2019). 

 

1.8.8 Clavams  

 
Clavulans are β-lactamase inhibitors that include subclasses of penams resistant to being 

hydrolysed by β-lactamases (Lang et al., 2022). β-lactamase inhibitors containing a β-lactam 

ring currently include clavulanic acid, sulbactam, and tazobactam. Other synthesized variations 

include boronate and diazabicyclooctane scaffolds such as vaborbactam, avibactam, and 

relebactam, respectively (Nordmann, Bouvier, and Laurent Poirel, 2023; Alsenani et al., 2023). 

These newer inhibitor combinations are currently being researched for infections with 

Carbapenemase-producing Enterobacterales (Nordmann, Bouvier, and Laurent Poirel, 2023; 

Alsenani et al., 2023). Meropenem-vaborbactam is in preclinical trials for multi-drug-resistant 

pulmonary TB and non-tuberculosis TB (Kaushik et al., 2019; Sing et al., 2023). Sing et al. 

(2023) study showed using a fibre model system meropenem-vaborbactam restored rifampin 

in a dose-dependent response. They do not possess antibacterial activity but enhance the 

performance of the β-lactam partner such as amoxicillin by binding to β-lactamases and leaving 

an unobstructed β-lactam free to deactivate its target (Lang et al., 2022; Shapiro et al., 2021). 

Hugonnet's study (2009) showed that the meropenem-clavulanate combination was potent 

against XDR strains of M. tuberculosis, proving clavulanate to be an effective adjuvant for 

anti-tubercular drug therapy by inhibiting the BlaC (Hugonnet and Blanchard, 2007; Hugonnet 

et al., 2009). 

 



 60 

1.8.9 Mode of action of β-lactams 

 
The mechanism of penicillin was not elucidated until 1974 by Blumberg and Strominger 

(Blumberg and Strominger, 1974). β-lactams mimic the natural substrate of D,D-TPase, which 

is the dipeptide D-alanine-D-alanine during peptidoglycan synthesis (Tipper and Strominger, 

1965; Tipper et al., 1965; Maya-Martinez et al., 2019). Under normal conditions, peptidoglycan 

construction involves cross-linking the stem peptide by the activity of D,D-TPases of penicillin-

binding proteins (PBPs) and/or L,D-TPase (Pandey et al., 2018). L,D-TPase recognise the mirror 

image of the α-carbon on the 4th D-alanine and are also targets for carbapenems (Wivagg, 

Bhattacharyya, and Hung, 2014). Transpeptidases recognise the dipeptide D-alanine-D-alanine, 

and β-lactams covalently bind to transpeptidases, blocking D-alanine-D-alanine from entering 

the active site. This mechanism is attributed to the reactive β-lactam ring, which mimics the 

electrostatic negative wells on D-alanine- D-alanine (Tipper et al., 1965; Maya-Martinez et al., 

2019). 

An acyl-transpeptidase intermediate is formed between the carboxy group on a β-lactam ring 

that opens and forms a covalent bond with the active site serine in the transpeptidase domain 

of the PBP (Sauvage et al., 2008; Mora-Ochomogo and Lohans, 2021). Through a slow de-

acylation rate, β-lactams render the transpeptidase inactive, leading to a build-up of uncross-

linked tetra-penta-peptides and initiation of cell signalling mechanisms, activating the 

upregulation of the L,D- and D,L-TPases (Sauvage et al., 2008). Figure 20 shows the similarity 

of structures of β-lactam and the di-peptide D-alanine- D-alanine.  

 

 



 61 

 

Figure  20: The similarity of the β-lactam ring (shown in red) between the pentapeptide containing D-alanine- 
-D-alanine (D-Ala4- D-Ala5) and the β-lactam, in this case penicillin. A comparison can be made between the 
electron distribution for both structures facilitating the mimetic of the PBPs natural substrate (Blue, I, II & III). 
The R group can also be modified which gives rise to a plethora of antibiotic derivates with different binding 
efficacies. The R group on the D-Ala4- D-Ala5 is what remains of the peptide. Diagram adapted from (Zeng and 
Lin, 2013; André Zapun, Macheboeuf and Vernet, 2017; Kim et al., 2023). 
 

The use of β-lactams for treatment of TB infection is limited due to the production of ambler 

class of β-lactamase BlaC that can inactivate the β-lactam ring. However, since the discovery 

of clavulanic acid the WHO has recommended amoxicillin-clavulanic acid in combination with 

meropenem as a potential treatment of multi-drug or rifampicin-resistant TB. Clinical studies 

for evidence based outcomes are still a work in progress.  

1.9 Resistance to b-lactams;  b-lactamases 
 

A primary resistance mechanism that bacteria employ is the utilisation of enzymes that 

inactivate most β-lactams by hydrolysing the four-membered ring of β-lactams. This allows 

transpeptidases to continue building the cell wall. Although Gram-positive bacteria do produce 

β-lactamases, this resistance mechanism is mainly observed in Gram-negative bacteria (Fisher 

& Mobashery, 2016). The main mechanism for Gram-positive bacteria is the production of 

low-affinity PBPs (Fisher & Mobashery, 2016).  

 

There are four classes of β-lactamases: A, B, C, and D, based on their conserved and distinct 

amino acid motifs (Ambler, 1980; Jaurin & Grundstrom, 1981; Huovinen et al., 1988; 

Ouellette, Bissonnette, and Roy, 1987; Ambler et al., 1991). β-lactamases are further 

subdivided into 17 classes depending on substrate specificity (Bush & Jacoby, 2010; Antunes 

et al., 2014; Naas et al., 2017). The substrate preferences include carbapenemases, 

penicillinases, cephalosporinases, and extended-spectrum β-lactamases (ESBLs), which 
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hydrolyse penams, broad-spectrum cephems, and carbapenems (Pisabarro, de Pedro, and 

Vázquez, 1985). 

 

Serine β-lactamases possess structural motifs and have a conserved serine in their active site, 

which they share with PBPs, the ancestral enzymes of β-lactamases (SxxK, KTG, SDN) 

(Knott-Hunziker et al., 1974; Massova & Mobashery, 1998). The interaction of serine β-

lactamases with β-lactams leads to the formation of a non-covalent Michaelis-Menten 

complex, similar to the reaction of PBPs with β-lactams (Mora-Ochomogo and Lohans, 2021). 

Serine β-lactamases use their active-site serine to form an intermediate covalent acyl enzyme 

by nucleophilic attack on the carbonyl group of the lactam ring, which is then hydrolysed. The 

hydrolytic reaction step deviates from the PBP process, exhibiting a much higher rate of 

hydrolysis in β-lactamases compared to PBPs. 
 

The mechanisms of action for hydrolysis in Class A β-lactamases are currently debated and are 

proposed to be different from Class C, utilising a lysine or glutamine in place of an active serine 

(Chen et al., 2007; Tomanicek et al., 2010). The active site amino acid residues are conserved 

for the recognition of certain substrates. Examples of Class A β-lactamases include the 

clinically relevant extended-spectrum β-lactamases such as TEM, SHV, cephalosporinase 

CTX-M, and the carbapenemase KPC (Rapp & Urban, 2012; Bush, 2018; Chong et al., 2018). 

 

In mycobacteria, there are four known β-lactamases (Rv0406c, Rv3677c, BlaC, and CrfA), 

with the class A serine β-lactamase BlaC being the most potent (Kumar et al., 2022; Nantongo 

et al., 2024). BlaC, encoded by the blaC gene on the chromosome, can hydrolyse penams, 

cephams, and, at low affinity, carbapenems (Wivagg et al., 2014; Hugonnet et al., 2009). 

Although the blaC gene is not essential, its deletion renders M. tuberculosis susceptible to β-

lactams, making BlaC an essential enzyme in the presence of these drugs (van Alen et al., 

2021). Hugonnet & Blanchard (2007) demonstrated that BlaC is inhibited by clavulanic acid 

(Hugonnet et al., 2007). 

 

Directed evolution studies on M. tuberculosis identified mutations that increase resistance to – 

β-lactams. For example, the mutation at position 105 (I105F) enhances resistance and catalytic 

efficiency of BlaC (Feiler et al., 2013). Other studies have shown that combinatorial active-site 

variants, with mutations at positions 69, 130, 220, and 234, synergistically enhance resistance 
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to clavulanate in BlaC (Egesborg et al., 2014). Additionally, mutations G132N and N132G 

have shown higher resistance to both clavulanate and avibactam (Soroka et al., 2016). While 

the antibacterial activity of meropenem has been shown to be enhanced by clavulanic acid 

(Hugonnet et al., 2009). Other inhibitors of BlaC enzymes in clinical use include sulbactam, 

tazobactam, avibactam and durlobactam (van Alen et al., 2021; Nantongo et al., 2024). Class 

A enzymes such as BlaC significantly contribute to the resistance of mycobacteria to β-lactam 

antibiotics (Flores et al., 2005). Mutational adaptations and structural features of BlaC enzymes 

enhance resistance, complicating treatment with β-lactam antibiotics and their inhibitors. 

Class C β-lactamases (cephalosporinases), also called AmpC enzymes, are encoded by 

chromosomal ampC genes and inducible genes, with some class C enzymes found on mobile 

genetic elements (Jacoby, 2009; Philippon et al., 2022). In some bacteria, the ampC gene 

expression is controlled by the transcriptional regulator AmpR, which represses ampC 

expression under normal conditions (Juan et al., 2017). The degradation of nascent 

peptidoglycan by lytic transglycosylases, such as Slt, has been shown to be caused by the 

presence of β-lactams (Cho et al., 2014). Consequently, this leads to the accumulation of 

anhydro MurNAc-peptide turnover products in the cytoplasm, which serves as a signal for the 

induction of ampC and upregulation of β-lactamase activity (Fisher & Mobashery, 2014; Fisher 

& Mobashery, 2016). Class C enzymes are extended-spectrum β-lactamases with higher 

resistance to carbapenems (Philippon et al., 2022). 

Class B and D β-lactamases do not have a catalytic serine; instead, they are metallo-β-

lactamases that use a water molecule to hydrolyse the lactam ring (Zang et al., 2011). Metallo-

β-lactamases consist of an HXHXD motif forming a metal core activated by a water molecule, 

which is central to the function of the enzyme. These enzymes are resistant to most β-lactams, 

including the carbapenem class of inhibitors, except for monobactams (Lohans et al., 2017). 

Class D β-lactamases (oxacillinases) are encoded chromosomally and found on mobile genetic 

elements (Poirel, Potron, & Nordmann, 2012; Toth et al., 2016). They can hydrolyse a broad 

spectrum of β-lactams, including penams, extended-spectrum cephems, and carbapenems 

(Leonard, Bonomo, & Powers, 2013; Boyd et al., 2022). The emergence of β-lactam-resistant 

OXA-producing bacteria, such as enterobacterial species, Pseudomonas aeruginosa, and 

Acinetobacter baumannii, has become increasingly worrisome (Potron, Poirel, & Nordmann, 

2015; Mairi et al., 2017). Thus, these classes of enzymes pose a significant clinical problem 

that urgently needs to be addressed. 
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1.10 The use of model organisms and systems to study genes in pathogenic 

mycobacteria 
 

The study of genes in highly pathogenic species of mycobacteria, such as M. tuberculosis is 

restricted to high containment laboratories. To overcome this limitation and accelerate the pace 

of discovery, model species with high genome similarity and comparable cell wall profiles to 

M. tuberculosis can be used. Examples include M. marinum (1218R), M. bovis (BCG Danish 

1331) and M. smegmatis (mc2155). One advantage of using these model species is their faster 

growth rates compared to M. tuberculosis. For example, M. marinum has a doubling time of 

approximately 6 days whereas M. tuberculosis takes ~28 days and M. smegmatis is even faster 

with a doubling time of 3-5 h (Stinear et al., 2008; Eun Seon Chung et al., 2023 PREPRINT). 

The M. tuberculosis genome consists of 4.4 x106  base-pairs and encodes for approximately 

4173 genes. It shares genome similarity to M. bovis (99.6%) , M. marinum (77%) and M. 

smegmatis (62 %) (Cole et al., 1998)). For example, there are approximately 3000 orthologues 

between M. tuberculosis and M. marinum, and 2,800 between M. tuberculosis and M. 

smegmatis (Stinear et al., 2008; Sparks et al., 2023). Phylogenetic comparisons indicate that 

M. tuberculosis is more closely related to and M. marinum are than to M. smegmatis, with some 

differences attributable to horizontal gene transfer (Stinear et al., 2008; Sparks et al., 2023; 

Figure 23). While M. marinum,	M. smegmatis,	and M. tuberculosis share similarities, there are 

notable differences in cell wall composition, lipid content, virulence factors, and environmental 

adaptations, which highlight limitations in their use as model organisms for tuberculosis 

research. The choice of an appropriate model depends on the specific aspect of mycobacterial 

biology or pathogenesis under investigation. For example, M. marinum lacks the lipid PDIM 

which plays a role in M. tuberculosis virulence (Stinear et al., 2008). Similarly, M. smegmatis 

has functional differences in chain lengths of its mycolic acids and in lipid biosynthetic 

pathways compared to M. tuberculosis, which can affect drug susceptibility studies (Zuber et 

al., 2008).  

 

Phylogenetic analyses by Stinear et al. (2008) place M. marinum, M. ulcerans, M. tuberculosis 

and M. leprae with M. smegmatis in close evolutionary proximity, with M. smegmatis being 

more distantly related (Stinear et al., 2008). Their study suggests that M. tuberculosis evolved 

into a specialist adapted to mammalian hosts via lateral gene transfer, whereas M. marinum 

retained its ability to thrive in a broader ecological niche such as aquatic environments (Stinear 
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et al., 2008). The close evolutionary relationship among these organisms make them valuable 

suitable tools for the tuberculosis research, enabling studies that would otherwise be 

impractical with highly pathogenic M. tuberculosis.  

 
1.11 The use of genetic tools to identify new enzymes in TB research  
 

There are many genetic tools that have been applied to study gene function in common model 

organisms such as E. coli, Bacillis subtilis and Pseudomonas aeruginosa (Kulasekara, 2014; 

Freed, 2017; Dempwolff, Sanchez and Kearns, 2020; Vitale et al., 2020; Holden et al., 2021). 

In contrast, the mycobacterial genetic toolkit has historically lagged behind due to limitations 

such as inefficiencies in DNA recombination, gene editing, and gene silencing (Rahman et al., 

2021; Calvet-Seral et al., 2023; Feng et al., 2023). However, methods such as and one- or two-

step allelic exchange using the L5 mycobacteriophage and high-density mutagenesis 

techniques specific to mycobacterial species have been developed (Hatfull and Sarkis, 1993; 

Sassetti, Boyd and Rubin, 2003; Griffin et al., 2011; DeJesus et al., 2017). These studies, 

particularly by Sassetti et al., 2003, Griffin et al., 2011 and DeJesus et al., 2017 laid the 

groundwork for assigning gene functions in M. tuberculosis provided valuable datasets and 

databases (Sassetti, Boyd and Rubin, 2003; Griffin et al., 2011; DeJesus et al., 2017). Building 

upon these foundational studies, ever-evolving technologies for researching the 

pathophysiology of slow-growing, fast-growing, and non-tuberculosis mycobacteria now 

include advanced, adapted methods. One such method is oligonucleotide-mediated 

recombineering followed by Bxb1 integrase targeting (ORBIT), which employs two 

recombination systems: the integration of an oligonucleotide into the chromosome and the use 

of a payload plasmid containing a selectable marker to facilitate the selection of drug resistant 

recombinants (Borgers et al., 2019). Other approaches include RNA interference 

(CRISPRi/Cas9) strategies, where Cas9 protein binds to guide RNA to specifically interrupt to 

gene of interest, and enhancements to high-density transposon mutagenesis, which enable gene 

disruption and analysis (Rahman et al., 2021; Feng et al., 2023; Akusobi et al., 2022). More 

recently, counter-selectable transposons have been designed to unmark mutants and reduce 

biases introduced by resistance gene markers (Borgers et al., 2020). These tools are particularly 

effective for generating single and multi-targeted mutants (Borgers et al., 2019). For 

applications requiring the creation of libraries of random mutants, high-density transposon 

mutagenesis remains widely utilised (Rahman et al., 2021; Akusobi et al., 2022).  
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Transposon mutagenesis (Tn-mutagenesis) is now broadly applicable to multiple species, 

accessible, and a low-cost technique for probing gene discovery and function in various 

conditions for prokaryotes (DeJesus et al., 2017). Tn-mutagenesis is based on the principle of 

random insertion and excision events into integration sites across the bacterial genome by DNA 

sequences or mobile genetic elements called transposons (DeJesus et al., 2017; Hutchison et 

al., 2019). A marker attached to the transposon such as a hygromycin or kanamycin resistance 

gene allows for positive selection and screening of mutants (Saavedra, Schwartzman, and 

Gilmore, 2017; Dempwolff, Sanchez and Kearns, 2020).  

1.11.1 Transposons  

The study of mycobacterial peptidoglycan-active enzymes has benefited from many different 

genetic tools. Transposons were first discovered in corn by Barbara McClintock in the 1950s 

(McClintock, 1950 & 1953; Pray, 2013). Since that time, transposons have been discovered in 

all domains of life. In bacteria, they are classified into two groups. The Class I group are non-

replicative retrotransposons and carry an insertion sequence at each end. They can cut the 

double helix at an original site before moving, but in some cases, the cut does not need to occur 

for the transposon to move (Domingues, da Silva, and Nielsen, 2012). Retrotransposons carry 

reverse transcriptase and an endonuclease. They begin as DNA, which is then transcribed into 

RNA. The reverse transcriptase and endonuclease are used to reverse transcribe the RNA back 

into DNA. This DNA is then inserted back into the chromosome at a new location (Beauregard, 

Curcio, and Belfort, 2008).  

 

In bacteria, the Class II replication transposons carry elements essential for transposition, 

including an inverted repeat sequence, transposase, resolvase, and non-essential elements such 

as genes associated with antibiotic resistance (Blackwell, Iqbal, and Thomson, 2019). 

Transposons insert themselves semi-randomly into new locations across the genome with 

insertion biases and recognition for dinucleotide sequences (Behr, Stevenson, and Kapur, 

2020). These biases vary depending on the GC content of the genome and therefore species 

(Choudhery et al., 2021).  

 

Some transposons are active in different species. For example, Tn10 used for E. coli can also 

integrate into the M. smegmatis genome (Bardarov et al., 1997; Rubin et al., 1999). 

Transposable elements that contain the insertion sequences IS16110 and IS1096 are found in 
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mycobacterial species such as M. tuberculosis, M. bovis, and Mycobacterium africanum, with 

IS1096 unique to M. smegmatis (Comín, Otal, and Samper, 2022). The insertion sequences are 

limited to mycobacteria, but they do not have equal activation in all Mycobacterium species 

(Rubin et al., 1999; Comín, Otal, and Samper, 2022). IS1096 has been shown to insert itself 

into the lrs2 gene under the pressure of phage activity at a rate of 7.2 x 10-5 per cell to incur 

mycobacterial phage resistance (Cirillo et al., 1991; Li et al., 2024). While the IS1610 occurs 

at a frequency of 7.9 x 10-5 per cell, it is activated during infection of macrophages and acts 

as a promoter of transcription, contributing to virulence (Gonzalo-Asensio et al., 2018). A 

caveat to using transposons derived from these insertion sequences is the requirement for a 

low-abundance integration recognition site comprising 5’-NNPy(A/T)A(A/T)NN-3’, making 

them rather unsuitable for large-scale mutagenesis studies (Behr, Stevenson, and Kapur, 2020). 

Advancements in the genetic engineering field for creating random insertional mutants have 

expanded to the use of Himar1 mariner-based transposons from organisms such as Drosophila 

melanogaster and the horn fly Haematobia irritans (Gao et al., 2003; Chen et al., 2010). The 

advantage of these mariner-based transposons is their higher transposition frequency, usability 

in many species, fewer insertion biases, and a smaller target sequence (5'-TA-3’) compared to 

the elements derived from IS1610 (Gao et al., 2003). This makes them very useful bacterial 

molecular ‘copy and paste’ tools, especially in the context of screening for gene essentiality 

(Gao et al., 2003). The Tn-mutagenesis study described below utilised the Haematobia irritans-

derived mariner-based element Tn5371 with a hygromycin resistance gene (Chen et al., 2010). 

 

Studies using transposon mutagenesis to study mycobacterial biology include the Riggs-Shute, 

Falkinham, and Yang (2020) study, who used tetr-expressing plasmid to produce a specific 

strain M. smegmatis (VTY123) via hygromycin selection which than accepted a mycotetOP2 

delivery plasmid to be transformed into this strain which identified 13 conditional mutants in 

Atc-dependent growth conditions, leading to the identification of essential genes in M. 

smegmatis and M. tuberculosis. Additionally, and even more relevant to this thesis, is the 

Akusobi et al. (2022) study that identified a new essential PBP involved in septum formation 

in Mycobacterium abscessus using CRISPRi/Cas9 methods to interrupt target genes of interest 

in peptidoglycan biosynthesis. They found that deletion of DacB, PBP1, and D,D-CPase 

(MAB_0519) inhibited growth in M. abscessus identifying the importance of these genes in M. 

abscessus. The authors reported that this morphological outcome for homologs was absent and 

therefore not essential in M. smegmatis, indicating distinct genetic networks in each organism. 
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A previous Birmingham PhD student used transposon mutagenesis to generate mutants in 

genes involved in cell wall metabolism and synthesis by applying mariner-based transposon 

Tn5371 delivered by the mycobacteriophage phAE181. This library generated a mutant that 

was found in the gene lpqf, whose predicted product is akin to a D,D-CPase. LpqF is an 

uncharacterised enzyme, and therefore, taking inspiration from related studies this thesis will 

focus on and describe the characterisation of LpqF. 
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Aims and objectives.  

Peptidoglycan-targeting enzymes play a crucial role in cell division, elongation, and overall 

cell survival. In mycobacteria, some of these enzymes, such as D,D-CPases, are not as well 

characterised. It is essential to study the enzymes that maintain the cell envelope in 

mycobacteria. Therefore, the aim of this project was to characterise a highly conserved PBP in 

mycobacteria, known as LpqF (Rv3593) identified through re-screening of the mutagenesis 

library. The objectives were divided into five smaller aims, as follows: 

• Identify and validate putative cell wall-active enzymes derived from a transposon 

mutagenesis library: This aim focused on validating cell wall-active enzymes 

identified from a mutagenesis library using automated high-throughput pinning and 

dilution assays. 

• Purify full-length and generate truncated derivatives of LpqF for biochemical 

study: This aim involved purifying full-length, generating and cloning N-terminal 

LpqF constructs to near homogeneity in E. coli using techniques such as metal affinity 

chromatography, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE), and size exclusion chromatography. 

• Use a bocillin FL protection assay to assess the binding and inhibition of LpqF by 

β-lactams: This aim was to test the affinity of LpqF for against a range of β-lactams 

by using purified LpqF in the presence of a fluorescent penicillin derivative (bocillin 

FL). 

• Perform phenotypic screens in M. marinum and M. smegmatis backgrounds: 

This aim involved conducting growth curve and solid media assays with wild-type and 

Δlpqf constructs to evaluate susceptibility. Additionally, microscopy was performed on 

lpqf and Δlpqf cultures stained with cell wall dyes to study growth dynamics in M. 

marinum.  

• Conduct biochemical assays to determine whether LpqF interacts with 

peptidoglycan: This aim involved conducting various biochemical assays to 

investigate the interaction of LpqF with peptidoglycan derived from M. smegmatis and 

peptidoglycan fragments. Techniques included fluorescent based degradation assays, 

thin-layer and reverse-phase high-pressure liquid chromatography. Additionally, a new 

fluorescent peptidoglycan assay was designed, optimised, and applied to test the ability 

of LpqF to bind to peptidoglycan. 
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Chapter 2. Methods and materials  

For experiments involving M. smegmatis or derivatives thereof we used the mc2155 strain 

(Snapper et al., 1990). For experiments involving M. marinum or derivatives thereof we used 

(1218R, ATCC927). Hereafter any reference to M. smegmatis (DlpqfSm) and M. marinum 

(DlpqfMm) will refer to these strains. See Tables 5 and 5.1 for a complete description of strains 

and plasmids used in this thesis.  

Table 6: Outlines the strains and plasmids that were used in this study.  

Organism Strain Genotype Source/Reference 

M. smegmatis  mc2155 Parental (wild type strain) strain  

pTIC-Dlpqf 

Snapper et al., 

(1990) 

M. marinum  1218R 

12C3 

Parental (wild type strain) strain  

pTIC6a-lpqf 

ATCC927 

E.coli  Top10 Δ(ara-leu) 7697 araD139  fhuA 

ΔlacX74 galK16 galE15 

e14-  ϕ80dlacZΔM15  recA1 relA1 

endA1 nupG  rpsL (StrR) rph spoT1 

Δ(mrr-hsdRMS-mcrBC) 

NEB (C3019H) 

E.coli SHuffle 

T7 K12 

F´ lac, pro, lacIq / Δ(ara-leu)7697 

araD139 fhuA2 lacZ::T7 gene1 

Δ(phoA)PvuII phoR ahpC* galE (or 

U) galK λatt::pNEB3-r1-

cDsbC (SpecR, lacIq) ΔtrxB 

rpsL150(StrR) Δgor Δ(malF)3 

NEB (C3026J) 
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Table 7: Plasmids used in this study 

Organism Strain Plasmid Source/Reference 

E.coli  Top10 

SHuffle 

T7 K12 

pET26SUMORv3593N-

terminal 

This study 

E.coli Top10 

SHuffle 

T7 K12 

pET26SUMORv3593 This study 

E.coli Top10 

SHuffle 

T7 K12 

pET26SUMORv3593N-

terminal-SDMs 

(Q104A, D85A, R98A, 

R87A, R98A;R87A, 

W56A, W28A, I33A 

and wildtype 

This study 

 

All chemicals and reagents were obtained at analytical or HPLC grade with 99.8-9% purity 

from Sigma Aldrich unless otherwise stated. MilliQ purified water was used to make all 

buffers. The pH of solutions was measured using a WPA pH meter CD720 from Hanna 

Instruments with pH 4, pH 7 and pH 10 buffer standards. For chromatography (gravity flow 

and fast protein liquid chromatography (FPLC), buffers were filtered prior to use with a 0.2 

μm filter and degassed (FPLC).  

2.1 Culture media  

2.1.1 Lysogeny broth  

7.5 g of Lysogeny (LB) granules were dissolved in 300 mL of dH2O and sterilised by 

autoclaving at 121 °C for 25 min.  

2.1.2 Lysogeny broth agar  

11.1 g of LB agar granules were dissolved in 300 mL of dH2O and sterilised by autoclaving at 

121 °C for 25 min.  
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2.1.3 Middlebrook 7H9 Media  

2.35 g of Middlebrook 7H9 broth base powder was dissolved in 450 mL of distilled water 

(dH2O). 2 mL of 50% glycerol (0.2% final) and 1.25 mL of 20% Tween 80 (0.05% final) were 

added. 50 mL (10% final) of either OADC (Oleic Acid, Albumin, Dextrose, Catalase) or ADC 

(Albumin, Dextrose, Catalase) was added depending on the cultured organism. The final 

mixture was filter sterilised. 2x 7H9 was prepared as above but with 225 mL of dH2O instead 

of 450 mL. 

2.1.4 Middlebrook 7H10 Agar  

7 g of Middlebrook 7H10 Agar Base was dissolved in 270 mL of dH2O. 3 mL of 50% glycerol 

(0.5% final) was added. The mixture was autoclaved at 121 °C for 25 min. Then 30 mL of 

OADC was added.  

2.2 in silico analysis  

2.2.1 Multiple sequence alignments   

A basic alignment was conducted using the Uniprot sequence O06155_MYCTU as the query 

sequence. O06155_MYCTU was input into the NCBI platform using the ProteinP parameters, 

selecting the Uniprot/Swissprot sequences database, auto BLOSUM62, and the algorithm 

BlastP-protein-protein BLAST, with no filters applied. 

For the domain and classification analysis, the default parameter was used for specific domain 

architecture analysis. This produced 250 NTF2 domains, 174 D-alanyl-D-alanine (peptidase 

S11 IPR001967) domains, and 29 PBP domains. The Uniprot LpqF sequence was submitted 

to the InterProScan platform to predict homologous domains and motifs from known proteins 

with sequences similar to the domains found in LpqF (www.ebi.ac.uk, 2023). 

For the phylogenetic relationship of lpqf among species of Mycobacterium, the Rv3593 

(O06155_MYCTU) FASTA sequence was input into the Protein BLAST alignment tool 

(NCBI, 2023), which produced 250 diverse alignments. For simplicity, sequences were filtered 

to include only Mycobacteriaceae taxonomy (id:1762), trimming down to 87 FASTA 

sequences that were uploaded to NGPhylogeny.fr using the OneClick setting (Lemoine et al., 
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2018). The resulting tree was refined and annotated in the Interactive Tree of Life platform 

(itol.embl.de) (Letunic and Bork, 2021). 

2.2.2 Synteny for lpqf 

LpqF uniprot sequence (O06155) was submitted to Uniprot and aligned to 250 sequences. This 

alignment was then submitted to EMBL platform using Clustal Omega to generate sequences 

with gaps. The sequences were then submitted to the Webflags with the default parameter 

settings, 4 flanking genes, for the maximum number of sequences (200). This produced a 

synteny plot for LpqF in mycobacteria. As a comparison LpqF O06155 was submitted to 

fast.genomics producing 250 alignments for homologues using the setting for diverse and 

within mycobacteria taxa.  

 

2.2.3 Conservation of motifs and domain analysis  
 

The LpqF sequence was inputted into the Conservfold platform: Protein Conservation to 3D 

Structure Generator platform using MMSEQ generating alignments with known published 

PDB files in diverse bacteria (Mirdita et al., 2022; Graham et al., 2023). The output generated 

a Weblogo plot of 18 highest scoring structurally conserved amino acids and motifs in 

homologous proteins (Crooks et al., 2004). The PDB files used to construct the conservation 

plot for analysis are listed in legend of Figure 27. Additionally, the RMSD scores for protein 

structure files recorded in Table 12 were obtained using ChimeraX 1.6.1 (Meng et al., 2006; 

Meng et al., 2023) and RSCB database using the analysis and pairwise structural alignment.  

 

2.3 Cloning  
 

2.3.1 Oligonucleotides  
 

 
DNA oligonucleotides for PCR amplification were designed against the target gene and 

ordered from Sigma (Merck) and Integrated DNA Technologies (UK), see Table 8. 
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2.3.2 Polymerase Chain Reaction (PCR)  

Q5® 2 x High-Fidelity DNA master mix (NEB) was used according to the manufacturer’s 

instructions to carry out DNA amplification. Unless otherwise stated, a 100 μL mix of 

reagents was made and divided into four 25 μL aliquots. All PCR reactions were 

undertaken using an Eppendorf Gradient thermocycler with an annealing temperature 

optimised according to the primers used (between 55-68 °C).  

 
2.3.3 Restriction free PCR (RF cloning)  

RF cloning allows for the insertion of any sequence into any position within any plasmid 

without the need for restriction enzymes, recognition sites, or homologous recombination 

sites within these sequences (van den Ent and Löwe, 2006). Using this principle, forward 

and reverse primers were designed that were 50 base pairs in length. This allowed for 25 

base pair overhangs with the start and end of the gene (NTF2 substitutions), flanking the 

target plasmid (pETSUMORv3593N-terminal), as outlined in Table 8. These primers are 

used to amplify the insert using high-fidelity PCR conditions (Tables 9 and 10). The PCR 

product is then purified (see sections 2.4.1-2.4.3) and used as a primer in a secondary PCR 

reaction (RFP2, see Table 10), with the target plasmid acting as a template. Amplification 

of the plasmid proceeds in both directions, and the primers in RFP2 act as long single-

stranded overhangs. This allows the complementary strands of the plasmid to anneal, 

forming a nicked hybrid molecule. The controls consisted of template only without any 

target DNA or target DNA and template but no primers were added in RF1 PCR. DpnI 

was used to digest any parental/methylated plasmid that may still be present (see section 

2.4.4), and the final product was used to identify the presence of an insert via colony PCR 

and then transformed into competent E.coli SHuffle K12 T7 cells (NEB, C3026J) (see 

section 2.5.2) and selected for using 50 mg/mL of kanamycin.  

2.3.4 Preparation of plasmid DNA  

The vectors used for LpqF full-length and N-terminal in this study contain a kanamycin-

resistant gene for selection. The gene variants of LpqF (Rv3593) - N-terminal 

([pET26SUMORv3593N-terminal]) and full-length ([pET26SUMORv3593]) - were cloned 

into the vectors pET28a and pET26, respectively, prior to the start of this project (see Tables 7 
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& 7). Vectors were designed with a 6x His-tag followed by a SUMO solubility tag,  upstream 

of the SUMO sequence at the 5’ end of Rv3593. 

Plasmid DNA was extracted from E. coli TOP10 beta (NEB, C3019H) cells following 

transformation and overnight culture using a Qiagen miniprep extraction kit see (sections 2.4.2 

and 2.5.2) according to the manufacturer’s instructions. After verifying the sequences for the 

presence of gene products, DNA was transformed into E. coli Top10 beta competent cells 

(NEB, C3019H) for storage or into E. coli K12 T7 (NEB, C3026J) competent cells for protein 

expression and purification (see section 2.5.2, Table 6). 

2.3.5 DNA concentration determination  

A NanoDrop ND-1000 spectrophotometer (Thermo Scientific) was used to obtain DNA 

concentrations. The protein settings were selected and set to A280/A555. The extinction 

coefficient (e/1000) of the polypeptide sequence along with the molecular weight of the protein 

was added before testing the sample test. Two µL of protein sample was added to sampling 

arm  after washing with water and blanking with sample storage buffer.  

2.4 Site directed mutagenesis and PCR 
 

The selected residues were mutated to alanine the NEB Q5 mutagenesis kit, PCR reaction 

products were transformed into E. coli Top10 beta cells (as described in sections 2.4.2), 

Plasmids were isolated and extracted using a Qiagen Miniprep kit (see section 2.4.2)	 and 

verified by sequencing (MicrobesNG) to confirm the presence of mutants. The resulting 

proteins were expressed and purified using established procedures as described below.  

Primers listed in Table 8 were designed using the NEB base changer 

http://nebasechanger.neb.com/. Briefly, the N-terminus sequence from LpqF containing the 

NTF2 was pasted into the NEB basechanger website, using the setting for substitution and the 

sequence that need to be changed was highlighted and the desired 3 base change in this case 

alanine (GCG) was inserted into the programme. Output was a set of forward and reverse 

primers for desired sequence.  
 
 
 
 
 

http://nebasechanger.neb.com/
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Table 8: Primers and melting temperatures (Tm) for site directed mutagenesis of NTF2 domain. 

 
 

 

All reagents for RF PCR were prepared on ice. These included DNA template and autoclaved 

milliQ water along with Q5 High-Fidelity 2x master mix, primers, was thawed, placed on ice.  

For primers a working solution of 100 μM was made, using 1 μL of each primer and 8 μl of 

water achieving a 200 nM concentration. Reactions were gently mixed before PCR. Reactions 

mixtures for RF1 (Table 9) and RF2 (Table 10) were made up to a master mix of 150 μL and 

100 μL and aliquoted into PCR tubes immediately prior to placing into the PCR machine.  

The following reaction was prepared:  
 

Table 9: Reaction mixture for RFP1 PCR 

component 25 μL 

reaction 

Final 
concentration 

Q5 High Fidelity 
2x master mix 

12.5 μL 1 X 

Primers 1.25 μL 200 nM 

DNA template 1 μL 10 ng 

Water 10 μL  
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Table 10: Reaction mixture for RFP2 PCR 

component *33 μL 

reaction 

Final 
concentration 

Q5 High Fidelity 
2x master mix 

16.6 μL 1 X 

RF1 product 1 μL 5 ng 

Destination 

template 

0.25 μL 10 ng 

Water 14.6 μL - 
*Note: reaction mixtures represent volumes per tube 

 

PCR parameters were as follows:  
 

Table 11: PCR thermocycler parameter settings 
Step Temp Time 

Initial denaturation 98 °C 1 minute 
25 cycles: 

Denaturation 
Annealing 
Extension 

 
98 °C 

55-68 °C 
72 °C 

 
30s 
30s 

5 min 
Final extension 72 °C 3 min 

Hold 4 °C  
 

2.4.1 Generic method for Agarose Gel Electrophoresis  

PCR products were confirmed by adding 4 μL of product to a 1% w/v agarose gel. The agarose 

gel was prepared by adding 1 g of agarose powder to 100 mL of 1x TAE Buffer (40 mM Tris-

acetate, 2 mM Na2EDTA). The agarose was dissolved by heating in a microwave. The heated 

agarose was poured into a mold, and 2.5 μL/100 mL of Midori Green Advance (Nippon 

Genetics) was mixed in as a DNA dye to visualise the DNA. A gel comb was inserted into the 

mold, and the gel was allowed to set. Once set, the gel was removed from the mold and placed 

into a gel tank filled with 1x TAE Buffer. The comb was removed from the gel. DNA samples 

were mixed with 6x Gel Loading Dye Purple (NEB, B7024S) and loaded into the gel wells 

along with a well of Quick-Load Purple 1 kb DNA Ladder (NEB, N0552S). The gel was run 

at 140 V, 400 mA for 40 min. The gel was visualised using a Bio-Rad Gel Dock XR+ UV 

imager or a blue light box. Bands were excised from the gel using a scalpel for DNA extraction. 
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2.4.2 Generic method DNA extraction from Agarose Gel  

A Qiagen QIAquick Gel Extraction Kit was used to extract DNA from agarose gel. DNA bands 

excised from the gel were weighed in a tube. Three volumes of QG Buffer (5.5 M guanidine 

thiocyanate, 20 mM Tris-HCl pH 6.6) were added to one volume of gel (100 mg gel = 100 μL 

QG Buffer). The tube was agitated until the gel dissolved, and 10 μL of 3 M sodium acetate 

pH 5 was then added. One volume of isopropanol was subsequently added, and the mixture 

was applied to a QIAquick column or a Monarch DNA Clean-Up column (NEB, T1034L). The 

column was centrifuged in a microcentrifuge at 13,000 rpm for 1 minute. The flow-through 

was discarded, and 500 μL of QG Buffer was applied to the column and centrifuged again. The 

flow-through was discarded again, and 750 μL of PE Buffer (10 mM Tris-HCl pH 7.5, 80% 

ethanol) was applied to the column and centrifuged once more. The flow-through was 

discarded again, and the residual buffer was removed by centrifugation. The column was 

placed into a 1.5 mL microcentrifuge tube, and 30 μL of EB Buffer (10 mM Tris-HCl pH 8.5) 

was added. The column was allowed to stand for 1 minute and then centrifuged again to elute 

the DNA. 

2.4.3 Purification of DNA product  

DNA produced by PCR was cleaned using a Qiagen QIAquick PCR Purification Kit. Five 

volumes of PB Buffer (5 M guanidinium chloride, 30% isopropanol) were added to one volume 

of PCR mix. Sodium acetate pH 5.0 (10 μL) was added, and the mixture was applied to a 

QIAquick column or a Monarch DNA Clean-Up column (NEB, T1034L). The column was 

centrifuged in a microcentrifuge at 13,000 rpm for 1 minute. PE Buffer (10 mM Tris-HCl pH 

7.5, containing 80% ethanol, 750 μL) was applied to the column and centrifuged again. The 

flow-through was discarded, and the residual buffer was removed by centrifugation. The 

column was placed into a 1.5 mL microcentrifuge tube, and 30 μL of EB Buffer (10 mM Tris-

HCl pH 8.5) was added. The column was allowed to stand for 1 minute and then centrifuged 

again to elute the DNA. 

2.4.4 Digestion, Ligation and recirculation mixture 
 

Once product was confirmed as present the rest of the sample was used in the next step. From 

1 μL of product was added to Kinase Ligase Digestion reaction (KLD) reagent mix (NEB, 
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M0554S) in the were added in the following volumes listed below and incubated at room 

temperature for 1-2 h. Mixture was then purified with PCR purification protocol and 

transformed into E. coli SHuffle K12 T7 competent cells (NEB, C3026J).  

 
Component Volume (μL) 

Product 1 

T4 ligase buffer 1 

T4 ligase 0.75 

DpnI 0.5 

Polynucleotide kinase 0.75 

Water 6 

 

 

2.5 Electroporation and transformation into competent cells 

2.5.1 Electroporation into M. marinum competent cells  

Competent cells were prepared from M. marinum wildtype (1218R) , and 5 μL of ΔlpqfMm were 

electroporated into 100 μL of wildtype electrocompetent cells containing the construct lpqf on 

a pTIC6a plasmid using settings of 2.5 V, 25 μF, and 1000 Ω. The cells were immediately 

placed into 7H9 recovery media and then plated onto plates containing 75 μg/mL of 

hygromycin. Briefly, 5 mL of M. marinum culture was grown at 30 °C in 7H9 containing 

0.05% Tween 80 and 10% OADC until the culture reached saturation (6 days). The OD was 

read, and subcultures were made and grown until an OD600nm of 0.8 was reached. Cultures were 

then transferred to ice and incubated for 1.5 h. The culture was then transferred to a 50 mL 

conical tube and centrifuged for 10 min at 4 °C. The supernatant was poured off, and the pellet 

was resuspended in 2 mL of 10% chilled glycerol. The volume was increased to 20 mL, 

inverted three times, and centrifuged at 17,000 x g for 10 min at 4 °C. These steps were repeated 

three times, and the pellet was resuspended in 2 mL of 10% glycerol prior to electroporation. 

Cells not used were aliquoted and stored at -80 °C for 3-6 months. 

2.5.2 Transformation of E. coli strains  

Commercially purchased competent cells (NEB) (50 μL) were thawed on ice for 10 min prior 

to use. Then, 2.5 ng of DNA was added to the cells and incubated on ice for 30 min. The cells 
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were then heat-shocked at 42 °C for 30 seconds using a heat block and subsequently incubated 

on ice for 5 min. Immediately after, 500 μL of SOC (super optimal broth plus glucose) or LB 

media was added, and the cells were incubated at 37 °C for 60-90 min with shaking at 180 rpm. 

In a pre-sterilised environment, 50-100 μL of the transformed cells were plated onto LB-agar 

plates containing the appropriate antibiotic and incubated at 37 °C overnight in a static 

incubator. 

2.6 Preparation of glycerol stocks  

10-20 mL of sterile LB containing the appropriate antibiotic was inoculated with an E. coli 

colony from a fresh transformation and cultured overnight at 37 °C with shaking at 180 rpm. 

In a pre-sterilised environment, 0.5 mL of culture was mixed with 0.5 mL of sterile 100% (v/v) 

glycerol in a Corning cryo-vial, frozen in liquid nitrogen, and stored at -80 °C. 

2.6.1 Protein expression and harvesting  

The use of pET26 plasmid encoding lpqf, ntf2lpqf and ntf2 variants was used to aid in protein 

folding, increases soluble protein concentrations by inducible protein chaperones and enabling 

the ability to titrate the expression of the gene product LpqF and its variants. Transformed cells 

were then grown on antibiotic-selective agar. Individual colonies were inoculated and 

incubated overnight at 37 °C with 180 rpm agitation in a 5 mL volume of LB media with the 

required antibiotics. Overnight cultures were then used to inoculate 1-litre baffled culture flasks 

containing LB media supplemented with 25 μg/mL kanamycin and grown at 37 °C with 

agitation at 180 rpm until an OD600nm: of 0.5-0.6 was achieved. Recombinant protein 

expression was induced by adding 1 mM Isopropyl-β-D-thiogalactopyranoside (IPTG), 

followed by incubation at 16 °C for 18 h. Small volume expression trials were conducted to 

identify optimal induction temperatures and obtain the optimum quantity of recombinant 

protein. IPTG-induction conditions investigated included 37 °C, 25 °C, 18 °C, and 16 °C for 4 

h, and then 16 °C overnight. Cells were pelleted by centrifugation in a Beckman JLA-8.1000 

rotor at 20,000 x g, and the resulting cell pellets were transferred to containers and stored at -

20 °C. 
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2.7 Protein purification 
 

 
NTF2LpqF and full-length LpqF, were purified on an ÄKTA Pure 25 FPLC system using a 1 

mL/min HisTrap Fast Flow column (GE Healthcare). Cell pellets were resuspended in a lysis 

buffer consisting of 25 mM Bis-Tris (pH 8.0, Merck), 50 mM NaCl (pH 8.0, Thermo 

Scientific), 10 mg/mL lysozyme (Sigma), DNase, 50 µg/mL RNase, and a protease inhibitor 

tablet (Roche). The pellet and lysis suspension were left to thaw and mix completely at 4 °C 

for 30 min. 

 

Pellets were then lysed by sonication (Ultrasonic Processor XL) on ice for 6 min (pulsing for 

30 seconds on, 40 seconds off). The lysed suspension was centrifuged at 20,000 rpm for 30 

min at 4 °C. The lysate was collected from the pellet, filtered through a 0.45 µM filter syringe, 

and 100 mL of lysate was loaded onto a HisTrap Fast Flow purification column (Cytiva) by 

FPLC. Fractions were collected at 1 mL/min using a gradient of 0-500 mM imidazole (25 mM 

Bis-Tris and 50 mM NaCl, pH 8.0). Imidazole washes were obtained using an optimised 

protocol of 10% increments yielded eluent fractions set to 7%, 17%, 47%, and 100%. 

 

Four microliters of lysate, wash, and 10 µL of the 7%, 17%, 47%, and 100% fractions were 

taken and loaded into 1x SDS loading dye, then boiled at 95 °C for 10 min. Samples were 

loaded onto a 15% SDS-PAGE gel and run for 1 h at 180 volts, 60 mA. The ladder used for all 

gels (Sigma Broad Range) ranged from 10 kDa to 250 kDa. 

 

Protein fractions at 17%, 47%, and 100% were pooled and placed in dialysis tubing with a 3 

kDa molecular weight cutoff (MWCO) in buffer (50 mM Bis-Tris, 250 mM NaCl, pH 8.0) and 

left overnight to remove imidazole salt from the solution (section 2.7.1). Additionally, 50 µL 

of Ulp protease and 1 mM β-mercaptoethanol (BME) were added to cleave the SUMO tag 

(since the His-tag is upstream of SUMO, it is also removed in the cleaving process). A 50 µL 

sample was taken from each protein solution before adding protease to assess cleavage 

efficiency via gel electrophoresis. 

 

Proteins were then incubated with nickel charged affinity (Ni2+-NTA) resin (Jena Bioscience) 

beads overnight and run through a gravity column (PD10) to remove cleaved SUMO. Fractions 

were collected as flow-through (FT), 25 mM, and 500 mM imidazole (25 mM Bis-Tris, 250 
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mM NaCl, pH 8.0). To assess SUMO cleavage and protein purity, samples from each protein 

solution were collected and analysed by running on a 15% SDS-PAGE gel at 180 volts, 60 mA. 

Samples eluted in the FT and 25 mM fractions. If the FT fraction was pure (containing only 

one band and no presence of the SUMO band), it was concentrated down to 1 mL and stored 

at -80 °C until further use. If the sample was not pure in the FT fraction, the FT and 25 mM 

fractions were taken for size exclusion. 

 

For the site directed mutants (SDMs) that were size excluded (see section 2.7.4), fractions were 

separated into 'peak' and 'shoulder' in 20 mL, 17 mL, 30 mL, and 9.5 mL volumes, respectively. 

Ten microliters of each sample were taken and assessed for protein via a 15% SDS-PAGE gel. 

The 'shoulder' fractions not containing protein were discarded, and the 'peak' fractions 

containing protein were concentrated down to 500 µL and stored at -80 °C. 

2.7.1 Buffer exchange and salt removal using dialysis  

Four litres of dialysis buffer were prepared and stored at 4 °C. The protein of interest was 

loaded into washed dialysis tubing (Spectra/Por®3 & Medicell Membranes Ltd, molecular 

weight cut-off (MWCO) 3.5 and 12-14 kilodaltons), which was then tied off and clamped at 

both ends. The tubing was placed into 4 litres of chilled buffer and left in the refrigerator for 4 

h with gentle mixing. The buffer was then replaced with 4 litres of fresh chilled buffer and left 

overnight at 4 °C with a magnetic stirring bar on a magnetic stirrer to facilitate buffer exchange. 

The protein was then removed from the dialysis tubing and transferred into a 50 mL tube 

(Falcon) . 

2.7.2 Concentration of purified protein  

Dilute proteins were concentrated using a Millipore centrifugal concentrator. The choice of 

concentrator depended on the molecular weight of the protein being concentrated, with 

concentrators having molecular weight cutoffs of 10 or 30 kDa used as appropriate. Large 

volumes were concentrated in stages using a 4 °C centrifuge (Eppendorf Centrifuge 5810R) at 

1,800 x g until the desired protein volumes and concentrations were achieved. 
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2.7.3 Anion Exchange  

A Hi-Trap Q HP anion exchange chromatography column (GE Healthcare) was equilibrated 

with Buffer A (25 mM Bis-Tris and 10 mM NaCl) connected to an ÄKTA Pure 25 purification 

system (Cytiva). The desalted protein was then applied to the column, and a gradient from 

Buffer A to Buffer B (25 mM Bis-Tris and 500 mM NaCl) was started, progressively increasing 

the concentration of NaCl. The eluate was monitored for ultraviolet absorbance at 280 nm and 

collected in 1 mL fractions. Fractions with high absorbance were analysed by SDS-PAGE. 

2.7.4 Size Exclusion Chromatography  

Samples were separated at 4 °C by size using a Superdex 200 column (GE Healthcare) for 

protein purification. The Superdex 200 column was connected to the ÄKTA 10/100 system 

(GE Healthcare) and equilibrated overnight in 2 column volumes (CV) of gel filtration buffer 

(25 mM Bis-Tris, pH 8.0, 250 mM NaCl) at a flow rate of 1 mL/min. Samples were 

concentrated to 2 mL prior to loading onto the column using a 5 mL injection loop. The column 

was then eluted at a flow rate of 1 mL/min, and 0.5 mL fractions were collected. Elution of 

proteins was monitored by a change in absorbance at 280 nm. The column was washed in 5 

column volumes of sterile dH2O and stored in 20% (v/v) ethanol. Protein fractions containing 

the highest level of purity (as determined by SDS-PAGE, section 2.7.5) were pooled, 

concentrated and stored at -20 °C.  

2.7.5 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis		

For SDS-PAGE, Mini-Protean TGX Any kD precast gel gels were either purchased from Bio-

Rad or made as follows: A polyacrylamide resolving gel was cast in an acrylamide Mini-

Protean casting gel kit (Bio-Rad), comprising 12% or 15% acrylamide:bis-acrylamide (37.5:1), 

375 mM Tris pH 8.8, and 0.4% (w/v) SDS. Once the resolving gel had set, a stacking gel (6% 

acrylamide:bis-acrylamide (37.5:1), 125 mM Tris pH 6.8, 0.4% (w/v) SDS) was cast above the 

resolving gel. Both the stacking and resolving gels were polymerised using 10% (w/v) 

ammonium persulfate (APS) and N,N,N’,N’-tetramethylethylenediamine (TEMED). To enable 

a straight interface between both gels, 97% (v/v) ethanol was pipetted onto the resolving gel 

while it set. The ethanol was then removed, and the stacking gel was poured. A well-shaped 

comb was inserted into the unpolymerised stacking gel to create wells of the selected size and 

number, and the gel was left to set for 20 min. The  gels were loaded into a Bio-Rad protein 
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gel tank. The tank was filled with 1x Tris/Glycine/SDS Buffer (25 mM Tris-HCl, 192 mM 

glycine, 0.1% SDS), and the sample was loaded into the gel wells.  

Protein samples (15 μL) were mixed with 5 μL of protein loading dye (10% SDS, 500 mM 

dithiothreitol, 50% glycerol, 250 mM Tris-HCl pH 6.8, 0.5% bromophenol blue). The protein 

samples were heat-denatured by a 10-minute incubation at 95 °C using an Eppendorf 

Mastercycler Gradient thermocycler. A maximum sample volume of 20 μL was used for the 

samples and protein molecular weight standards (Blue Pre-stained Protein Standard Broad 

Range; NEB 5 μL, P7718S, or Page Ruler Plus Pre-stained, Thermo Scientific) and pipetted 

into SDS-PAGE wells. The casting gels were run at 180 volts (V) once submerged in SDS-

PAGE running buffer (25 mM Tris pH 8.3, 190 mM glycine, 0.1% (w/v) SDS). The pre-cast 

gels were run at 200 V and 50 mA for 35 min. The procedure was concluded once the dye front 

migrated to the bottom of the gel. After running, the gels were then removed from the plastic 

outer case, stained overnight in Instant Blue (Expedeon), and then excess stain was removed 

by soaking in water. 

2.8 Transposon mutagenesis library  
 

Contribution statement: In the following experiments Rudi Sullivan supported me in using the 

S & P Robotics BM3-BC robot to pin mycobacteria onto solid media.  

 

Streak plates containing 23 strains derived from a parent strain M. marinum 1218R which was 

a kind gift from Dr Apoorva Bhatt. Plates were re-streaked on 7H10 agar containing 75 ug/mL 

of hygromycin except for wildtype. Strains are listed in Table 12 below. Highlighted in red is 

12C3 the strain that was found to contain the interrupted gene Rv3593.  
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Table 12: List of transposon mutagenesis library as labelled in original Tn library (Chen., 2010). 

  
Number  Strain name 

1 3ES 

2 14D3 

3 5G3 

4 13E7 

5 16D10 

6 3D7 

7 13E3 

8 9D9 

9 16F6 

10 12B4 

11 10G2 

12 11F5 

13 6B11 

14 8D9 

15 9B4 

16 6G3 

17 7D3 

18 10C3 

19 1G2 

20 10E9 

21 8G10 

22 12C3 

23 WT 

 

Glycerol stocks were made of all 23 strains, and cultures were grown in 7H9 medium 

supplemented with 0.05% Tween 80, 10% OADC, and 75 μg/mL hygromycin in 10 mL for 4 

days until an OD600nm of 0.6 was reached. Cultures were readjusted to an OD600nm of 0.1, and 

100 μL was added to 96-well microplates (Greiner, PS, F-bottom, black, sterile. Ref: 655086), 

used for inoculating source plates for pinning. 

 

Briefly, source plates were prepared by adding 42 mL of 7H9 with 2% agar, with or without 

75 μg/mL hygromycin, and left to dry for 30 min at room temperature in a sterile HEPA hood. 

For strain preparation, 40 mL of culture containing each strain intended for pinning was grown 

to an OD600nm of 0.8 in 7H9 supplemented with 0.05% Tween 80 and 10% OADC. Each culture 
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was resuspended to an OD600nm of 0.1, and 200 μL of each starting culture was added to a 96-

well plate and placed into the robot. A protocol program was created with the parameters for a 

96-well Greiner VWR source plate. The source plates were then placed on the stacker, ready 

for pinning. Cultures were shaken to resuspend cells before 5 μL of each strain was pinned 

onto a plate. Plates were pinned in triplicate, and strains were left to grow for 7 days before 

imaging. Cells were imaged using the colony imaging system with spImager software and an 

in situ camera in the robot. 

 

2.8.1 Microbial growth curves  

 
Ten μL of M. smegmatis or M. marinum were used to inoculate 20 mL of 7H9 medium 

supplemented with 0.05% Tween 80 and 10% OADC until an OD600nm of 0.6 was reached. Cell 

suspensions were then diluted to an OD600nm of 0.01 and used to inoculate 5 mL of fresh media 

in 20 mL sterile Hungate test tubes containing glass beads to prevent clumping. Along with a 

blank control (7H9 media only), the tubes were placed into a MicrobeMeter v 1.0 (Sasidharan 

et al., 2018) where cells were automatically read at a sampling rate of 31372.55 Hz. Cells were 

allowed to grow for 6 days for M. marinum and 3 days for M. smegmatis. The conversion factor 

provided by the manufacturer was used to calculate OD readings. Briefly, turbidity calculation 

was based on the ratios of each measurement from each test tube versus the blank value. The -

log of the ratios was calculated, and path-length was corrected by multiplying by 1/1.6 (1.6 cm 

being the inner diameter of the Hungate tube). 

 

Antibiotics used in the M. smegmatis growth curve were in the volumes and concentrations 

described in Chapter 7. Rifampicin and chloramphenicol were a gift from Dr. Rudi Sullivan. 

 

2.9 Microscopy (confocal and phase contrast)  

 
3-[7-Hydroxycoumarin]-carboxamide-D-alanine (HADA) and 3-[7-nitrobenzofurazan]-

carboxamide-D-alanine (NADA) were purchased from TOCRIS (UK). Ten mL of M. marinum 

cultures were grown to an OD600nm of 0.6, adjusted to an OD of 0.01, then aliquoted into 0.5 

mL volumes and grown for 6 h at 30 °C with shaking at 180 rpm. The ODs were measured and 

adjusted to 0.01. At this point, 500 µM HADA was added, and the cultures were grown for an 

additional 6 h (one generation time).  
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Cells were then washed at 17,709 x g with 7H9 with 0.05% Tween80 and 25 µM NADA was 

added. The cells were incubated for 16 h under the same conditions. After incubation, the cells 

were washed twice with 7H9 supplemented with 0.05% Tween80. They were then centrifuged 

at 1,200 rpm for 2 min, and the pellets were resuspended in 1x PBS supplemented with 0.05% 

Tween80.  

 

Ten μL of supernatant from each strain containing separated cells was added to a 1% w/v 

agarose pad, left to dry for 5 min, and then covered with a cover slip. Slides were examined 

using an epifluorescence microscope with Zeiss Black software settings for FDAA. The 

fluorescence parameters were the excitation/emission filters λ for HADA, 405 nm/450 nm: for 

NADA, 450 nm/555 nm, along with phase contrast. Each slide contained 600-800 cells, with 

10-20 cells per area. Images were acquired based on these parameters. 

 

Images were processed using the FIJI plugin MicrobeJ (Ducret, Quardokus and Brun, 2016) to 

collect length, width, and maxima values for each cell. The files were colourised and auto 

scaled. Length values were set from 1 µm to maximum, width from 0.3 to 1 µm for rod-shaped 

cells. Maxima were assessed as follows: HADA foci (length 1 µm to maximum, width 0.3 to 

7 µm), NADA filament (length 1 µm to maximum, width 0.3 to 7 µm, smooth). The collected 

data were collated and quantified using Prism 9. 

 

2.10 Biochemistry  
 

2.10.1 Bocillin fluorescence assay  
 
 
Purified protein (5 μM) was incubated with or without β-lactam antibiotic (Table 13) for 60 

min and 18 h at 25 °C.  The protein reaction was then labelled by addition of 25 μM of 

Bocillin_FL (Invitrogen, 1809310), to each sample and incubated for 30 min before quenching 

the reaction with 1x SDS loading dye and boiling the sample for 10 min at 65 °C (samples were 

boiled at 65 °C to prevent degradation of the protein-β-lactam binding complex in the reaction 

mixture). Samples were then loaded onto 15% polyacrylamide gel SDS-PAGE gels and run for 

1.5 h at 180 V, 200 ma. Quantitation of band density was obtained using Image Lab platform 

and normalising the bands to control sample (untreated). Coomassie gels were used as a 
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reference for loading control. Assays were run in triplicate, n = 3. Protein to Bocillin_FL, 1:5 

ratio. Bocillin fluorescence was analysed using the BioRad ChemiDoc imaging system, 

SYBR® Green DNA setting.  
 

 

Table 13: A list of β-lactam antibiotic used in the fluorescence assay  

Β-lactam Class Reference 

meropenem Carbapenems TCI M2279 

doripenem Sigma 32138 

imipenem Acros Organics (USA) 

A0410734 

nitrocefin cephalosporins Acros Organics (USA) 

B6052 

cefsulodin Cayman 14227 

cephalothin Sigma C4520 

penicillin G penicillins Alfa Aesar J63032 

amoxicillin A054 

oxacillin Sigma 28221 

mecillinam Alfa Aesar J66774 

piperacillin Alfa Aesar J66143 

cloxacillin Alfa Aesar  J64314 

aztreonam monobactam Acros Organic 

A03532118 

 

 

2.10.2  Cephalosporinase assay using nitrocefin as a substrate 
 
 
To evaluate the serine β-lactamase activity of LpqF, 5, 10, 18, and 36 µM concentrations of 

the protein (LpqF) and a control (penicillinase) were added to 1 mg/mL nitrocefin (Acros 

Organics). A dilution series of the enzyme was prepared in buffers with the following 

conditions: citrate (pH 5.4), phosphate (pH 6.5), and Bis-Tris (pH 8.0), with concentrations 

ranging from 0.3, 0.5, 1, 2, 4, 9, 18, and 36 µM, at a final volume of 100 µL. All reaction series 

were kept on ice until ready to be added to wells containing the substrate. Reactions were then 

carried out at 25 °C in a 96-well plate. 
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The nitrocefin substrate and the enzyme dilution series were set up in the plate prior to adding 

the enzyme to the substrate. The enzyme was added to nitrocefin, mixed, and the plate was 

immediately read in a plate reader at an absorbance (OD) of 486 nm, with readings taken every 

30 seconds for 60 min. Measurements were taken using a Mars microplate reader (BMG 

Labtech), with excitation/emission filter λ; 488 nm and 530 nm. Kinetic analysis was 

performed using Prism 9. Reactions were performed in triplicate for each condition. 

 
 
2.10.3  Purification of peptidoglycan  

 
Purification of peptidoglycan from M. smegmatis was achieved following established protocols 

(Shenderov et al., 2013; Moynihan group). Eight litres of M. smegmatis were grown with 

aeration at 37 ℃ to mid-exponential phase (OD600nm: ~0.6), at which point they were harvested 

by centrifugation, resuspended in a minimal volume of PBS, and lysed by sonication. The 

resulting lysate was treated with 4% SDS and boiled under reflux for 3 h. The insoluble material 

was collected by centrifugation and washed with water until the SDS was completely removed 

(at least seven washes), yielding mAGP. The mAGP was incubated for 4 days in 0.5% (w/v) 

KOH in methanol at 37 °C before being washed three times with methanol. The mycolic acids 

were extracted with three washes of diethyl ether. The phosphodiester linkage in the 

arabinogalactan-peptidoglycan complex was cleaved using 0.2 M H₂SO₄, and the 

peptidoglycan was separated from the solubilised arabinogalactan by centrifugation. Then 

Na₂CO₃ was added to peptidoglycan as a neutralisation step and washed with water three times. 

The insoluble peptidoglycan pellet (250 mgs) was sequentially digested with α-amylase (100 

μg/mL), DNase (10 μg/mL), and RNase (5 μg/mL) for 8 h, followed by proteinase K (100 

μg/mL) digestion overnight at 37 °C. The peptidoglycan pellet was resuspended in a minimal 

volume of 1% SDS and boiled under reflux for 3 h. Afterward, the SDS was removed by 

centrifugation and washing with water (at least seven times). The resulting material was 

lyophilised and stored at -20 °C until needed. Digestion and quantitation of this material were 

carried out as described above. 

 

2.10.4  Degradation assay using FITC  
 
 
For peptidoglycan conjugated to fluorescein-5-Isothiocyanate (PG-FITC) dye the assay was 

conducted as previously reported with some modifications (Moynihan et al., 2019). Briefly, 
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lyophilized peptidoglycan is mixed with FITC powder (Sigma) at a 2:1 ratio. Then, 4 mL of 

0.5 M sodium carbonate was added, and the PG-FITC mixture was stirred at 37 °C overnight. 

Unreacted FITC is washed out with sodium bicarbonate buffer (0.5 M), followed by 

centrifugation and resuspension in filter-sterile dH₂O. Washing continued until the water was 

no longer yellow. The sample was tested for reduced fluorescence background using a 

microplate reader with absorbance/emission λ of 490 nm and 520 nm.  

 

The mixture was washed with ethanol to remove any remaining unbound FITC, followed by 

washing with acetone (with centrifugation at 4,000 rpm for 10 min). After discarding the 

acetone, the PG-FITC conjugate was left overnight in the fume cupboard to evaporate 

remaining acetone. PG-FITC was used immediately or stored at 4 °C for up to one week. 

 

For the assay, purified protein (5 µM) in phosphate buffer (pH 6.0) and Bis-Tris buffer (pH 

8.0) was incubated with 5 mg/mL of sonicated peptidoglycan-FITC conjugate for 1 to 18 h 

with shaking at 1,200 rpm at 4 °C, in a final volume of 100 µL. The samples were then filtered 

with a 0.22 µm filter to separate the undigested peptidoglycan from the supernatant. Fifty µL 

of supernatant was added to each well of a black flat-bottomed 96-well plate (Greiner, 96-well, 

PS, F-bottom, black, sterile; Ref: 655086). To ensure consistent fluorescence, 50 µL of NaOH 

(0.5 M) was added to 50 µL of supernatant and mixed thoroughly. Plates were read at 

excitation/emission filter λ; 490 nm and 520 nm using a ClarioStar  microplate reader (BMG 

Labtech) and Mars software, with the gain adjusted to the highest fluorescence well (set at 90% 

threshold) to minimise background noise. Quantitation of readout values is performed using 

Prism 9. Reactions were performed in triplicate for each condition (n = 3).  

 

2.10.5  Sample preparation and RP-HPLC  
 

Optimisation of peptidoglycan degradation was carried out before analysing with LpqF (5 µM) 

enzymatic hydrolysis of M. smegmatis-derived peptidoglycan.  

 

Five mg/mL of peptidoglycan was incubated with 43 µM mutanolysin (Sigma, M9901) for 18 

h at 37 °C in 25 mM phosphate buffer, pH 6.5. The samples were then pelleted and subjected 

to a double digest by resuspending in phosphate buffer at pH 6.0 with the addition of lysozyme 

(Sigma, L3790) or mutanolysin (25 mM phosphate buffer, pH 6.5). The pellets were washed, 
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and the supernatants were reduced with 0.5 M sodium borohydride (pH 9.0) and quenched with 

20% phosphoric acid, which lowered the pH of the samples to 3.5. The supernatants were then 

washed to remove any debris and analysed via reverse phase high performance liquid 

chromatography (RP-HPLC). HPLC separation was achieved using a Dionex UltiMate 3000 

uHPLC (Thermo Scientific,) with a constant flow rate of 0.200 mL/min using a Phenomenex 

150 x 2.1 mm C18 column with a 1.7 μm particle size containing 100 Å pores. Solvents were 

degassed and comprised: Solvent A, formic acid (0.1%) in acetonitrile, and Solvent B, formic 

acid (0.1%) in HPLC-grade dH₂O.  

 

The column was equilibrated with Buffer A at 99% for 20 min, then Buffer A was reduced to 

1% while Buffer B was increased to 99% for 20 min.  Analytes were monitored for ultraviolet 

absorbance at 210 nm. Chromatograms were obtained using Chromeleon™ (Thermo 

Scientific) software. 

 

2.10.6 Thin Layer Chromatography  
 

LpqF was incubated with or without pentapeptide (Sigma), D-alanine (Sigma) and D-alanine-

D-alanine (Sigma), in 100 µL of phosphate buffer (pH 7.0) for 18 h at 25 °C with agitation. 

Controls included D-alanine-D-alanine, D-alanine, and pentapeptide. After incubation, the 

samples were centrifuged, and the supernatants were collected, lyophilised, and resuspended 

in 25 mM phosphate buffer, pH 7.0. 

 

TLC silica gel plates (Merck, 60 F254) were marked with a pencil at the origin, 2.5 cm from 

the bottom of the plate and 1.5 cm from the side, to ensure evenly separated samples. The TLC 

plates were heated to 60 °C for 30 min before use. A total of 10 µL of each sample was spotted 

(using aliquots of 1 µL, allowing each spot to dry before applying the next) onto the silica gel 

plate. The plate was then placed into a pre-equilibrated closed tank at room temperature 

containing 1 cm depth of mobile phase solvent (1-n-butanol-methanol-ammonium hydroxide-

dH₂O, 5:4:2:1 v/v).  

 

The plate was left for approximately 45-60 min until the solvent front reached about 1.5 cm 

from the top of the plate. To visualise the separated species, the plates were stained with 1.5% 
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ninhydrin and scanned immediately using ImageDoc (Bio-Rad). For preparation of samples 

for PG-FITC TLC except for filtration see section 2.10.4. 

 
 
2.10.7 Peptidoglycan binding assay  
 
 
2.10.7.1 Classical SDS-PAGE peptidoglycan binding assay 
 

Purified protein (5 μM) was mixed with phosphate buffer (25 mM, with added salt) and 

incubated with 1 mg/mL of polymerised M. smegmatis peptidoglycan for 1 h on ice. For a 

negative control, protein without peptidoglycan was treated in the same manner as the samples 

with peptidoglycan throughout the assay process. The equivalent amount of protein, minus 

peptidoglycan, was used as a loading control and labelled as "load." 

 

The samples were then centrifuged for 10 min (5 min at high speed, followed by 5 min at low 

speed) at 103,100 x g and 4 °C. The supernatant was carefully removed without disturbing the 

pellet and transferred to fresh Eppendorf tubes, then stored on ice until analysis; this fraction 

was labelled "unbound" (UB). The pellet was resuspended in 150 μL of cold buffer, and the 

centrifugation step was repeated. The supernatant from this step was collected and labelled 

"wash 1" (W1). This process was repeated until the supernatant from wash 2 (W2) was 

collected. The pellet was then resuspended in 150 μL of 1x SDS.  

 

Ten μL of the "load" sample and each of the supernatants (UB, W1, and W2) were mixed with 

5 μL of 5x SDS. The samples were then loaded onto a 15% SDS-PAGE gels (section 2.7.5). 

All samples were analysed in triplicate, and the bands were quantified using Image Lab 

software by normalising the samples to the loading control. Reactions were performed in 

triplicate for each condition (n = 3).  

 
 
2.10.7.2 NHS-Rhodamine adapted peptidoglycan binding assay 
 
 
NHS-rhodamine was first conjugated to wheat germ agglutinin (WGA) using the protocol 

provided by Sigma and previous studies involving NHS-rhodamine-WGA. The amount of 

NHS-rhodamine needed was calculated using the conversion factor for the probe (Sigma) 
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before adding it to 1 mg/mL of WGA or NTF2LpqF and SDMs. Briefly, NHS-rhodamine 

(Sigma) was resuspended in DMSO to a concentration of 25 mg/mL to make a stock solution. 

Forty μL of this stock solution were then diluted with 60 µL of DMSO to make a 10 mg/mL 

working solution. 

 

Purified NTF2LpqF and SDM variants were dialysed in 1x PBS (25 mM, pH 7.3) and adjusted 

to a concentration of 1 mg/mL. Forty-six microliters of the 10 mg/mL NHS-rhodamine solution 

were added to the proteins. For the positive control, 6 µL of NHS-rhodamine was added to 1 

mg/mL of WGA (in 1x PBS, 25 mM + 0.5 mM CalC2, pH 7.3). The negative control with 

WGA was treated under the same conditions, but with CalC2 replaced by 10 mM EDTA. 

 

All protein conjugates were incubated for 2 h at 4 °C with periodic agitation. Excess NHS-

rhodamine was quenched with the addition of 1M Tris pH 8.0. NHS-rhodamine-conjugated 

proteins were either dialysed overnight in 1x PBS or passed through a Sephadex desalting 

column to remove excess rhodamine. In the case of dialysis, the NHS-rhodamine and protein 

conjugate were dialysed in 4,000 mL of 1x PBS overnight for 4 days, with the buffer changed 

daily. On the fourth day, conjugates were transferred to 3 kDa MWCO Amicon filters, 10 mL 

of 1x PBS was added, and the remaining free NHS-rhodamine was removed. 

 

One hundred μL of the eluate were placed in a 96-well flat-bottomed plate (Greiner, 96-well, 

PS, F-bottom, black, sterile; Ref: 655086), and fluorescence was read using a plate reader with 

the gain adjusted to minimise background noise. If the readout was in the low 100s, the A280 

and concentration of conjugates were measured on a nanodrop, and the A555 was read using 

100 µL of each conjugate. This information was used to calculate the degree of labelling (DOL) 

using the correction factor for rhodamine (0.3400) and the extinction coefficient (ε = 80,000 

M⁻¹ cm⁻¹). 

 

	
Amax = A555	x	molecular	weight	(WGA)

WGA	x	εdye  

 

The next stage involved using the conjugates in a similar manner to the SDS-PAGE version of 

the peptidoglycan assay. However, after the washes, the samples were read in a 500 µL volume 

in a 96-well flat-bottom plate (Greiner, 96-well, PS, F-bottom, black, sterile; Ref: 655086) 

using a plate reader (Mars microplate, BMG Labtech) with fluorescence parameters set to 



 94 

absorbance/emission filter λ; 550 nm and 605 nm, and gain adjusted to 80% threshold. To 

corroborate the assay, 50 µL of the remaining volume from each conjugate was mixed with 1x 

SDS dye, loaded onto 15% SDS-PAGE gels, and visualised using a Cytiva Typhoon scanner. 

Quantitation and analysis of the raw data were performed using Prism 10. 

 

To calculate the binding of the bound sample, the values for unbound (from the first wash after 

loading) and all wash samples were subtracted from the total load value. This process was 

repeated for protein-only samples. The resulting value was then subtracted from the protein 

plus peptidoglycan samples to obtain the final bound value. Data analysis for both methods 

involved normalizing the samples to the load control. The percent bound was calculated by 

taking the load (L) minus the unbound (UB) plus the washes 1 (W1) and 2 (W2), using the 

formula: percent bound (b) = (L - UB + W1 + W2) / L × 100%. 
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Chapter 3. Identification and bioinformatic analysis of LpqF  
 
3.0 Introduction  

This thesis focused on the characterisation of lpqf (Rv3593 in M. tuberculosis and MAR_5092 

in M. marinum, see sections 3.1.3 and 3.1.5), a gene identified from an old mutagenesis library 

containing genes involved in cell wall metabolism (Chen et al., 2010). lpqf is an unclassified 

gene, automatically categorised as potentially belonging to the S11 family of peptidoglycan-

active enzymes. It contains a C-terminal PBP/transpeptidase/D,D-CPase/b-lactamase domain 

and an N-terminal domain of also of unknown function, which is homologous to an NTF2-

like/ORF12 (Cpe) domain from the clavulanic acid biosynthetic cluster from Streptomyces 

clavuligerus (UniProt ID O06155_MYCTU; Valegård et al., 2013). The rationale for focusing 

on lpqf stemmed from the re-screening of the mutants from this library to identify genes 

potentially involved in peptidoglycan biogenesis and degradation.  

The unique mechanisms by which peptidoglycan is synthesised, ligated, and hydrolysed result 

in a highly complex structure in Actinomycetes. This complexity depends on species-specific 

enzymes, many of which remain unknown or uncharacterised in pathogenic mycobacteria 

(Baranowski et al., 2018). These enzymes broadly include the low molecular weight PBPs, 

which are involved in peptidoglycan remodelling. While this structural class may serve several 

functions, most are likely responsible for cleaving the peptide stems in peptidoglycan (Sauvage 

et al., 2008). Mycobacteria have 60% more 3,3 cross-links than E. coli during the exponential 

phase, highlighting the vital role of D,D-CPases in regulating cell elongation and division 

(Pandey et al., 2017; Baranowski et al., 2018; Aliashkevich & Cava, 2021).  

Previous studies have shown abnormalities in double or multiple carboxypeptidase mutants in 

various species, including model organisms like B. subtilis, E. coli, and M. smegmatis 

(Popham, Gilmore, & Setlow, 1999; Peters et al., 2016; Pandey et al., 2018). For instance, 

Pandey et al. (2018) generated single and double mutants of MSMEG_2433 and 

MSMEG_2432 in an M. smegmatis mc2155 background, both enzymes belonging to the S11 

class of peptidases. The double mutant exhibited significant growth anomalies, including a 

16% growth defect in liquid culture compared to the wildtype, an increase in 3,4 cross-links, 

and an elongated cell phenotype (Pandey et al., 2018). Furthermore, a study by Bansal et al. 

(2015) found that MSMEG_2433 exhibits dual D,D-CPase and β-lactamase activity. Recent 

investigations have elucidated the mechanism by which D,D-CPases reach the stem peptide, 
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revealing that it is facilitated by a second domain containing a nuclear transport factor-like 2 

domain (NTF2) (Lin et al., 2021; Banks et al., 2022). NTF2 domains in peptidoglycan-targeting 

enzymes will be discussed in the following section. 

Overall, D,D-CPases are functionally redundant in most bacteria, with multiple enzymes 

compensating for the loss of others in maintaining peptidoglycan integrity and resistance to 

cell wall-targeting antibiotics. This redundancy may lead to phenotypic abnormalities without 

causing lysis. This underscores the role D,D-CPases play in β-lactam resistance, normal growth, 

peptidoglycan synthesis and elongation under different conditions. 

NTF2-fold proteins are ubiquitous in bacteria, fungi, plants, and mammals (Eberhardt et al., 

2013). These folds exhibit high conservation and are characterised by a cone-like shape with a 

hydrophobic cavity inside, which accommodates various molecular cargoes to facilitate diverse 

processes (Nagata et al., 2001). In mammalian cells, NTF2 originally named for its role in 

nuclear transport, was first identified in Rattus norvegicus (Bullock et al., 1996). NTF2 

interacts with Ran, a molecular switch that cycles between inactive GDP-bound and active 

GTP-bound states, shuttling between the cytoplasm and nucleus (Lu et al., 2022). Ran binds to 

the importin α/ß transport complex, crucial for transporting cargo into and out of the nucleus 

(Lu et al., 2022). NTF2 acts as an entry and stability receptor, facilitating the entry of Ran into 

the nucleus (Smith, Brownawell, & Macara, 1998; Ribbeck, 1997), and serves as a dissociation 

inhibitor from Ran by maintaining the inactive GDP-bound state (Yamada et al., 1998). 

Additionally, in mammals, NTF2 proteins play distinct roles, such as regulating calmodulin-

dependent protein kinase (CaMKIIa), crucial for synaptic strength in Rattus norvegicus (Myers 

et al., 2017).  

NTF2-like proteins exhibit a wide range of activities, including facilitating protein transport to 

the nuclear envelope, signal transduction, transcription, translation, stress response, and cell 

cycle control mechanisms (Steggerda, Black, & Paschal, 2000). Ran, highly conserved in 

plants and mammals, results in similar binding affinities with homologous NTF2 proteins 

(Zhao et al., 2006). Studies by Zhao et al. (2006) have demonstrated that orthologs of NTF2 in 

Arabidopsis thaliana can rescue mutants in Saccharomyces cerevisiae. Furthermore, Reuper, 

Amari, and Krenz (2021) investigated the acquisition of NTF2 domain of GB31, a Ras GTPase-

activating protein by the Turnip Mosaic virus to facilitate viral RNA transcription machinery. 

This mechanism mirrors pathways observed in orthologs for NTF2 in humans and Semi-Lekki 

virus infection (Panas et al., 2012; Panas, Ahola and McInerney, 2014; Panas et al.,  2015). 
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Notably, a study by Mahamaya Biswal, Lu, & Song (2023) indicates that Sars-Cov2 targets the 

NTF2 domain of GB31. These studies, among others, underscore the high conservation of the 

NTF2-like family and its vital role in cell viability. 

Narrowing the focus to bacterial cell wall-active proteins, NTF2-like domains are widely 

distributed among peptidoglycan (PG)-targeting enzymes, including PBP2a (MecA) from 

Staphylococcus aureus, PBP5 from Streptococcus faecium, and the L,D-CPase Pgp2 from 

Campylobacter jejuni, Helicobacter pylori (Csd6), and Bdellovibrio bacteriovorus (Hyoun 

Woo Kim et al., 2015; Lin et al., 2021; Banks et al., 2022). In bacterial systems, similar to their 

mammalian and eukaryotic counterparts, these NTF2-like domains are critical for protein-

ligand interactions, enzyme regulation, and spatial positioning necessary for cell wall 

maintenance and cell division (Eberhardt et al., 2013). 

Studies have demonstrated that NTF2-like folds in these proteins play a critical role in 

maintaining cell shape by positioning the PBP domains of cell wall proteins to effectively reach 

their substrates (See Chapter 6, Sections 6.0 and 6.1) (Hyoun Woo Kim et al., 2015; Lin et al., 

2021; Banks et al., 2022). For example, Banks et al. (2022) showed that the NTF2-fold located 

in the C-terminus of Bd1075 facilitates the enzymes translocation to the outer convex surface 

of B. bacteriovorus. This positioning enables access to the substrate, a peptidoglycan 

tetrapeptide, and the subsequent removal of D-alanine to form a tripeptide. This process is 

essential for maintaining cell curvature, which is crucial for the successful invasion of prey 

cells. Using single-cell time-lapse microscopy, Banks et al. (2022) demonstrated that mutants 

lacking L,D-CTPase activty exhibited significantly slower invasion of predator cells, 

highlighting the importance of cell shape maintenance for the virulence of B. bacteriovorus 

(Banks et al., 2022). 

Structurally similar proteins with an NTF2-like fold, such as Pgp2 and Csd6, are also involved 

in binding to peptidoglycan and localising the L,D-CPase domains. Lin et al. (2021) found that 

the binding pocket in the NTF2 fold is crucial for Pgp2's interaction with peptidoglycan, as 

demonstrated by a Campylobacter jejuni Δpgp2 pulldown assay. Specifically, the mutation of 

lysine 307 (K307A) within in the NTF2-like fold of Pgp2, abolished its presence in the 

pulldown assay, indicating that both the NTF2-fold and K307 are essential for peptidoglycan 

binding and localisation function of the L,D-CPase and K307 is important for binding (See 

Chapter 6, Section 6.0; Lin et al., 2021). These findings align with the Banks et al. (2022), who 

reported that deletion of residues in the NTF2 binding pocket led to a partial helical shape in 
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B. bacteriovorus. Similarly, Houn-Sook Kim et al. (2015) demonstrated that Csd6 contains a 

deep pocket for peptidoglycan binding, enabling the localisation of L,D-CPase to access 

tetrapeptides. Collectively, these studies suggest that the NTF2-like domain is critical for the 

function of peptidoglycan binding enzymes irrespective of their specific roles. The following  

section will detail the characterisation of LpqF, a novel peptidoglycan-targeting enzyme in 

mycobacteria.  

3.1 An archived Tn library contains putative cell wall enzymes identified as 

having altered colony morphology in M. marinum 

3.1.1 phAE181 as a delivery system  

A previous study investigating cell wall metabolism in mycobacteria utilised Tn-mutagenesis 

in M. marinum 1218R and M. smegmatis mc2155. In this study, Chen and colleagues developed 

Tn5371 mutant libraries to identify genes when disrupted the bacteria have altered colony 

morphology (Chen et al., 2010). The Tn-mutagenesis method employed the recombinant phage 

phAE181, a derivative of the temperature-sensitive TM4 lytic bacteriophage, which carries the 

mariner-based transposon, Tn5371 (Chen et al., 2010; Kriakov, Lee, & Jacobs, 2003). This 

phage can infect both fast and slow growing Mycobacteria, including M. smegmatis, M. 

marinum and M. tuberculosis (Rubin et al., 1999; Chen et al., 2010).   

The temperature sensitivity of phAE181 is due to mutations in genes essential for replication, 

which render its replication machinery sensitive to higher temperatures. At the permissive at 

the permissive temperature of 30 °C, phAE181 can replicate within mycobacterial cells and 

grow, but at the non-permissive temperature of 37 °C, it cannot fully complete its replication 

cycle, leading to lysis. This property enables the Tn5371 transposon, which contains a 

hygromycin resistance gene, to insert into the mycobacterial genome during infection at 37 °C, 

facilitating the selection of mutants on hygromycin-containing plates at this temperature 

(Bardarov et al., 1997; Rubin et al., 1999; Sassetti, Boyd, & Rubin, 2001).  

Isolated genomic DNA from a Tn-mutant containing the Tn5371 transposon can be digested 

with a restriction enzyme that does not cut site within the Tn5371 sequence. This ensures that 

the Tn5371 element remains intact in the resulting fragments. After digestion, the DNA 

fragments are ligated under conditions that promote re-circularisation of fragments containing 

the intact Tn5371 element. The ligated DNA can then be transformed into E. coli cells, allowing 
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for replication and selection of the circularised DNA fragments containing Tn5371 on 

hygromycin-containing plates to isolate colonies (Kriakov, Lee, & Jacobs, 2003). The 

following section will describe a library of mutants (Tn-library) derived from Tn5371-based 

transposon mutagenesis in M. marinum and M. smegmatis backgrounds, with a particular focus 

on uncharacterised M. marinum mutants exhibiting altered colony morphology.  

3.1.2 Experimental aim  
 

One of the primary aims of this thesis was to validate the colony morphology defects identified 

in the original study led by Dr. Apoorva Bhatt at the University of Birmingham, conducted in 

2010. Unfortunately, the original image files depicting the mutant morphologies could not be 

located. However, the archived Tn-library containing 22 M. marinum 1218R strains, identified 

in the study as involved in cell wall metabolism, was obtained from Dr. Apoorva Bhatt. This 

facilitated a reinvestigation into altered morphologies for genes implicated in peptidoglycan 

(PG) homeostasis (Chen et al., 2010, Table 14).  

Chen et al. (2010) isolated a total of 1,675 hygromycin-resistant colonies: 715 from the M. 

smegmatis (mc2155) background and 960 from the M. marinum (1218R) background. For 

library coverage and sequencing details, refer to Chen et al. (2010). Briefly, cultures of M. 

marinum or M. smegmatis were grown to the late exponential phase and inoculated with high-

titre lysate at 1010 and 1011 pfu/mL, at a multiplicity of 10. The cells were incubated overnight 

at 37 °C, as previously discussed, and then plated onto TSB agar (for M. smegmatis) and 7H9 

agar (for M. marinum) containing hygromycin. Plasmids isolated from the colonies were 

sequenced using primers designed for Tn5371 flanking regions. Sequencing results were 

analysed by aligning fragments with the BLAST and Xbase databases (Chen et al., 2010). In 

total, 8 mutants with altered morphology were identified in the M. smegmatis library, and 22 

in the M. marinum library. In M. smegmatis, two transposon insertions were located in genes 

related to cell-wall genes: MSMEG_0031, a penicillin-binding protein (pbpa), and 

MSMEG_0035 (FhaA), a substrate for the serine/threonine kinase PknB (Roumestand et al., 

2011; Arora et al., 2018). These two genes are part of the same operon and are linked to 

peptidoglycan synthesis and cell wall division (Arora et al., 2018). Additionally, the M. 

smegmatis Tn-library revealed four genes indirectly involved in cell wall synthesis and 

metabolism, along with two uncharacterised genes (Chen et al., 2010; Table 14). Given that 



 100 

only 8 mutants were identified in the M. smegmatis Tn-library, of which 6 have been 

characterised, the subsequent efforts focused on the M. marinum Tn-library. 

The M. marinum Tn-library identified 22 genes, 17 of which had indirect links to cell wall and 

lipid synthesis (Chen et al., 2010; Table 14). Among these, genes encoding ESX-1 secreted 

proteins EspF and EspB were notable (7D3, 9B4 & 10C3). ESX secretion proteins have been 

demonstrated to be crucial for successful entry into macrophages, dissemination, and host cell 

lysis, as well as phagosome damage during infection (Chen et al., 2010; Cronin et al., 2022). 

Five genes in the M. marinum Tn-library were found to have insertions in cell wall-related 

genes: MMAR_2327, MMAR_2352, MMAR_2913, MMAR_3250, and MMAR_5092. 

MMAR_2327, homologous to Rv1508c in M. tuberculosis, encodes a predicted 

glycosyltransferase with 99.7% sequence conservation across M. tuberculosis strains. It is 

located in the region of difference (RD) 4, part of a genomic region characterised by unique 

gene insertions and deletions (RD1-4). Notably, RD1 is associated with virulence genes, while 

RD4 includes genes involved in the synthesis of acyl trehalose-containing glycolipids (Brodin 

et al., 2010; Qin et al., 2013). MMAR_2352 encodes an unclassified transmembrane protein 

implicated in lipo-oligosaccharide biosynthesis. Its homologue, Rv1517 in M. tuberculosis, has 

been linked to biosynthetic pathways (Seeliger et al., 2012). MMAR_2913 encodes BetP, an 

integral glycine betaine transport protein. Its homologue in M. tuberculosis, Rv0917, is known 

to be upregulated during nutrient depletion, suggesting a role in stress response (Betts et al., 

2002; Chen et al., 2017). MMAR_3250 is orthologous to Rv2206 in M. tuberculosis and is a 

component of the Type VII protein secretion system. This system contributes to bacterial 

survival within in macrophages during infection, highlighting its importance in pathogenicity 

(MacGurn and Cox, 2007; Weerdenburg et al., 2015; Ates, Houben & Bitter, 2015). 

Since the study by Chen et al. (2010), subsequent research by Perkowski et al. (2017) identified 

Rv1517 and Rv1508c as part of a repertoire of exported proteins essential for both in vitro and 

in vivo infection models. Furthermore, the Tn-mutant for Rv1508c severely impaired 

intracellular growth compared to the parent strain, underscoring its critical role in pathogenicity 

(Perkowski et al., 2017). 

The focus of this thesis is on the gene MAR_5092 (Rv3593) from the M. marinum Tn-library, 

which is predicted to encode a β-lactamase/penicillin binding protein. In the study by Chen et 

al. (2010), the MAR_5092 mutant (12C3) exhibited a moderate change in colony morphology, 
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specifically forming smaller colonies, as described below. Overall, the M. marinum Tn-library 

revealed insertions in genes whose homologues in M. tuberculosis are directly involved in cell 

wall homeostasis, host-bacterial interaction dynamics, and virulence. 

3.1.3 MMAR_5092 

In addition to the genes described above, MMAR_5092 (lpqf) was identified in the colony 

morphology screen. This gene encodes a putative conserved lipoprotein called LpqF. 

MMAR_5092, along with its homologue in M. tuberculosis, Rv3593, are uncharacterised 

proteins, exhibiting high conservation in mycobacteria (Figure 24). 

While the study by Chen et al. (2010) suggested that LpqF is non-essential in M. marinum, Tn-

sequencing (Tn-seq) studies in M. tuberculosis have yielded conflicting results (DeJesus et al., 

2017; Sassetti, Boyd, & Rubin, 2003). These discrepancies may be attributed to differences in 

methodology and experimental approaches. For example, the seminal study by Sassetti, Boyd, 

and Rubin (2003), employed a genome-wide transposon mutagenesis study in M. tuberculosis 

H37Rv using the Himar1 transposon, identifying 614 essential genes, including Rv3593, for in 

vitro growth. Their study provided a comprehensive map of essential and non-essential genes 

critical for bacterial survival under laboratory conditions through high-density mutagenesis and 

microarray analysis (TrasH). In contrast, Chen et al. (2010) investigated M. smegmatis and M. 

marinum using the Tn5371 transposon, focusing on genes involved in cell wall biosynthesis 

and virulence. This approach emphasised phenotypic screening, identifying mutants with 

altered colony morphology and impaired intracellular growth, highlighting specific functional 

roles in targeted pathways and a small subset of genes rather than a broad essentiality profile.  

Further supporting the findings of Sassetti et al. (2003), Griffin et al. (2011) used high-density 

transposon mutagenesis combined with deep sequencing to map transposon insertion sites  

across the in M. tuberculosis genome at single base pair resolution. This study incorporated 

phenotypic profiling of mutant libraries under different conditions, including media containing 

cholesterol as a sole carbon source, to identify genes essential for growth under specific 

environmental stresses. Griffin et al. (2011) found the C-terminal domain of Rv3593 to be 

essential, while the N-terminal domain. Given that the export signal is encoded at the N-

terminus and is likely required for any C-terminus activity, this finding underscores the 

importance of combining genetic approaches to delineate essential functional domains.  
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In contrast, DeJesus et al. (2017) employed a high-saturation Tn-seq approach using Himar1 

transposon with over 35 million independent insertions, coupled with a hidden Markov model 

to classify essential and non-essential genes. They reported Rv3593 as non-essential for in vitro 

growth under rich media conditions (DeJesus et al., 2017). Unlike Griffin et al. (2011), this 

study addressed insertion biases in multiple prokaryotic libraries by identifying sequence 

motifs less permissive to transposon insertion and acknowledged how methodological 

differences impact the interpretation of essentiality. For example, Griffin et al. (2011) excluded 

small genes with fewer than 6 TA insertions sites, eliminating 583 genes (approximately 13%) 

with 1-5 TA sites in M. tuberculosis. Despite these methodological differences, Dejesus et al. 

(2017) aligned with Chen et al. (2010) in concluding that Rv3593 is a non-essential gene. 

Together, these studies provide complementary insights. Sassetti et al. (2003) and Griffin et al. 

(2011) offer foundational frameworks and detailed genetic mapping, while Chen et al. (2010) 

and DeJesus et al. (2017) highlight targeted functional roles and methodological variability in 

essentiality assessment. 

M. leprae is often considered to contain the minimal mycobacterial genome, and thus, genes 

conserved in this organism are likely to be important for survival at some point in the 

pathogen’s life cycle. More recently, Das et al. (2023) reported the M. leprae lpqf homologue 

ML1923 to be downregulated in a hybridisation array derived from RNA from skin lesions, 

suggesting a potential role as a marker for diagnostics (Das et al., 2023). In the Tn-library, the 

MMAR_5092::Tn5371 strain was labelled as 12C3. From this point onwards, 12C3 will be 

referred to as ∆lpqfMm for M. marinum unless otherwise stated (Figure 21, Table 14). 
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Table 14: Twenty two isolated mutants in M. marinum from the Chen et al. (2010) study with morphological 
changes. 

Gene reference Gene number M. tuberculosis 
homologue Gene name Function Studies 

9D9 MMAR_2327 Rv1508c 

Probable 
membrane protein  
(glycosyltransfera

se) 

Cell wall 
Probable 

glycosyltransferas
e 

Chen et al., 2010. 
This study 

14D3 MMAR_2352 Rv1517 

Conserved 
hypothetical 

transmembrane 
protein. Probable 

triacylglycerol 
synthase. 

Cell wall 
Probable (LysE 

like) 
peptidoglycolipid 

transporter 
(Seeliger et al., 

2012 ) 

Chen et al., 2010. 
This study 

10E9 MMAR_2913 Rv0917 

Possible glycine 
betaine transport 

integral 
membrane protein 

BetP 

Cell wall. High-
affinity uptake of 
glycine betaine 

Potential 
regulation protein 

during nutrient 
depletion (Betts et 

at., 2002) 

Chen et al., 2010 
This study 

16D10 MMAR_3250 Rv2206 

Transmembrane 
protein (ESX 

transport protein) 
involved in 
survival in 

macrophages 

Cell wall 
Function 
unknown 

Chen et al., 2010 
This study 

12C3 MMAR_5092 Rv3593 (LpqF) Lipoprotein LpqF 

Cell wall 
Probable class C – 
LMW penicillin 
binding protein 

Chen et al., 2010 
This study 

9B4 MMAR_5457 Rv3881c 

Secreted ESX-1 
substrate protein 

B, EspB. 
Conserved alanine 
and glycine rich 

protein 

Cell wall and cell 
wall process 

Function 
unknown 

Chen et al., 2010 
This study 

12B4 MMAR_0992 Rv0653c 

Possible 
transcriptional 

regulatory protein 
(probably TetR-

family) 

Regulatory 
proteins - 

Involved in 
transcription 
mechanism 

Chen et al., 2010 
This study 

6B11 MMAR_5449 Rv3874 (esxB) EsaT-6 like 
protein, EsxB 

10 kDa culture 
filtrate antigen 
EsxB (LHP) 

(CFP10) 

Chen et al., 2010 
This study 

10C3 MMAR_5457 Rv3881c ESX-1 secreted 
protein, EspB 

Cell wall and cell 
processes 

Probable secreted 
ESX-1 substrate 
protein B, EspB. 

Conserved alanine 
and glycine rich 

protein) 

Chen et al., 2010 
This study 

7D3 MMAR_5440 Rv3865 
ESX-1 secretion-
associated protein 

EspF 

Cell wall and cell 
processes 
Type VIII 

secretion system – 
interacts with 

EsxA, EccA1, and 
EspC 

Chen et al., 2010 
This study 

3D7 / / Not described in 
Chen et al., 2010 / Chen et al., 2010 

This study 

 
 

8D9-1 
 
 

8D9-2 

 
 

1 MMAR_4214 
 

2 MMAR_1180 

 
 

(1) Rv1223 
 
 

(2) Rv1662 

 
 

(1) Probable 
serine protease 
HtrA (DEGP 

protein) 

Cell wall and cell 
processes 

(1) Possibly 
hydrolyses 

peptides and/or 
proteins 

(2) Potentially 
involved in some 

 
 

Chen et al., 2010 
This study 

Chen et al., 2010 
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(2) Probable 
polyketide 

synthase Pks8 

intermediate steps 
for the synthesis 
of a polyketide 

molecule 

3E5 MMAR_4806 Rv3829c 

Phytoene 
dehydrogenase 

CrtI (lipid 
metabolism) 

Cell wall and cell 
processes 
Probable 

dehydrogenase 

Chen et al., 2010 
This study 

13E3 MMAR_3223 Rv2179c 
Conserved 

hypothetical 
protein 

Function 
unknown 

Conserved 
hypotheticals 

Chen et al., 2010 
This study 

13E7 / / Not described in 
Chen et al., 2010 / Chen et al., 2010 

This study 

11F5 
promotor region 

of 
MMAR_3235 

Rv2191 
Conserved 

hypothetical 
protein 

Function 
unknown 

Information 
pathways 

Chen et al., 2010 
This study 

16F6 / / 

PGL and PDIM 
biosynthesis 

Described in text 
Chen et al., 2010 
different colony 
fringes similar to 

5G3, bigger in 
colony size 
compared to 

wildtype 

/ Chen et al., 2010 

1G2 MMAR_1767 Rv2940c 

Multifunctional 
mycocerosic acid 

synthase 
membrane-

associated Mas 

Catalyses the 
elongation of N-
fatty acyl-CoA 

with 
methylamalonyl-

CoA to form 
mycocerosyl 

lipids 

Chen et al., 2010 
This study 

10G2 MMAR_2341 Rv1521 
(fadD2) 

Probable fatty-
acid-CoA ligase 

FadD25 

Involved in lipid 
degradation 

Chen et al., 2010 
This study 

5G3   

Described in text 
Chen et al., 2010 
different colony 
fringes similar to 

16F6 

 Chen et al., 2010 
This study 

6G3 MMAR_1775 Rv2932 

Phenolpthiocerol 
synthesis type-I 

polyketide 
synthase (PpsB) 

Involved in 
phenolphthiocerol 

and phthiocerol 
dimycocerosate 

(DIM) 
biosynthesis 

Chen et al., 2010 
This study 

8G10 Promoter of 
MMAR0978 Rv0643c 

probable fatty-
acid-CoA ligase 

FadD25 

Involved in 
mycolic acid 
modification 

Chen et al., 2010 
This study 

 

 

3.1.4 Morphological screen for genes involved in cell wall assembly  
 

The 22 Tn-mutants, along with the parental strain, were cultured in 7H9 media supplemented 

with 10% OADC at 30 °C until an optical density (OD) 0.6 at 600 nm (OD600 nm). The OD600 

nm was then adjusted to 0.1, and the cultures were pinned onto 7H9 agar plates containing 

0.05% Tween80 using a pinning robot to replicate from a source plate. The plates were then 

incubated for 7 days at 30 °C (Figure 21, A). To confirm that the colonies were indeed M. 
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marinum strains free from contamination, the plates were exposed to ultraviolet (UV) light and 

left overnight (Figure 21, B). This method leveraged the natural ability of M. marinum to 

genetically regulate the carotenoid biosynthesis and de novo pigmentation production under 

UV illumination. Specifically, UV exposure induces the expression of the gene MMAR_3806 

(ctr1), the crtB homologue in Streptomyces griseus and Myxococcus xanthus. This gene 

encodes phytoene dehydrogenase, a key enzyme in the photochromogenic carotenoid 

biosynthetic pathway (Ramakrishnan et al., 1997; Gao et al., 2003; Hashish et al., 2018).  

All colonies, except for mutant 3E5, developed the characteristic yellow stress pigmentation 

commonly observed in photochromogenic organisms such as M. marinum upon UV exposure. 

The pigmentation was attributed to carotenoid activity of Ctr1. Strain 3E5, however, harbours 

a Tn insertion in MMAR_3806, disrupting the ctr1 gene that encodes phytoene dehydrogenase. 

The disruption of ctr1 impairs carotenoid biosynthesis, thereby preventing pigmentation 

production (Ramakrishnan et al., 1997; Chen et al., 2010; Liang et al., 2020). 

The pinning assay revealed colony morphological alterations in the mutants consistent with 

those reported and described previously in the Chen study, in agreement with the original 

reference Tn-library (Chen et al., 2010). Although the wild-type (WT) and 12C3 strains both 

exhibited a rough dry texture characteristic of M. marinum, strain 12C3 displayed a smaller 

colony with a thin crust compared to WT in both non-UV and UV-exposed plates (Figure 21, 

B). Conversely, WT colonies appeared larger with a wider crust surrounding the circumference 

of the colony (Figure 21, B).  
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Figure 21: Confirmation of M. marinum colony morphology defects from an Tn library. (A) The 22 strains 
harbouring an insertion into genes predicted to be involved in cell wall synthesis in M. marinum were pinned onto 
7H10 + 2 % agarose plates using the S & P Robotics BM3-BC platform. Arrayed mutants and wild-type from the 
Tn-library ID produced by Chen et al. (B) Colonies exposed to UV light for 24 h left indicating the induction of 
beta-carotene and production of yellow pigmentation colonies. Highlighted in red boxes are the wildtype and 
12C3 (∆lpqf) strains. (C) Higher resolution images of non-UV and UV exposed colonies of WT and 12C3 
highlighting the morphological difference. Crustose; the diameter of the outer edge or frill of the colony. 
The plates represent 1 of 3 replicates.  
 

MMAR_5092 was annotated as a low molecular weight penicillin binding protein, suggesting 

a potential role in peptidoglycan metabolism. Based on this annotation, the mutant strain was 

selected for further investigation. A dilution assay was performed to determine whether the 

∆lpqf  (12C3) mutant from the Tn-library exhibited any morphological or fitness defects, such 

as an altered growth rate on solid agar (Figure 22). The results demonstrated that the ∆lpqf 

mutant displayed a moderate growth defect under these conditions, as shown in Figure 22. 

Specifically, the ∆lpqf strain produced fewer and smaller colonies despite being inoculated at 

the same density of starting inoculum (OD600nm = 0.001). 
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Figure 22: A spot assay using wildtype and ∆lpqfMm (12C3). A tenfold serial dilution of the parental wildtype 
strain and ∆lpqf Mm (12C3) (from transposon Tn-library) in the M. marinum (1218R) background was spotted onto 
7H10 plates. A culture at an OD600 of 0.6 was serially diluted in 7H9 media. Shown is a representative plate, with 
2 uL of the 10-3 to 10-6 dilutions pipetted onto 7H10 agar, incubated at 30 °C for 6 days. Plates were monitored for 
growth every two days, and images were taken on day 6. The image is representative of triplicate experiments (n 
= 3).  
 

Colony morphology defects can result from changes in bacterial shape, which are often linked 

to deficiencies in cell wall biosynthesis. These deficiencies may arise from the absence of 

biosynthetic or cell wall maintenance enzymes, exposure to chemical agents, or variations in 

nutrient availability in the environment (van Teeseling, de Pedro, & Cava, 2017; Baranowski 

et al., 2018; Akusobi et al., 2022). Considering its predicted role in peptidoglycan metabolism, 

it is plausible that the colony morphology of ∆lpqf strain and fitness defects results from 

disruptions in these pathways.  

 

3.1.5  LpqF (Rv3593)  
 

After identifying lpqf as a gene contributing to colony morphology alterations in M. marinum, 

our next objective was to assess its conservation across mycobacteria and other bacterial 

species. To examine the genetic distance and conservation of LpqF in mycobacteria, a basic 

alignment was conducted using the M. tuberculosis H37Rv LpqF homolog (Rv3593) as the 

query sequence. The UniProt ID O06155_MYCTU was retrieved from UniProt and inputted 

into the NCBI platform, employing blastP with parameters set to a cut-off of 250 sequences. 

The initial iteration yielded 250 aligned sequences, comprising 29 homologous protein 

sequences to the catalytic domain of LpqF and 241 predicted domains from diverse taxa. These 
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alignments were then used to generate 239 groups based on sequence identity, utilising a cut-

off of 50% identity. 

 

Compositional biases within sequences can result from changes in nucleotide or amino acid 

frequencies due to adaptations to the bacterial species' ecological niche, function, or 

localisation of the gene product (Antonets and Nizhnikov, 2013). In this study, sequences 

obtained from the alignments were trimmed by setting the taxonomy to Mycobacteriaceae, 

focusing on M. tuberculosis, M. bovis, M. marinum, M. leprae, and M. smegmatis. Eighty-

seven sequences exhibiting the highest homology to the catalytic domain were inputted into 

the ngphylogeny.fr platform using the OneClick setting (Lemoine et al., 2018). This produced 

a phylogenetic tree, further refined and annotated using the iTOL platform (Letunic and Bork, 

2021). Figure 23 illustrates the conservation of LpqF among the top-scoring hits in 

mycobacteria. Each colour represents a different species, providing a visual representation of 

how lpqf orthologues are conserved across these species. Notably, M. tuberculosis (red), and 

M. bovis (blue) are the most closely related species, clustering together within the same clade 

on the phylogenetic tree. In contrast, M. leprae (purple) is positioned outside of this clade, 

indicating a greater evolutionary distance. M. marinum (yellow) appears farther from M. 

tuberculosis (red), M. bovis (blue), and M. leprae (purple) on the tree, forming a distinct clade. 

Finally, M. smegmatis (green) is positioned at the greatest distance, located on a separate node, 

highlighting its evolutionary divergence from the other species. This phylogenetic arrangement 

reflects both genomic and functional adaptations. Environmental mycobacteria like M. 

smegmatis and M. marinum exhibit broader ecological niches, while host-specific pathogens 

such as M. tuberculosis and M. leprae have evolved traits that specialise them for survival and 

virulence within their respective hosts. 
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Figure 23: Phylogenetic analysis of lpqf and its relationship to evolutionary distance in mycobacteria. 
Phylogenetic relationship of lpqf amongst species of Mycobacterium. Rv3593 (O06155_MYCTU) fasta sequence 
was inputted into the Protein BLAST alignment tool (NCBI, 2023) which produced 250 diverse alignments. For 
simplicity sequences were filtered to include Mycobacteriaceae taxonomy (id:1762) only trimming down to 87 
Fasta sequences that were uploaded to NGPhylogeny.fr (Lemoine et al., 2018) resulting tree was refined and 
annotated in the interactive tree of life platform (itol.embl.de) (Letunic and Bork, 2021). Highlighted labels 
indicate the closely related genes for M. tuberculosis (red), M. bovis (blue), M. leprae (purple), M. marinum 
(yellow) and the more distant related M. smegmatis (green). The boot strap distances are represented by a tree 
scale between 0.1-1. 
 
 

Synteny analysis of MMAR_5092 (Rv3593) revealed its proximity to six genes, including two 

uncharacterised PE_PGRS genes, Rv3590 and Rv3595, which flank MMAR_5092. PPE and 

PE_PGRS gene families are known for their diverse functions in host-pathogen interactions 

(De Maio et al., 2020). Downstream of Rv3595c is Rv3596c, which encodes the protease 

ClpC1, a key regulator of proteins involved in bacterial growth that is highly conserved in 

mycobacteria (Lunge et al., 2020). The homologous genes in M. marinum are MMAR_2596, 

MMAR_5555, and MMAR_5100, respectively. Upstream and adjacent to MMAR_5092 are a 

predicted hydrolase, MMAR_5090 (Rv3591), and the gene mhud (Rv3592), which encodes a 

heme oxygenase involved in iron acquisition during macrophage infection (Chim et al., 2009). 

The C- and N-termini of Rv3593, along Rv3591 and Rv3592 and its with its homologs in M. 

marinum MMAR_5092, MMAR_5090 and MMAR_5091 respectively exhibit high 
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conservation across Actinomycetes (Figure 24, A, C). In contrast, a gene that encodes a 

putative amidase, Rv3594, is unique to M. tuberculosis and closely related species. Located 

downstream of Rv3593, Rv3594 is predicted to participate in peptidoglycan homeostasis (light 

pink, Figure 24, A, C). Overall, these analyses demonstrate that MhuD and LpqF are highly 

conserved across Actinomycetes.  

 

Synteny analysis also revealed the presence of orthologs of the LpqF PBP domain in a diverse 

range of bacteria (Figure 24, B), likely due to the conservation of classical catalytic residues 

present in most PBP/transpeptidase domains. However, the high conservation of the N-terminal 

domain in LpqF gene among mycobacteria is largely absent in orthologs from more diverse 

bacterial species, highlighting the uniqueness of the N-terminal domain of LpqF in 

Actinomycetes. The predicted operon depicting the gene arrangement in mycobacteria is 

outlined in Figure 24, panel C. 
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Figure 24: Synteny analysis reveals the approximate loci for Rv3591, Rv3592, Rv3593, and Rv3594. (A) The 
sequence alignments produced 1,101 homologous hits from 997 genomes within Mycobacteriales, with bars 
below the diagram representing genome distance in kilobases. (B) Rv3593 was further analysed in diverse bacteria 
to identify orthologous operons, yielding 100 hits out of 258 genomes from 6,377 diverse bacterial genomes. 
Operons are grouped into species clusters, with the length of the blue bar indicating the length of domain 
conservation for LpqF orthologs, while dark and light green bars represent MhuD and the predicted hydrolase, 
respectively. (C) A focused synteny analysis showcases the orthologs of the predicted hydrolase (light green), 
MhuD (dark green), and LpqF (light blue stripe within bar) in M. tuberculosis (Rv3593), M. marinum, M. leprae, 
and M. smegmatis. Gene colours correspond to specific functional categories, with Rv3594 depicted in salmon, 
PE_PGRS59 in blue bars, histidine phosphatase family protein in pink bars, CbtA family protein in aubergine 
bars, CbtB domain containing protein in yellow bars, and A/G specific adenine glycosylase in red bars. Non-
conserved genes are represented by grey bars. Images rendered via fast genomics (www.genome.jp, 2021, 
fast.genomics.lbl.gov, 2023, Webflags, Saha et al., 2020).  
 

Motif analysis of  LpqF revealed distinct conservation patterns between the N- and C-terminal 

domains, as depicted in Figure 25. The conservation associated with LpqF outside of 

mycobacteria is predominantly associated with the C-terminal domain, consistent with the 

predicted penicillin-binding protein domain (Figure 25, A). InterProScan analysis of LpqF 

from H37Rv (O06155-MYCTU) highlighted key motifs within the domains. Residues 173-283 

corresponded to the catalytic motif, labelled as a transpeptidase/β-lactamase in the peptidase 

S11 family (Figure 25, A, C). Conversely, the N-terminal domain exhibits much lower 

conservation across species. To identify orthologs of the N-terminal domain, a search was 

conducted, yielding several results including the N-terminal domain of ORF12 (Cpe) from the 

clavulanic acid synthesis pathway in S. clavuligerus (PDB:2xep chain A03, Valegård et al., 

2013). The N-terminal domain showed 28.8% identity to the ORF12-NTF2-like motif from 

amino acids 51-138 (Figure 25, B, D). This analysis provides insights into the putative 

functional domains of LpqF and identifies potential orthologs. 
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Figure 25: LpqF is predicted to belong to the PBP/B-lactamase family of enzymes. The Rv3593 (LpqF) 
sequence obtained from Uniprot (O06155_MYCTU) was analysed using InterProScan to predict homologous 
domains from known proteins with sequences similar to the domains found in LpqF (www.ebi.ac.uk., 2023). (A) 
The full-length sequence is depicted, showing all predicted domains with the homologous superfamily 
highlighted. (B-D) Individual sequences aligned to homologous domains are presented. (B) In the alignment, the 
ORF12-like domain is highlighted in cyan (ORF 12 N–IPR040846), indicating regions of similarity between LpqF 
and the ORF12 protein from S. clavuligerus. (C) The catalytic domain is outlined in purple (β-lactam cat, 
IPR045155), which encompasses groups such as penicillin-binding proteins (PBP), β-lactamases, and peptidase 
S11 D-alanyl D-alanine carboxypeptidase. These annotations provide insights into the potential functional domains 
present in the LpqF protein. (D) The sequence in LpqF exhibits similarity to the published PDB 2xep, specifically 
to helical bundle domains 9, 10, and 11, flanking the catalytic motif within ORF12 (Cpe) from Streptomyces 
clavuligerus (Valegård et al., 2013.  
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3.1.6  The N-terminal domain of LpqF has an NTF2-like fold  
 

The investigation into the role of the NTF2-like fold for LpqF began with an examination of 

the structure of its catalytic domain. The 2.1 Å X-ray crystal structure of LpqF (Rv3593) from 

M. tuberculosis was resolved in 2019 by Dr. Patrick Moynihan and Professor Andrew 

Lovering. Surprisingly, the experimental structure revealed the presence of a second NTF2 

domain bound to the gap between the catalytic domain and the NTF2-domain, completely 

occluding the active site of the protein (Figure 26, A). This unexpected discovery suggested 

the possibility that LpqF might be regulated by this additional NTF2 domain. This regulatory 

mechanism could be analogous to the inhibitory properties observed in IseA, an NTF2-like 

protein which inhibits the D,L-EPase LytF in Bacillus subtilis (Arai et al., 2012). However, due 

to time constraints, the focus of this thesis will be on the intact protein, setting aside further 

exploration of the regulatory implications of the second NTF2 domain for future investigation. 
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Figure 26: LpqF has two domains, an N-terminal NTF2-like domain and a C-terminal PBP domain. (A) 
The experimental structure of LpqF highlights the C-terminal PBP (grey) domain, the N-terminal NTF2 domain 
(cyan), and an appended second NTF2 domain (light purple). (B) Zoom in of the catalytic site in the PBP domain 
with functional residues highlighted in light red. The amino acid sequence of LpqF showing the experimentally 
derived secondary structure, with α-helices shown in light grey and β-strands in dark grey. (C) Highlighted in red 
are the catalytic triad motifs identified in panel B (SIFK, SDN, KAG). A structural alignment using ChimeraX of 
the NTF2 domain in LpqF with known NTF2 domains: Cpe (PDB ID: 2xh9) in S. clavuligerus (light green), 
protein of unknown function (PDB ID: 3h3h) (Uniprot, Q2T8S1) from B. thailandensis (purple, with ligand bound 
shown inset), and protein of unknown function (PDB ID: 1tp6) from P. aeruginosa (dark blue). (D) The NTF2-
fold of LpqF (light blue) overlaid with NTF2-like folds of Cpe, the unknown protein in B. thailandensis, and from 
P. aeruginosa is shown as the far right of panel D. The RMSDs are 3.56 Å, 4.86 Å, 6.21 Å, and 6.61 Å, 
respectively. Search.foldseek was used to find suitable structural comparisons structure for NTF2 domain of LpqF. 
The search produced 747 alignments to PDBs published in the protein data bank (RSCB) that were obtained and 
further parsed with RMSDs. (Joint Centre for Structural Genomics., unpublished; Valegård et al., 2013; Michel 
van Kempen et al., 2023; EBI Web Team 2023).  
 

The in silico analyses conducted in this study indicated that the N-terminal (a small α/β domain) 

of LpqF is less conserved outside of the Mycobacteriales. However, given the potential 

differences between sequence and structural conservation, it was important to identify NTF2 

homologues for LpqF among structurally characterised proteins in a diverse set of organisms. 

To accomplish this, the N-terminal motif-only domain-specific criterion was employed using 

the Search.foldseek.com platform, inputting the PDB file and generating a list of PDBs of two 

published structural homologues with a root mean square deviation (RMSD) below the 

threshold of 5.0 for robust fitting of structural alignments (Figure 26, D). The Foldseek 

platform (Michel van Kempen et al., 2023; Barrio-Hernandez et al., 2023) produced several 

high-scoring alignments to similar NTF2 domains in S. clavuligerus and Burkholderia 

thailandensis derived from Alphafold and published structures. The top-scoring Foldseek hit 

was ORF12 (Cpe) from S. cavuligerus (PDB: 2xh9). This protein shares 28.8% sequence 

identity with the NTF2 domain of LpqF, and the Foldseek structural alignment gives an RMSD 

of 3.56 Å, confirming previous in silico results (Figure 26, C). Analyses of the structural 

overlay revealed the absence of conserved residues between the Cpe and NTF2 of LpqF.  

The next highest matching structures with sequence coverage to the NTF2 domain of LpqF, 

identified via Foldseek (Michel van Kempen et al., 2023; Barrio-Hernandez et al., 2023), were 

structurally aligned. The quality of these alignments ranged from 3.56 Å RMSD to 6.61 Å 

RMSD, indicating a generally low RMSD that reflects the high conservation of the NTF2 

domain. The lower RMSD values support the hypothesis of structural similarity and potential 

functional conservation across these proteins. Table 15 describes the other structural 

alignments shown in Figure 26, D, focusing on those with RMSD values lower than the cut-

off score of 5 Å. 
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Table 15: A representation of the structural alignments of NTF2 domains.  
Gene 

name/PDB file 

Organism Sequence 

identity (%) 

Coverage RMSD 

(Å) 

TM-

score 

Function 

Cpe esterase S. clavuligerus  28.8 91 3.56 0.82419 The clavulanic 

biosynthetic 

pathway 

Unknown 

protein (3h3h) 

B. thailandensis 13.1 <30 4.86 

 

0.57248 Unknown function 

Unknown 

protein (5ne2) 

Stenotrophomonas 

maltophilia 

25.5 15 5.44 0.71937 Unknown function 

pa1314 (1tp6) P. aeruginosa 15 <30 6.61 - Unknown function 

Unknown 

protein (4RZM) 

Streptomyces lasalocidi 21 14 6.66 0.59274 Unknown function 

Unknown 

protein (AF-

A0A1B7LWH1-

F1)) 

Enteractinococcus 

helveticum 

18.6 20 17.48 0.64708 Unknown function 

 

 

An uncharacterised protein in B. thailandensis (EMBL-EBI, 3h3h) aligned to the N-terminal 

domain of LpqF with an RMSD of 4.86 Å (Figure 26, D, light green structure). The structure 

of B. thailandensis (Joint Centre for Structural Genomics, unpublished), which aligned second 

highest with the NTF2 domain, is associated with a ligand of unknown function that resembles 

a peptide. The contact residues were verified using MotiveValidator (EBI Web Team, 2023; 

Sehnal, 2023). This ligand binds to residues W16, W20, M38, Y63, W64, A67, L74, Y92, and 

E102, located within a cleft that resembles the NTF2 domain of LpqF (Vacekova et al., 2014; 

EBI Web Team, 2023, Figure 26, coloured purple and inset).  

 

However, the structural alignment using PDB ID 3h3h from PDBsum with the NTF2 domain 

of LpqF, revealed overlapping residues within a similarly shaped cleft. The aperture size of the 

cleft for 3h3h is larger compared to that of the cleft containing the putative binding pocket of 

the NTF2 domain of LpqF, where α-helices 1 and 3 occlude the aperture space (12.1 Å vs. 4.2 

Å, respectively). Additionally, there was no conservation of the residues lining the binding 

pocket, with some residues exhibiting polarity differences, for example, T20>W16 and 

I86>E102. The overall shape of the domain structure differs as well: 3h3h forms an oval, closed 

shape, whereas the NTF2 domain of LpqF forms a semi-circular, non-closed clamp-like shape. 
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These differences in features suggest unique ligand preferences for each domain (Figure 26, 

D; see Table 16). 
 

Table 16: Alignment of 3h3h and NTF2 of LpqF structures for assessment of conservation of ligand binding 
residues.  

Structure NTF2-LpqF NTF2-3h3h 

residues T20 W16 

L24 W20 

L54 R58 

L76 Y92 

V47 Y63 

K48 W64 

M51 A67 

I86 E102 

 

 

In summary, NTF2 domains have been reported for peptidoglycan targeting enzymes. While 

the structure of the NTF2 domain is conserved, variation in the fine structure of the domain 

suggests that the NTF2 of LpqF likely has a function which is unique to this enzyme. In the 

discussion the published functional NTF2-like structures for peptidoglycan targeting enzymes, 

their functions, and their structural differences will be described.  

 
 
3.1.7 LpqF is a low molecular weight PBP with a unique motif III within 

the catalytic triad  

Given that the experimental structure and basic in silico analyses revealed that LpqF consists 

of two domains: a large α/β domain similar to other PBPs and serine β-lactamases, this domain 

annotated as PBP/transpeptidase/D,D-CPase/b-lactamase, was further investigated to identify 

homologues and predict its function. The PBP-domain includes 17 α-helices and 7 β-sheets, 

with the catalytic pocket situated between specific helices and sheets (Figures 26, A). Notably, 

the PBP-domain of LpqF lacks the canonical omega loop present in b-lactamases (Egorov et 

al., 2019; Pandey et al., 2020); however, it contains an alternative loop that sits above the 

active. Structural analyses revealed that LpqF possesses a catalytic triad (SxxK, SxN, KxG) 

within its active site, with residue positioning and distances strikingly similar to those observed 

in the PBP-domain of PBP5, where these residues also face into the active site cleft. PBP5 was 
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chosen from the list of templates to compare to LpqF because it has a structurally similar PBP-

domain from E.coli, also belonging to the S11 family (Figure 26, B). In PBPs, the peptidase 

domain containing the catalytic triad motifs is typically located at the N-terminus, followed by 

a C-terminal region rich in β-strands (Sauvage et al., 2008; Welsh et al., 2017; Alexander et 

al., 2018). Many low molecular weight PBPs, including LpqF, harbour a catalytic domain 

belonging to the S11 family of peptidases (Welsh et al., 2017). Structural analyses confirmed 

that LpqF (Rv3593) contains a canonical catalytic triad in its PBP-domain, supporting its 

classification within the S11 family of peptidases (Figure 26, B, C and Figure 27).  

Characterisation of the conservation of catalytic residues in orthologues of LpqF was 

undertaken by aligning of PBP sequences. The LpqF sequence was uploaded to ConservFold 

(Mirdita et al., 2022) using the MMSEQ2 setting with 20 iterations (AlphaFoldmultimer3) 

(Mirdita et al., 2022), and aligned against a taxonomy subset. This analysis identified the 10 

highest scoring PDB templates for structural similarity to the PBP domain of LpqF (Methods 

& Materials, section 2.0). Among these templates were Cpe in S. clavuligerus (Valegård et al., 

2013), PBPA from Synechoccus elongatus (Urbach et al., 2009), and a β-lactamase from 

Sphaerobacter thermophilus (Wu, Clancy, and A. Joachimiak, 2012). The list of hits was 

filtered for redundant sequences, resulting in a Weblogo conservation plot that displayed a 

degree of conservation for the catalytic residues and the PBP-domain in a small subset of 

structures. 

To evaluate the conservation of residues among the three catalytic motifs across a broader 

spectrum of bacterial orthologues, including those from the mycobacterial class of D,D-

endopeptidases (D,D-EPases) and D,D-CPases, two groups (the S11 and S13 families of 

peptidases) from diverse species were selected based on their structural similarities to LpqF 

and the presence of an activating nucleophilic serine in motif I. The S11 and S13 families 

generally encompass low molecular weight PBPs, with the S13 family including both CPases 

and EPases. The first group consisted of D,D-CPases from Actinomadura sp. R39 (Sauvage et 

al., 2005), PBP4, PBP7, and β-lactamases from E. coli (Kishida et al., 2006; Risso et al., 2014), 

PBP4a from B. subtilis (Sauvage et al., 2007), and PBP4 from Haemophilus influenzae (Kawai 

et al., 2010). The mycobacterial homologs were represented by enzymes from M. tuberculosis 

(Prigozhin et al., 2014; Cuff et al., 2015), and predicted AlphaFold models for LpqF from M. 

tuberculosis, M. marinum, M. smegmatis, S. clavuligerus and E. coli. The sequences were 

pooled and the fasta files were submitted to Clustal Omega to generate a sequence alignment 



 120 

with gaps and then resubmitted to Weblogo 3 (Crooks et al., 2004). This produced a Weblogo 

plot showing high conservation of catalytic residues in the PBP-domain for mycobacterial D,D-

CPases (Figure 27).   
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Figure 27: LpqF bears the signature motifs of a LMW PBP. (A) A Weblogo for conservation of the amino 
acid sequences of LpqF homologs from a diverse range of bacteria. The x-axis represents the amino-acid position, 
and the y-axis is set to 4 bits. Highlighted in black boxes are the catalytic motifs . The LpqF sequence was inputted 
into the Conservfold: Protein Conservation to 3D Structure Generator platform using MMSEQ generating 
alignments with known published PDB files in diverse bacteria (Mirdita et al., 2022; Graham et al., 2023). The 
output generated a Weblogo plot of 18 highest scoring structurally conserved amino acids and motifs in 
homologous proteins (Crooks et al., 2004). Weblogo plot residue colour scheme represents a hydrophobicity scale: 
hydrophilic, blue; neutral, green; hydrophobic, black. The structures used to build the Weblogo conservation 
alignment are as follows: the LpqF (unpublished structure Rv3593, LpqFMtb), Alphafold predicted structures for 
LpqF from M. smegmatis (AFA0R570-F1, LpqFSm) and M. marinum (AFB2HJ33-F, LpqFMm), the D,D-CPases, 
Rv2911 (PDB ID: 4RYE, Cuff et al., 2015) & Rv3330 (PDB ID: 4PPR, Prigozhin et al., 2014). Cpe from S. 
clavuligerus (PDBs ID: 2xgn, 2xep, Valegård et al., 2013), PBP5 from E. coli (PDB ID: 3mzf), PBP4 from E. 
coli (PDB ID: 2ex2), PBP4 from H. influenzae (PDB ID: 3a3d, Kawai et al., 2010), PBP4a from B. subtilis (PDB 
ID: 1w5d, Sauvage et al., 2007), Actinomycetes, R39 (PDB ID: 1w79, Sauvage et al., 2005), The D,D-
endopeptidase PBP7 from E.coli, (Alphafold predicted structure: P0AFI5), PBPA from Synechoccus elongatus 
(PDBs ID: 2j7v, 2jbf, Urbach et al., 2009), b-lactamase A from E. coli (PDB ID: 4c75, 5fqq, Risso et al., 2014), 
a b-lactamase from Sphaerobacter thermophilus (PDB ID: 4ewf, Wu, Clancy and A. Joachimiak, 2012). Colour 
coded superposition of PBP domains of LpqF and PBP5 showing the catalytic triad motifs of PBP5 from E. coli 
(aubergine) and LpqF from M. tuberculosis (red). (B) Superposition of the catalytic domains in the PBP-domains 
of LpqF from M. tuberculosis and PBP5 (3mzf, DacB) from E. coli indicating the conservation for D,D-CPases in 
different species and the slight deviation for the K/TAG motif.  
 

The results revealed the presence of three conserved PBP sequence motifs (SxxK, SxN, and 

K/AT/G) that constitute the catalytic centre of the active site within the PBP-domains of 13 

orthologous proteins in the S11 and S13 classes of peptidases. These highly conserved residues, 

typical of low molecular weight PBPs, are anticipated to play a crucial role in D,D-CPase 

activity within the mycobacterial cell wall. However, notable sequence was observed 

divergence within the binding pocket of LpqF orthologues. Based on sequence alignments, 

three catalytic motifs in LpqF were identified as S153-IFK (motif I), S213-DN (motif II), and 

K354-AG (motif III) (Figures 26, A, B; 27, A, B). These residues are likely to be crucial for 

enzymatic function. Specifically, mutating S153 in motif I to disrupt potential activation and 

G356 in motif III to impair deacylation could validate their functional importance (see section 

3.1.7). These residues are located within the putative binding pocket spanning residues 174-

280, a region consistently conserved across PBP orthologues (Figures 32, 33 B) (Ghosh et al., 

2008). Table 17 summarises the diversity statistics for the proteins used in the alignments 

shown in Figure 27. 
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Table 17: A summary of statistics for representing the diversity of the 18 enzymes from S11 and S13 groups 
utilised in Figure 27.  

Enzyme 

(PDB/ID) 

Class RMSD TM-score Sequence 

identity (%) 

Aligned 

residues 

Sequence 

length 

Modelled 

residues 

LpqFMtb S11 - - - - 452 429 

LpqFMm S11 1.76 0.93 78 401 456 456 

LpqFSm S11 2.13 0.90 62 386 439 439 

Cpe (2xgn) S11 2.85 0.66 30 283 458 420 

Cpe (2xep) S11 2.67 0.66 30 284 458 419 

β-lactamase 

(5fqq) 

S11  2.63 0.49 21 212 269 262 

β-lactamase 

(4ewf) 

S11 2.62 0.49 21 211 275 268 

β-lactamase 

(4c75) 

S11 2.83 0.48 19 209 262 262 

PBP-A 

(2j7v) 

S11 2.72 0.47 18 210 298 265 

(2jbf) S11 2.75 0.47 18 210 298 264 

Rv3330 

(4PPR) 

S11 2.86 0.45 18 205 334 300 

Rv2911 

(4RYE) 

S11 2.86 0.45 17 210 269 264 

PBP7 

(POAF15) 

S13 2.89 0.43 16 184 310 310 

PBP5 (3mzf) S11 2.78 0.44 16 196 363 355 

PBP4 (2ex2) S13 3.87 0.43 15 178 458 456 

PBP4a 

(1w5d) 

S13 3.51 0.45 15 190 462 458 

R39 D,D-

peptidase 

(1w79) 

S13 3.61 0.44 14 186 489 466 

D,D-CPase 

(3a3d) 

S13 3.85 0.43 13 179 453 453 

 

In the analyses of the S11 and S13 enzyme classes, serine and lysine within the SxxK motif at 

the first and fourth positions are conserved 100 % of the time. In contrast, the second and third 

positions of the SxxK motif are less conserved, with isoleucine and phenylalanine occurring at 

frequencies of 16.6% and 30%, respectively. However, these positions are 100% conserved in 
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LpqF homologs. The SDN motifs across the S11 and S13 PBP sequences exhibit a higher 

degree of conservation, with asparagine conservation at 100% and aspartic acid conserved at 

66.6% of the time with 100% conservation in the mycobacterial homologues. Moderate 

conservation is observed in the third motif (K/AT/G). The second residue in this motif is 

threonine in 77.8% of cases, whereas mycobacterial LpqF homologues encode alanine in this 

position, except for M. smegmatis, which encodes glycine at a prevalence of 5.5% (Figure 27, 

B). Notably, the substitution of alanine for threonine (KA>TG) is less frequent in the S11 class 

but highly conserved in LpqF homologues of M. marinum and M. tuberculosis, where it occurs 

at a prevalence of 22.2%, in these alignments. These percentages might increase with the 

inclusion of additional LpqF sequences from a more diverse set of mycobacterial homologues. 

The lower conservation of the third motif has been noted previously in the literature (Ryu et 

al., 2016). 

Tryptophan residues lining the hydrophobic wall within the binding cavity have been reported 

for PBP3 in E. coli and Pseudomonas aeruginosa, indicating their importance for binding to 

peptides (Han et al., 2012; Rowland et al., 2024). Additionally, moderate conservation was 

observed in the S11 class for tryptophan residues (27.7%) lining the outside edge of the 

catalytic binding pocket, suggesting a role in catalysis via a hydrophobic binding groove, as 

observed for some PBP active site clefts (Ryu et al., 2016; Han et al., 2012; Rowland et al., 

2024). Moreover, glycine was highly conserved across the S11 and S13 classes at positions 

116, 128, and 192 (94.5%, 100%, and 100%, respectively), with the last residue forming part 

of the KxG motif. Interestingly, positions 280-283 showed a GHHD motif conserved between 

Cpe (positions 259-262) and LpqF orthologues with a prevalence of 22.2%, potentially 

indicating a motif of unknown function within the PBP domain of LpqF. As expected, the N-

terminal region exhibited a lower degree of conservation (Figure 27, A).  

These analyses also revealed homology of motifs I, II, and III between LpqF and the β-

lactamases from E. coli and Sphaerobacter thermophilus (PDB ID: 4c75, 5fqq, Risso et al., 

2014; PDB ID: 4ewf, Wu, Clancy, and A. Joachimiak, 2012) with STFK (11%) for 4c75 and 

5fqq and STVK (5.5%) for 4wef, and SDN for all three with 25% predominance from the 18 

sequences. Though showing a lower degree of conservation, these results highlight the 

presence of the SxxK, SxN, and KxG motifs across PBPs and β-lactamases (Kumer et al., 

2022). Since β-lactamases have evolved from PBPs and use a similar catalytic mechanism, this 

result is not surprising.  
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Given that PBP5 is a well-studied D,D-CPase within the S11 class and is structurally similar to 

the PBP domain of LpqF, it was chosen for comparison to analyse the conservation of the 

catalytic triad in LpqF across diverse taxa. The superposition of the PBP-domain of LpqF with 

PBP5 from E. coli revealed a structurally conserved catalytic cleft, although PBP5 exhibits a 

divergent catalytic triad motif comprising 44-SLTK-47, 110-KTG-112, and 213-SGN-215 

(Figure 27, B). These alignments showed that the near identical catalytic triad in LpqF with 

PBP5 is characteristic of the S11 class of low molecular weight peptidoglycan-active enzymes 

(Figures 26 and 27). While the serine and lysine residues are fully conserved, variations in the 

intervening residues suggest they are less critical for catalysis. These differences may indicate 

a specific binding mechanism; however, since the motifs in both LpqF and PBP5 share similar 

orientation and spatial clustering, it can be inferred that both enzymes may prefer similar 

peptide substrates, with species-specific peptide modifications playing a lesser role (Nelson & 

Young, 2001; Nicola et al., 2010; Welsh et al., 2017).  

PBP5 functions by cleaving the terminal D-alanine from the stem peptide, providing a substrate 

for YcbB, an L,D-TPase (Caveney et al., 2019). The crystal structure of PBP5 reveals a binding 

pocket that accommodates the D-alanine-D-alanine dipeptide, optimally positioning it for 

catalysis (Nicola et al., 2010; Skoog et al., 2011; Caveney et al., 2019). PBP5 has been shown 

to bind via its SLTK motif and is inhibited by meropenem, a carbapenem-class antibiotic 

targeting L,D-TPases (Caveney et al., 2019).  

The soluble PBP-domain of PBP5, lacking its membrane anchor, exists in a monomeric form. 

However, experimental data from the study by Skoog et al. (2011) have been used to model 

homo-oligomeric complexes in the E. coli inner membrane, suggesting that the catalytic 

domains have sufficient flexibility to access pentapeptides at varying distances from the 

membrane. This oligomerisation likely enhances the stability and D,D-CPase activity of PBP5 

within the bacterial membrane (Skoog et al., 2011). The structural and residue similarities 

between LpqF and PBP5 have important implications for guiding on future functional studies 

on LpqF.  

In conclusion, these data suggest that the active site of LpqF closely resembles that of the S11 

class of proteins and shows high conservation with PBP5, a D,D-CPase, supporting the 

hypothesis that LpqF functions as a D,D-CPase. However, because the serine catalytic triad 

motif is widely conserved among peptidoglycan-modifying and β-lactamase enzymes, further 

biochemical studies are necessary to definitively characterise the function of LpqF.  
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3.2 Discussion  
 

The active site of LpqF is positioned in its PBP-domain at the C-terminal. The structural 

arrangement suggests that the flexibility between the PBP and NTF2 domains may influence 

the enzyme's binding capacity and substrate specificity. Flexibility in protein structure is often 

associated with functional versatility, allowing enzymes to accommodate a range of substrates 

and perform diverse biochemical reactions (Lim & Strynadka, 2002). The interplay between 

the PBP-domain and the NTF2-like domain in LpqF could facilitate conformational changes 

that are essential for substrate recognition and catalysis. Such dynamic interactions may enable 

LpqF to adapt to different substrates and perform its enzymatic function effectively. 

Understanding the structural dynamics of LpqF is crucial for deciphering its biochemical 

activity and substrate specificity. Further structural studies coupled with functional assays will 

provide valuable insights into the molecular mechanisms underlying the function of LpqF. 

 

The aim of this chapter was to identify orthologues of LpqF, a gene identified in an archived 

Tn-library from a study conducted 14 years prior to this project. Using high-throughput pinning 

and serial dilution assays, this study confirmed the morphological differences observed by 

Chen et al. (2010) (Figures 27, 28). The Tn-inserted gene producing ∆lpqf exhibited a smaller 

colony with a thinner crust compared to wild-type. Similar gene deletion mutant strains of 

PBPs from transposon-mutagenesis studies have been recorded previously. For instance, 

mutants of HMW PBP1b, PBP2a, and PBP2b in Streptococcus agalactiae, although they did 

not alter colony morphology, grew in a pellet formation in spent media compared to wildtype. 

This phenotype was later shown to alter the expression of genes involved in peptidoglycan cell 

wall synthesis (Zhu et al., 2021).The lack of colony morphology change in this context is not 

surprising as these genes are essential for peptidoglycan elongation. 

 

Keiser et al. (2015) used PonA1, PonA2, and the L,D-TPase (LdtB) in M. tuberculosis and 

showed that deleting ponA1 and ponA2 via Tn-mutagenesis did not alter growth; however, 

LdtB reduced the population density in the stationary phase culture. They demonstrated that 

PonA2 can compensate for PonA1 depletion and that the Ldt interacts with PonA1 and PonA2, 

they further demonstrate that the Ldt is crucial for growth in the absence of both ponA1 and 

ponA2 genes. Another relevant example of Tn-inserted genes is the Baranowski et al. (2018) 

study focusing on Ldts in M. smegmatis. Using Tn-sequencing, the authors showed that 6 Ldts 
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(ΔldtAEBCGF)	interact with PBP2 and PonA1 and that in the absence of Ldts, the PBPs are 

inactive, leading to morphological defects when 3 of the 6 Ldts are depleted. Given the 

literature for both HMW and LMW PBPs, the delayed growth pattern and difference in colony 

edge thickness on solid agar, and morphological defects observed using similar methods in 

LpqF, an uncharacterised PBP in M. marinum, it was decided to investigate LpqF further. 

 

An analysis of the genetic distance of lpqf in mycobacteria was conducted. The phylogenetic 

tree depicted in Figure 23 showcases the evolutionary relationships among various 

mycobacteria specifically highlighting orthologues of LpqF in M. tuberculosis, M. bovis, M. 

leprae, M. marinum, and M. smegmatis. The tree illustrates the clustering of these orthologues, 

indicating the degree of genetic similarity of lpqf and the divergence of genomes among the 

different species. The divergence between the strains has been reported in previous studies 

(Gey van Pittius et al., 2006; Mickael Orgeur et al., 2024). The tree scale in these analyses also 

includes the evolutionary distance, quantifying the genetic divergence between the 

orthologues. This phylogenetic analysis underscores the evolutionary conservation and 

potential functional similarities of lpqf across different Mycobacterium species.  

 

The next investigation undertaken was synteny analyses of lpqf using 200 Mycobacteriaceae 

species and 200 species that encode a lpqf orthologue. In the comparative analyses within 

Mycobacteriales, a pattern of conservation emerged, with 100% sequence coverage for a 

putative hydrolase, the heme-degrading monooxygenase (mhud), and lpqf (Rv3591, Rv3592, 

Rv3593 in M. tuberculosis) (Figure 24, A, D). In contrast, the alignments across taxa with 260 

hits from 243 genomes, showed potential orthologs. The analysis of the conservation of LpqF 

across Mycobacteriales species and diverse genera indicate that while the PBP domain is highly 

conserved, the inclusion of an NTF2 domain appears to be restricted to mycobacteria (Figure 

24, B). 

 

In conclusion, these data demonstrate for the first time that lpqf is a highly conserved gene in 

Mycobacteriales, along with two other putative flanking genes: one encoding an 

uncharacterised hydrolase and mhud, which encodes a heme-degrading enzyme. The high 

degree of conservation of these neighbouring genes among orthologues suggests that lpqf may 

be part of a predicted operon that is co-transcribed, as described for mhud and lpqf (Blanco and 

Bigi, 2023). Further analysis of mhud could determine whether the absence of lpqf impairs 
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mhud expression. However, since this assumption has not been validated, it should be 

confirmed through additional studies such as chemical genomics or RNA sequencing.  
 

Structural and bioinformatic analyses of the domains and motifs in the LpqF sequence revealed 

that LpqF possesses a PBP/transpeptidase/β-lactamase domain in the C-terminal region and an 

NTF2-like domain in the N-terminal region, with sequence similarity to ORF12 (Cpe), an 

esterase in S. clavuligerus (Figures 25 and 26, A, B). The N-terminal NTF2-like domain 

consists of 7 α-helices and one large β-sheet. Structural similarity to the NTF2 domain was 

assessed using Foldseek, which identified 100 PDB templates containing uncharacterised 

proteins with Cpe as the top hit. Other notable hits included a Snoal-like protein from B. 

thailandensis and an NTF2-like protein from Pseudomonas aeruginosa, both uncharacterised 

but available in the PDB database. All three structures were superimposed onto the NTF2-like 

domain of LpqF (Figure 25; Figure 26, C). The RMSD for Cpe was the closest match with a 

score of 3.56 Å, followed by the snoal-like protein with 4.86 Å, and the third uncharacterised 

protein at 6.61 Å. This structural similarity suggests a conserved motif between LpqF, Cpe, 

and the snoal-NTF2-like proteins, supporting the possibility of functional homology across 

different bacterial species. 

 

Motifs I, II, and III have been reported to be present in most PBPs or their homologues, 

including D,D-peptidases, making them highly conserved (Sauvage et al., 2008; Peitsaro et al., 

2008). These motifs adopt similar structural spacing in the polypeptide sequence, indicative of 

an evolutionary origin (Goffin and Ghuysen, 1998; Pratt and McLeish, 2010).To investigate 

the residue composition for motifs of LpqF in the context of low molecular weight PBPs, the 

S11 and S13 class of low molecular weight EPases and CPases were selected. These classes 

were chosen based on the prediction of the motifs, domain organisation, and automated 

annotated databases. A residue conservation plot was generated by uploading 18 of the highest 

scoring hits. 

 

The results show that motif I consists of the catalytic serine residue in the tetra-peptide. 

Generally, the serine in this motif acts as a nucleophile while the lysine residue is involved in 

the acylation step (153-SIFK-156 in LpqF and 44SLTK-47 in PBP5). In motif II, for most 

PBPs, the important residue is either tyrosine or serine, which initiates the deacylation of the 

active serine (Sauvage et al., 2008). In LpqF, motif II, the conserved residues serine and 

asparagine were present, and therefore are conserved among these orthologs. In contrast, motif 
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III consists of lysine (K), aspartic acid (A), and asparagine (G) (354-KAG-356), whereas in 

PBP5 motif III consists of lysine (K), threonine (T), and glycine (G) (213-KTG-215) (Figure 

27). This conservation with changes to the non-conserved amino acids in motif III have been 

reported across the PBP family and its homologs (Sauvage et al., 2008; Ryu et al., 2016). It 

could be postulated that the substitution of alanine instead of threonine in motif III of LpqF 

could indicate a species specific mechanism for substrate peptidoglycan binding as reported 

for motif III in other PBPs (Ryu et al., 2016; Moon et al., 2018).   

 

Despite the motif analyses not producing high homology scores with any of the β-lactamases 

in mycobacteria, such as BlaC, Rv0406c, Rv3677c, and CrfA (Voladri et al., 1998; Wang, 

Cassidy, and Sacchettini, 2006; K.M. Nampoothiri et al., 2008; Kumar et al., 2017), hits for 

shared homology between LpqF and β-lactamases from E. coli (PDB ID: 4c75, 5fqq, Risso et 

al., 2014) and S. thermophilus (PDB ID: 4ewf, Wu, Clancy, and A. Joachimiak, 2012) were 

present. These are class A serine β-lactamases, which also encompass the BlaC gene family of 

β-lactamases (Kaderabkova et al., 2022). 

 

Although LpqF lacks the canonical omega loop typical of β-lactamases, some dual-function 

enzymes have a loop-like structure at the bottom of the active site, such as the D,D-CPase 

MSMEG_2432, with D179 in the active site important for dual activity and substrate specificity 

(Egorov et al., 2019; Pandey et al., 2020). BlaC has this conserved residue, which is 

representative in 98.8% of class A β-lactamases; however, this is absent in LpqF (Ilona van 

Alen et al., 2023). An example of dual activity comes from studies such as Bansal et al. (2015) 

and Pandey et al. (2020) of MSMEG_2432 and MSMEG_2433, which exhibit both β-

lactamase and D,D-CPase activity. Therefore, although structural differences exist between β-

lactamases and LpqF, these analyses suggest a conserved catalytic mechanism. Considering 

the structure of PBP-domain of LpqF coupled with research on dual functionality (D,D-CPase 

and β-lactamase) in peptidoglycan-targeting enzymes, it is unlikely that LpqF functions solely 

as a β-lactamase. However, these results do not rule out the possibility that LpqF may possess 

dual activity, and thus, this hypothesis will need to be validated through further testing. 

 

PBP5 was selected from these analyses for its structural and functional similarity to LpqF, and 

its PBP-domain was superimposed over the PBP-domain of LpqF. In LpqF, the observed 

differences in motifs I and II affect the non-conserved residues that have been reported as 

common in PBP-domains of peptidoglycan targeting enzymes (Sauvage et al, 2008; Ryu et al., 



 130 

2016; Moon et al., 2018). In contrast, motif III consists of lysine (K), alanine (A), and glycine 

(G), whereas in PBP5, motif III consists of lysine (K), threonine (T), and glycine (G) (Figure 

27). However, the lysine and glycine are conserved, and these residues are reported in the 

literature to be vital for correct positioning of substrate, with glycine of motif III utilised to 

avoid steric hindrance (Sauvage et al., 2007). The glycine is also important for specificity of 

PBP-domain towards the last D-alanine on the stem peptide of peptidoglycan (Adediran, et al., 

2005). Indeed, the presence of the KAG motif in motif III of Cpe in S. clavuligerus further 

emphasises the importance of these motifs in substrate binding and catalysis across enzymes 

with diverse functions. This observation underscores the significance of conserved motifs in 

determining the functional properties of enzymes and highlights their crucial role in substrate 

recognition and enzymatic activity. 

 

In summary, conservation of the PBP triad motifs I, II, and III, along with structural similarities 

with PBP5, a D,D-CPase, suggests that LpqF is a D,D-CPase, most likely acting on 

peptidoglycan stem peptides and could potentially have a β-lactamase dual function, as 

described in the literature for other D,D-CPases (Pandey et al., 2020). The next chapter 

describes the biochemical characterisation assays undertaken to understand LpqF function. 

 

3.3 Conclusion  
 

Based on these data, it is likely that LpqF is a low molecular weight penicillin binding protein, 

potentially belonging to the peptidase S11 class, and is likely a D,D-CPase. It may participate 

in cleaving D-amino acids from stem peptides or in regulating other penicillin binding proteins 

and/or L,D-TPases. In the next section, the first step in the biochemical characterisation of LpqF 

will be described.  
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Chapter 4: Rv3593 (LpqF) is a low molecular weight penicillin binding 

protein and is selectively inhibited by carbapenems  

 

4.0  Expression and purification of LpqF  
 

Prior to the start of this project, the portion of the M. tuberculosis lpqf gene that encodes amino 

acids 36-452, which removes the predicted secretion signal, was cloned into the pET-SUMO 

expression vector. This construct includes an N-terminal His6-tag followed by a small 

ubiquitin-like modifier (SUMO) tag to aid in solubility (Malakhov et al., 2004; Marblestone, 

2006; Wilson and Heaton, 2008). Expression of SUMO-LpqF was induced with the addition 

of IPTG (See Materials and Methods). The inclusion of the SUMO tag was previously found 

to be necessary to produce soluble protein (Moynihan, P. private communication).  

 

LpqF was successfully purified using standard methods (Figure 28) and it was found that unless 

it was immediately buffer-exchanged into 25 mM Bis-Tris, pH 8.0, the protein was prone to 

degradation. The predicted molecular weight of His6-SUMO-LpqF is 57 kDa. The apparent 

molecular weight of the protein, based on comparison to the molecular weight standard, is 58 

kDa, suggesting that the protein was not truncated or degraded during expression (Figure 28, 

A). 

 

The SUMO tag and thus the 6x His-tag were successfully removed via cleavage by incubating 

LpqF with Ulp1, a SUMO-specific protease (Figure 28, B, lanes 2 and 3). A second IMAC was 

conducted to remove the remaining cleaved His6-SUMO tag, the protease and any uncleaved 

protein. Cleavage of LpqF was verified by SDS-PAGE analysis, yielding the expected size of 

44 kDa (Figure 28, B). The cleaved SUMO-tag is predicted to be 13 kDa, which is observed in 

Figure 28, B, lane 3. A control sample of uncleaved LpqF was also included on the gel (Figure 

28, B, lane 1).  

 

Densitometry analysis of the gel using ImageLab indicated that the protein was approximately 

70% pure. The presence of contaminating proteins in the sample was likely due to the 

purification process. To improve sample purity, LpqF was subjected to size exclusion 

chromatography. SDS-PAGE analysis of the size exclusion chromatography fractions 
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confirmed the purity of the protein, showing a single band at the expected molecular weight 

size of 44 kDa (Figures 28, C and D). 

 

 
Figure 28: SDS-PAGE analysis of LpqF purification.  (A, B) An SDS-page showing metal affinity 
chromatography on an ÄKTA Pure 25 system with a 1 mL GE HisTrap fast-flow column of clarified lysate 
containing the expressed protein LpqF in E. coli with gradients of imidazole (0, 35, 85, 235, and 500 mM) for 
eluent fractions of LpqF. (B) An SDS-page showing purified protein and confirmation of removal of 6 x histidine 
tag and SUMO tag in the N-terminal using SUMO protease. (C) An SDS-PAGE with the size excluded fractions 
of purified protein. (D) A chromatogram of size excluded monomeric form of LpqF according to lab standardised 
molecular weights.  
 
 
 
4.1 Functional analysis of LpqF  
 

The in silico analysis of LpqF led to the prediction that the LpqF will have D,D-CPase activity. 

However, low molecular weight PBPs such as D,D-CPases and β-lactamases are relatively 

unexplored in M. tuberculosis (Kumer et al., 2022). To test this hypotheses, the purified protein 

was used in an in vitro context to assess the ability of LpqF to form an acylation intermediate 

with β-lactams, as has been reported in the literature for low molecular weight PBPs. For 

example, Shapiro et al. (2013) utilised bocillin, a derivative of penicillin V attached to a 

fluorescent dye, to test acylation or binding rate for PBP3 in P. aeruginosa. Studies such as 

Pandey et al. (2018) and Bansal et al. (2015) also used bocillin as well as nitrocefin, a 

chromogen, to test the activity of the D,D-CPases MSMEG_2432 and MSMEG_2433 in M. 

smegmatis. Both bocillin and nitrocefin have a core structure of a β-lactam ring that shares 

similarity with the D-alanine-D-alanine backbone structure, a natural substrate of PBPs (Bansal 
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et al., 2015; Kim et al., 2023; Pandey et al., 2018). Nitrocefin is a chromogen that changes 

colour upon hydrolysis of the β-lactam ring from yellow to red, indicating β-lactamase activity 

and the colour change intensity is an indication of hydrolytic potency (Calbiochem). This 

similarity allows these compounds to be utilised for visualizing the hydrolysis of substrates in 

the active site of the PBP domain in an assay-specific context (Shapiro et al., 2013; Bansal et 

al., 2015; Ryu et al., 2016; Pandey et al., 2018). 

 

4.1.1 LpqF is unlikely to be a β-lactamase  
 

A nitrocefin chromogenic enzyme assay was performed to determine whether LpqF can 

hydrolyse the amide bond of the β-lactam ring of the cephalosporin substrate nitrocefin (Figure 

29). The enzyme was tested across a range of pH values (5.4-8.0) to assess potential β-

lactamase activity under these conditions (Figure 29). Cephalosporinase (SigmaAldrich) from 

Bacillus was used as a positive control and exhibited activity under all tested conditions (Figure 

29). In all conditions, the control was able to hydrolyse the substrate therefore the conditions 

for concentrations 18 µM and 36 µM are shown in Figure 29 as a representation of the data 

obtained in this assay. Since the control consistently hydrolysed the substrate, the results for 

18 µM and 36 µM concentrations are presented in Figure 29 as representative data from this 

assay. At 18 µM enzyme concentration (Figure 29, A, B, and C), a slower increase in 

absorbance (2 x 10-3 vs 9 x 10-4 nmols/sec) was observed compared to the 36 µM concentration. 

For cephalosporinase, saturation where the maximum number of substrate molecules is 

converted into the product per unit of time (kcat), was reached at 60 minutes for the 18 µM  

condition vs 20 minutes for the 36 µM condition respectively across all experimental setups 

(Figure 29, D, E & F). In contrast, under the conditions tested, LpqF did not hydrolyse 

nitrocefin even at the higher enzyme concentration of 36 uM. Notably, absorbance 

measurements for LpqF at 36 µM were below zero, indicating that increasing the concentration 

had no impact in this assay. These findings suggest that LpqF is unable to hydrolyse the β-

lactam ring of nitrocefin, indicating that LpqF does not function as a β-lactamase. 
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Figure 29: LpqF β-lactamase activity assay. Reactions were initiated by addition of LpqF or cephalosporinase 
at concentrations of enzymes 18 and 36 µM respectively to a reaction containing 1 mg/mL nitrocefin at a range 
of pH conditions: (A, D) Bis-Tris, pH 8.0, (B, E) sodium phosphate, pH 6.5 (C, F), and citrate, pH 5.4. The 
reaction was followed for 30 min. Data represent triplicate assays and error bars are the standard deviation. 
 
 
4.1.2 LpqF selectively binds to β-lactams and is inhibited by meropenem 

 

To determine if LpqF behaves as a classical PBP, the degree to which it could be inhibited by 

β-lactams was assessed using a bocillin-FL protection assay. In this assay, the enzyme is first 

incubated with a given β-lactam and then with bocillin-FL. If the β-lactam reacts covalently 

with the enzyme, bocillin-FL will be unable to bind to the protein. These reactions can then be 

monitored by SDS-PAGE by comparing Coomassie-staining and fluorescence imaging of the 
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proteins. Under these conditions, the absence of fluorescence indicates inhibition by the β-

lactam.  

 

A broad range of β-lactam antibiotics were chosen for this experiment, including carbapenems 

(imipenem, meropenem, doripenem), cephalosporins (cefsulodin, cephalothin, nitrocefin), 

penicillins (penicillin G, amoxicillin, oxacillin, mecillinam, piperacillin, cloxacillin), and the 

monobactam aztreonam. As a control, LpqF  incubated with no β-lactam prior to bocillin-FL 

and was set at 0% inhibition.  

 

The results of this assay demonstrate that LpqF binds to carbapenems, as evidenced by the 

complete absence of bocillin-FL signal (100%) in the LpqF-treated samples with meropenem 

and doripenem treated samples. The related compound, imipenem, reduced fluorescence by 

only 60% suggesting some degree of carbapenem selectivity for LpqF. In contrast to the 

carbapenems, cefsulodin and cephalothin did not reduce the fluorescence intensity, suggesting 

that LpqF is not sensitive to cephalosporins. In addition, nitrocefin was included in this assay 

to assess if the lack of nitrocefin cleavage was due to LpqF inhibition or the enzyme's inability 

to cleave the molecule. These data coupled with the nitrocefin data indicate that LpqF can 

weakly bind to nitrocefin but does not hydrolyse it. There was a similar level of fluorescence 

observed for the penicillin class of inhibitors, with a decrease of approximately 10% for 

penicillin G, amoxicillin, and oxacillin. This result is surprising given that bocillin-FL, a 

penicillin derivative, showed fluorescence in the absence of treatment indicating the ability of 

Bocillin-FL to enter the unobstructed active site of LpqF. Finally, mecillinam, piperacillin, 

cloxacillin, and aztreonam also showed no reduction in fluorescence. This assay demonstrated 

that bocillin_FL can enter the active site, where its attached fluorophore becomes excited after 

forming the acyl-enzyme intermediate complex. These results suggest that the compounds 

tested can also access the active site of LpqF; however, no cleavage occurs (Figure 29). Overall, 

this assay indicates that LpqF is strongly inhibited by the carbapenem class of β-lactams, while 

the penicillins and cephalosporins tested had no effect on LpqF, aside from bocillin-FL itself.  
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Figure 30: LpqF is inhibited by a variety of β-lactams. LpqF (5 µM) was incubated with the indicated β-lactam 
for 60 min at 25 ºC in 25mM phosphate buffer, pH 7.0. Bocillin_FL was then added to these reactions at a final 
concentration of 50 µM. (A) The reactions were subsequently analysed via SDS-PAGE and imaged on a 
ChemiDoc (BioRad) using the UV setting followed by Coomassie staining. (B) The fluorescence intensity of 
LpqF in triplicate reactions was determined using ImageLab and plotted in GraphPad Prism 10. Significance was 
determined using a One-way ANOVA and Dunnett’s multiple comparisons test, Error bars represent mean with 
± standard deviation. Ns non-significant (p > 0.05), **** p < 0.0001. Data represent n = 3 biological replicates 
and these are indicated. Ctl; untreated LpqF, mero; meropenem, dori; doripenem, imi; imipenem, cef; cefsulodin, 
cep; cephalothin, nitfn; nitrocefin, pen; penicillin G, amox; amoxicillin, ox, oxacillin, mec; mecillinam, pip; 
piperacillin, clox; cloxacillin, azm; aztreonam. 
 
 
4.2 Discussion  
 

In chapter 3 the in silico analysis of LpqF suggested that it most likely belongs to the β-

lactamase or D,D-CPase families of enzymes. However, results indicate that the enzyme does 

not possess β-lactamase activity but is inhibited by the penam class of β-lactams. Although 

LpqF shares a common PBP-domain fold with conserved motifs I and II, its motif III is less 

conserved. Most PBPs, including D,D-CPases, share structural homology, particularly in 

catalytic motifs similar to those of class A serine β-lactamases, supporting the evolutionary 

link between penicillin binding proteins and β-lactamases as demonstrated in the literature 

(Sauvage et al., 2008; Bush et al., 2018).  
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As a preliminary step in assessing the function of LpqF, the purified enzyme was tested for its 

ability to hydrolyse the chromogenic β-lactam substrate nitrocefin. When tested in the buffer 

used for optimal purification of the enzyme, LpqF exhibited no activity. To account for the 

possibility of a narrow pH optimum, LpqF was also tested at (pH) 6.5 and 5.4, but similar 

results were obtained. This contrasts with the rapid turnover of nitrocefin by a known class A 

β-lactamase, the cephalosporinase from B. cereus, under identical assay conditions (Figure 29). 

This confirmed that the assay conditions were suitable for detecting β-lactamase activity.  

 

Although LpqF has not been previously assayed, both DacB1 and DacB2 have been shown to 

degrade nitrocefin, albeit slowly (Kumar et al., 2022). The absence of detectable β-lactamase 

activity for LpqF may suggest  a narrow substrate specificity. LpqF may bind nitrocefin similar 

to DacB1 and DacB2 but could have a higher affinity for peptidoglycan peptides, with a slower 

deacylation rate. In contrast, β-lactamases like BlaC rapidly hydrolyse β-lactams, such as 

penicillins, due to significantly higher deacylation and hydrolysis rates (Kumar et al., 2022). 

These data indicate that LpqF lacks β-lactamase activity under the conditions tested and is 

therefore unlikely to function as a β-lactamase.  

 

The subsequent investigation focused on testing the affinity of LpqF for β-lactam antibiotics 

using the bocillin-FL assay, which utilises a penicillin V derivative. The results for penicillins 

and cephalosporins were non-significant, clearly indicating that LpqF is not susceptible to these 

classes of β-lactams (Figure 30). These results demonstrate that the carbapenems meropenem, 

and doripenem, have a higher binding affinity for LpqF compared to penicillins and 

cephalosporins. However, since this assay relies on the percentage of fluorescent dye bound, 

this finding requires further validation through quantitative analysis of binding kinetics, 

hydrolysis rates, and potential active site modifications (Shapiro et al., 2013).  

 

Additionally, these results illustrate that imipenem exhibits a weaker substrate binding 

mechanism in this context, whereas the penicillins and cephalosporins show no measurable 

affinity for LpqF. This could potentially arise to the structural differences between imipenem 

and meropenem, despite both belonging the carbapenem class. Specifically, the addition of a 

methyl group at C1 position of the carbapenem moiety of meropenem facilitates the stability 

of the meropenem-acyl-intermediate complex. In contrast, the hydrogen atom at C1 in 

imipenem is more prone to degradation (Pryka and Haig, 1994) (See Table 5).  
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Imipenem has been shown to have more activity against Gram-positive bacteria, whereas 

meropenem is more active against Gram-negative bacteria (Kitzis, Acar, and Gutmann, 1989; 

Davies et el., 2008). For example, meropenem has been shown to have high binding affinity 

for PBP3 and PBP6 in Gram-negative bacteria such as E. coli and P. aeruginosa, compared 

with imipenem (Kitzis, Acar, and Gutmann, 1989). While, in E. coli imipenem has four-fold 

binding activity for PBP1a and PBP1b (Davies et el., 2008). However, both imipenem and 

meropenem have equal potency in E. coli for PBP2 and in Staphylococcus aureus for PBP1, 

PBP2, and PBP4 (Kitzis, Acar, and Gutmann, 1989). While the literature reports meropenem 

to be a broad-spectrum carbapenem for the synthase PBPs, it has also been shown to have high 

affinity for Ldt2 in M. tuberculosis (Li et al., 2013). However, unlike in Gram-negative 

bacteria, meropenem is highly susceptible to hydrolysis by BlaC, the most potent β-lactamase 

known in the Mycobacteriales (Li et al., 2013).  

 

The results of LpqF and imipenem contrast with findings on D,D-CPases such as PBP5 in E. 

coli, which has been shown to be inhibited by meropenem and imipenem in substrate-bound 

crystal structures (Caveney et al., 2019). The Caveney et al. (2019) study noted that PBP5 

exhibits a similar acylation rate for meropenem and imipenem. In their study, they showed that 

PBP5 bound more quickly and deacylated more slowly than the L,D-TPase YukD, despite both 

enzymes being capable of binding to a similar stem peptide in peptidoglycan. Interestingly, 

PBP5-β-lactam complexes have been shown to have differing acylation rates with other 

compounds, such as cloxacillin and cefoxitin via an unknown mechanism (Nicola et al., 2010). 

Furthermore, in a study by Kumar et al. (2012), purified DacB2 (Rv2911) was shown to form 

an acyl-adduct with meropenem using a fluorescent coupled assay and a synthetic pentapeptide 

substrate. Given that LpqF is a low molecular weight enzyme with structural homology to 

PBP5, it is hypothesised that the binding of meropenem to form an meropenem-acyl-adduct 

with LpqF is similar to PBP5. These discrepancies in native substrate specificity of each of 

these enzymes could drive the specificity for different β-lactams. It could be that LpqF might 

have a specific affinity for carbapenems due to structural differences, such as the capping loop 

that covers the active site of YkuD (residues 426-491), which is absent in LpqF and PBP5. This 

absence could allow for structural modifications depending on the class of bound β-lactams, 

explaining the difference between imipenem and meropenem acylation. In addition, PBP5 has 

an open active site cleft, whereas the active site cleft of LpqF is occluded by a coil and short 

α-helix consisting of the residues T286-A299. Interestingly, these residues in PBP5 consist of 

T145-T149. Although capping loops have not been reported in the literature for PBP5, both 
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potential capping loops of LpqF and PBP5 are proximal to the active site. The ‘loop’ in LpqF 

sits above the active site, while the ‘loop’ in PBP5 is positioned adjacent to its active site. Both 

loops could play a role in stabilising the carbapenem-intermediate (Figure 27). 

 

In this study both meropenem and doripenem treated LpqF inhibited bocillin-FL in an in vitro 

assay, indicating potential functional differences similar to those reported for PBP5. As 

meropenem primarily targets L,D-transpeptidases (Ldts) responsible for 3,3 cross-linking in 

peptidoglycan stem peptides (Caveney et al., 2019), the apparent high specificity of 

meropenem for LpqF could suggest a mechanism that involves limiting D,D-CPase activity 

after a certain point in peptidoglycan insertion. This would prevent tetrapeptide production and 

subsequently inhibit Ldts, impeding 3,3 cross-link production, as reported by Kumar et al. 

(2012). This suggests enzyme complex or crosstalk activity, as detailed in the Caveney et al. 

(2019) study.  

 

Other examples include the lipoprotein Rv2864c, which functions as a D,D-transpeptidase and 

exhibits susceptibility to carbapenems in in vivo assays, albeit to a lesser extent (Olivença et 

al., 2022; Kumar et al., 2022). This indicates that meropenem-acylation is common among 

enzymes with the SxxK motif, as suggested by Caveney et al. (2019). According to these 

authors, it is proposed that PBP5 interacts with the carbonyl oxygen on C7 of meropenem, 

enabling it to occupy the oxyanion hole, which helps in stabilisation and formation of the 

acylation intermediate. The side chain of the serine in the SDN motif, adjacent to the leaving 

group nitrogen on meropenem, promotes acylation intermediate formation. The asparagine 

residue from this motif then forms a hydrogen bond with the hydroxyethyl group on C6 of 

meropenem, while the threonine residue from the KA/TG motif forms hydrogen bonds with 

C3 of meropenem and is further stabilised by the lysine residue of the KA/TG motif. Although, 

a mechanism for LpqF is highly likely, this has not been proven for LpqF, and it will need to 

be validated as described above. 

 

4.3 Conclusion 
 

Although nitrocefin has been reported to undergo recycling in L,D-TPases from Enterococcus 

faecium, forming a reversible acyl-intermediate that diffuses out of the active site, similar 

processes in D,D-CPases or low molecular weight PBPs have not been reported (Edoo, Arthur 
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and Hugonnet, 2017). The data obtained from the first set of biochemical tests suggest that 

LpqF is unlikely to possess β-lactamase activity. The results from the nitrocefin assay indicated 

that LpqF does not appear to hydrolyse nitrocefin under any of the tested conditions (Figure 

29). 

 

These data point to a narrow range of substrate specificity for the binding site cleft of LpqF. 

This specificity is suggested by the enzyme's selective affinity for certain β-lactam antibiotics, 

such as meropenem and doripenem, which inhibited bocillin-FL treated LpqF in vitro. The 

structural features of LpqF, including its active site motifs (SIFK, SDN, and KAG), appear to 

play a critical role in substrate recognition and binding; however, mutagenesis studies are 

required to confirm this. The interaction of these motifs with the functional groups of β-lactam 

antibiotics, as hypothesised from studies on similar enzymes like PBP5, indicates a precise 

mechanism that limits the activity of LpqF to specific substrates. This specificity might involve 

interactions with the carbonyl oxygen and hydroxyethyl groups of the antibiotics, stabilising 

the acylation intermediate and facilitating the inhibition of D,D-CPase activity similar to the 

mechanism reported for Ldts and PBP5, thereby impacting peptidoglycan synthesis and cross-

linking. However, these assumptions need further validation through detailed kinetic studies 

and structural analyses. 

 

In summary, the results of these biochemical assays suggest that LpqF is not a β-lactamase and 

is unlikely to exhibit the same dual mechanisms as reported for MSMEG_2432 and 

MSMEG_2433 in previous studies (Pandey et al., 2018; Bansal, 2015). Moreover, LpqF 

appears to be susceptible to the carbapenem class of β-lactams, similar to other D,D-CPases. 

However, these data do not conclusively distinguish specific substrate binding for a D,D-TPase. 

The next section will describe macromolecular peptidoglycan and peptidoglycan fragment-

specific assays aimed at further examining this hypothesis. 
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Chapter 5. Biochemical analysis of LpqF 

 

5.0 Introduction  
 
In the previous chapters, it was demonstrated that LpqF has structural similarities with PBP5 

from E.coli, which is a low molecular weight, S11 D,D-CPase (Caveney et al., 2019).  

Following these results, basic binding studies showed that the LpqF can be acylated by β-

lactams, with a strong preference for carbapenems. This indicates that the protein is 

catalytically competent. In this chapter, the evaluation of LpqF and its capacity to degrade 

peptidoglycan will be discussed. 

 

Carbapenems such as meropenem, imipenem, doripenem, and ertapenem are broad spectrum, 

last-line defence antibiotics and potent inhibitors have been shown to inhibit several peptidase 

enzymes by targeting the domain of PBPs involved in peptidoglycan biogenesis, including 

synthases (L,D-TPases), and hydrolases (D,D-CPase) (For mechanism see Chapter 1, Sections 

1.8.5 and 1.8.9). This inhibition affects peptide crosslinking and other peptidase reactions 

(Silva et al., 2015; Papp-Wallace et al., 2011; Armstrong et al., 2021). Moreover, carbapenems 

are effective inhibitors of various β-lactamase enzymes, including class A β-lactamases such 

as TEM-1, SHV-1, and M. tuberculosis BlaC, by forming stable, long-lived acyl-enzyme 

complexes (Mehta et al., 2021; Chudyk et al., 2022). The main mechanism of resistance against 

carbapenems arises from metallo-β-lactamases (Lisa et al., 2017). These enzymes, such as 

OXA variants, particularly in A. baumannii, have been associated with conferring resistance to 

carbapenems, significantly impacting their clinical efficacy (See Chapter 1, Section 1.9) (Evans 

& Amyes, 2014). This underscores the broad-spectrum efficacy of carbapenems against a wide 

range of peptidoglycan targeting enzymes. Consequently, reverse mutagenesis studies aimed 

at determining the function of uncharacterised enzymes are more challenging.   

One avenue of investigation considered the relationship between synthases and hydrolases, 

specifically the L,D-TPases and D,D-CPases. The L,D-TPases are responsible for performing 3-

3 cross-linking in peptidoglycan and have been shown to carry out a side reaction where they 

perform D-amino acid exchange by substituting D-alanine for other amino acids, including 

fluorescent D-amino acids both in vitro and in vivo (Hammes, 1978; Kuru et al., 2014; Kuru et 

al., 2019). PBPs such as D,D-CPases play a critical role in this process by cleaving the terminal 

D-alanine prior to L,D-TPases executing their function. As stated above, some PBPs responsible 
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for 3-4 cross-linking have also been shown to be inhibited by carbapenems. Additionally, 

certain PBPs possess secondary functions. For example, Qiao et al. (2014) demonstrated that 

PBP4 preferentially acts as a TPase in vitro and is primarily responsible for incorporating 

exogenous D-amino acids into cellular peptidoglycan polymers, monomers, Lipid I, and Lipid 

II, suggesting that it also has TPase activity in vivo. Given that LpqF is specifically inhibited 

by carbapenems and is a PBP in S11 class of enzymes, it was hypothesised that it may recognise 

a substrate with a chemical structure similar to that of the TPases and also mediate the exchange 

of D-amino acids into peptidoglycan.  

 

5.1  LpqF does not perform a D-amino acid exchange reaction in vitro  
 

Fluorescent D-amino acids (FDAAs) have been utilised as tools in microscopy studies to 

demonstrate the incorporation, utilisation, and accumulation of peptides into peptidoglycan by 

PBPs and L,D-TPases during cell elongation in both Gram-positive and Gram-negative bacteria 

(Kuru et al., 2014; Kuru et al., 2019). The fluorescent D-amino acid 3-[[(7-Hydroxy-2-oxo-2H-

1-benzopyran-3-yl)carbonyl]amino]-D-alanine hydrochloride (HADA; Bio-techne, TOCRIS) 

is a derivative of D-alanine attached to a dye and can be used in vitro to quantify D-alanine 

exchange. Espaillat et al. (2024) demonstrated a method for this with an L,D-TPase in 

Gluconobacter oxydans. Based on this approach, the ability of LpqF was tested, in the presence 

of macromolecular peptidoglycan, to catalyse an exchange reaction using HADA as a substrate. 

An exchange assay was conducted using either LpqF or RipA. The proteins were incubated 

with 5 mg/mL of peptidoglycan derived from Mycobacterium smegmatis and 500 µM of 

HADA in 25 mM phosphate buffer (pH 7.0) for 18 hours. Given that the optimal pH range for 

mycobacterial peptidoglycan enzyme kinetics spans from 5 to 7.5, and considering the 

similarity of this assay to the exchange reaction assay reported by Espaillat et al. (2024) in the 

context of HADA and purified LpqF, the experiment was performed under physiological 

conditions (pH 7.0) (Yao et al., 2012; Botella et al., 2017; Peters et al., 2019; Melzer et al., 

2022). This setup aimed to determine whether LpqF acts as a synthase or facilitates synthetic 

reactions. RipA, a known peptidoglycan endopeptidase, was included as a negative control. 

Following the incubation, samples were washed to remove excess HADA, and the pellets were 

resuspended in phosphate buffer. Fluorescence was measured at an excitation wavelength of 

405 nm and an emission wavelength of 450 nm. 
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In this assay, an exchange reaction would result in a fluorescence increase above the 

peptidoglycan control, indicating the enzyme's ability to append free D-alanine. However, 

LpqF showed no significant fluorescence (pink bar) compared to the enzyme-free reaction 

(peptidoglycan only, red bar), suggesting that no D-alanine exchange was catalysed (Figure 

31). RipA exhibited a much lower fluorescence level than LpqF (66%, black bar) and the 

peptidoglycan-only control (85%), further indicating that RipA could not catalyse D-alanine 

transfer as expected. This result confirmed that the assay was functioning correctly. In 

summary, these data do not support the hypothesis that an exchange reaction occurs in the 

presence of LpqF. However, the absence of a positive control limits the ability to completely 

rule out this possibility. 

 

Figure 31: Assessment of the capability of LpqF to exchange D-alanine in an in vitro assay. To evaluate the 
ability of LpqF to perform an exchange reaction, the enzymes were incubated with HADA and M. smegmatis 
mc2155 PG for 18 h in phosphate buffer, pH 7.0. Samples were washed with buffer then fluorescence was 
monitored at Ex: 405 nm, Em: 450 nm. The reported fluorescence associated with the PG-pellet is after 3 washes 
(C). Bars represent the mean with individual data points shown and error bars represent standard deviation. 
Quantitation of HADA uptake was analysed via GraphPad Prism 10. Significance was determined using a one-
way ANOVA with Tukey’s multiple comparison test. ns - non-significant (* = p <0.05).  
 
 

5.2  LpqF has weak or no hydrolytic activity on polymerised peptidoglycan  
 

Given the previous data that LpqF is low molecular weight PBP capable of binding to β-lactams 

and appears not to have synthase activity. The next logical step was test if LpqF possesses 

hydrolytic activity using a peptidoglycan-degradation assay. For this assay, peptidoglycan was 



 144 

conjugated to fluorescein isothiocyanate (FITC) and used as a substrate. Upon hydrolysis of 

the insoluble peptidoglycan, the reaction products, which are conjugated to the fluorophore are 

solubilised, providing a clear readout for peptidoglycan-cleaving enzymes. As a positive 

control, RipA was used, a known mycobacterial peptidoglycan endopeptidase (Ruggiero et al., 

2010; Böth, Schneider, and Schnell, 2011).  

 

One consideration in this assay was to set up reactions at multiple pHs, allowing for a range of 

possible pH optima, as observed for other peptidoglycan-degrading enzymes (Pizarro, 

Fernández, and Orce, 1988; Ohnishi, Ishikawa, and Sekiguchi, 1999; Botella et al., 2017; Peters 

et al., 2019; Schaefer et al., 2020; Xie et al., 2021; Wysocka et al., 2022; Melzer et al., 2022). 

In this assay, to preclude a lack of activity caused by a similar phenomenon, LpqF was tested 

at pH 6.0, 7.0, and 8.0 (Figure 32, A). In this experimental setup, the fluorescence intensity 

generated by RipA served as the standard, with the highest single RipA replicate set to 100% 

activity and all other readings normalised accordingly. Under these conditions, LpqF did not 

release a significant amount of fluorescent product from the substrate compared to the enzyme-

free control. In contrast, RipA consistently catalysed product formation, with its activity 

peaking at pH 7.0. 

 

Having established that LpqF had little or no activity, with the highest value being at pH 7.0, 

a second assay was conducted at pH 7.0 to investigate the potential for pre-digestion by RipA 

to potentiate LpqF activity like that observed for RipA and amidase 1 in the study by Healy, 

Gouzy, and Ehrt (2020) (Figure 32, B). The combination of RipA and LpqF yielded the same 

fluorescence release as samples with RipA alone, and LpqF did not demonstrate activity 

independently. This suggests that RipA had no effect on LpqF under these assay conditions. 

The fluorescence release by LpqF was measured at 21 ± 1%, which was only 5% above the no-

enzyme control and was not found to be statistically significant. These data demonstrate that 

LpqF does not appear to be influenced by RipA under the conditions tested. Taken together, 

these results suggest that it is unlikely that LpqF has endopeptidase activity.  
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Figure 32: LpqF does not hydrolyse polymerised M. smegmatis peptidoglycan in an in vitro degradation 
assay. (A & B) The indicated enzymes were incubated with FITC-labelled peptidoglycan for 18 h at 25 °C in 
phosphate buffer, pH 6.0, 7.0 and 8.0. Supernatants were collected, centrifuged, and filtered through a 0.2 
microfilter to remove debris. Supernatant and 500 mM sodium hydroxide were mixed in a 50:50 ratio and 
fluorescence quantified (Em = 490 nm, Ex = 520 nm). (A) Data for each buffer condition is shown as percent 
activity normalised to RipA at pH 8.0. (B) Using conditions identical to the pH 7.0 assay, we also tested if RipA 
activity would potentiate LpqF. Activity here is normalised to RipA. Data are representative of three independent 
experiments. Statistical significance was determined using a one-way ANOVA and Kruskal-Wallis test. Error 
bars represent mean with ± standard deviation. ns non-significant (p > 0.05), ****p < 0.0001. 
 
 

Despite the fluorescence release not being statistically significant in the preceding assay, a 

small amount of product formation above the no-enzyme control was consistently observed. It 

was reasoned that this product might be too minor relative to the background in the assay, 

prompting an evaluation of the reaction composition using thin-layer chromatography (TLC). 

Cross-linked peptidoglycan derived from M. smegmatis (mc2155) was used as a standard. 

Using this experimental setup, the enzymes LpqF, RipA, and a combination of the two were 

tested alongside an additional control, mutanolysin, as shown in Figure 33. Mutanolysin was 

included as a positive control to confirm peptidoglycan degradation and validate the 

functionality of the assay.	For the TLC, a solvent system consisting of 1-n-butanol, methanol, 

ammonium hydroxide, and deionised water in a ratio of 5:4:2:1 (v/v) was used to detect the 

FITC-conjugated products, following the method of Moynihan et al. (2019). Numerous 

products were observed on the TLC for both RipA and mutanolysin, consistent with their 

known ability to solubilise the complex peptidoglycan structure (Figure 33). 
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Given that detection by fluorescence can be quantitative, it was possible to measure liberated 

fluorescence from the origin for each lane and as a percent of the total fluorescence using 

ImageJ. Only a small amount of released fluorescence in the supernatant migrated away from 

the origin in the peptidoglycan-only control. This is expected because macromolecular 

peptidoglycan is insoluble and would not leave the origin, resulting in only small, soluble 

products visualised as fluorescent bands migrating away from the origin. Two products were 

observed at the top of each lane, irrespective of sample type. These are speculated to be either 

artefacts resulting from background noise or, more likely, the presence of other labelled 

products in the reaction and/or undigested peptidoglycan. This may include small soluble 

amine side groups, either present in the buffer or co-purified within peptidoglycan (Figure 33, 

A, lane 1). The values for relative fluorescence intensity for each lane were normalised to RipA 

from the origin to the solvent front, which released the most product and was therefore set to 

100% activity (Figure 33, A, lane 3). As expected, mutanolysin had the next highest amount 

of liberated fluorescence at ~76% (Figure 33, A, lanes 1 & 2). 

 

In the LpqF lane, a band was detected that is absent in the no-enzyme lane that represented 

11.7% liberated fluorescence as a total percentage of that lane (Figure 39, A, lanes 1 and 4, 

outlined in red boxes). The LpqF and RipA combination showed 74% activity relative to RipA, 

which unexpectedly indicated a decrease in the cleaved product compared to RipA alone, as 

outlined in Figure 33, A, lanes 3 and 5. Additionally, to compare the levels of quenched 

background, LpqF, RipA, and the combination of RipA and LpqF were normalised to the no-

enzyme control (10%), resulting in values of 1%, 9%, and 7%, respectively. 

 

Overall, these results agree with the plate reader assay, suggesting that LpqF is not releasing a 

product associated with endopeptidase or amidase activity. The presence of a small product in 

the LpqF lane could indicate a low-abundance reaction product. However, this could also 

reflect background fluorescence. Additionally, the unexpected results for the RipA and LpqF 

combination are not consistent with the previous degradation assay, suggesting that LpqF may 

affect RipA activity under the conditions tested. However, this discrepancy may be explained 

by the differences in sample processing and visualisation.  

 

To determine whether the potential product from LpqF aligns with the data shown in panel A 

of Figure 33, a second assay was performed at pH 6.0. This condition was chosen based on the 

pH range tested in the data presented in Figure 32. Reaction products were analysed via TLC 
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to evaluate the impact of the lower pH on the product profile of LpqF, providing additional 

insights (Figure 33, panel B).	The results of this TLC indicated that the product migration was 

impeded under these conditions, as shown in Figure 33, B (red box, lane 5). Despite n = 3, the 

poor separation may suggest insufficient drying of the TLC plate or the polarity of the solvent 

used in this TLC was suboptimal, rather than being attributable to pH differences. All 

fluorescence measurements were normalised to RipA, consistent with the normalisation 

approach used in the previous TLC experiment. For LpqF, the fluorescent value was 9.2 ± 4%, 

with a non-significant increase of 2.5% compared to the peptidoglycan-only (6.5 ± 0%) and 

the peptidoglycan and meropenem (6.0 ± 2%) controls.  

 

Under these conditions, the susceptibility of RipA and LpqF to meropenem was also evaluated. 

Unexpectedly, meropenem appeared to decrease RipA activity by 70% (16 ± 7%) (Figure 33, 

B, C, lanes 3 & 4). Similar to RipA, LpqF samples treated with meropenem showed a decrease 

in fluorescence to 8.3 ± 4%, a reduction of 1% compared to LpqF only, and a reduction of 2.3% 

compared to the peptidoglycan with meropenem control, which had fluorescence values of 6.0 

± 2% (Figure 33, B, C, lanes 4 & 5). Taken together, these results show a single species released 

by LpqF. This species may indicate cleavage of the stem peptide by LpqF, but it is more likely 

to be artefactual based on results discussed further on.  
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Figure 33: Determination of LpqF hydrolytic activity on FITC-PG by thin layer chromatography. The 
indicated enzymes were incubated with FITC-labelled peptidoglycan for 18 h at 25 °C in phosphate buffer, (A) 
pH 7.3 and (B) pH 6.0. 10 µL of the total reaction was subsequently spotted onto the origin of a TLC plate which 
was then dried and developed in a solvent system of 1-n-butanol-methanol-ammonium hydroxide-dH2O 5:4:2:1 
(v/v). TLC fluorescence was analysed using a BioRad ChemiDoc XRS+ using the UV setting 365 nm. The red 
box indicates potential cleavage product of LpqF. Red boxes represent the presence of a product in the LpqF lane 
and absence in the PG only lane. The values obtained from each TLC are given by the total fluorescence liberated 
from the origin for each lane and is a percent of the total fluorescence. (C) The values from Panel B are presented 
in panel C with colours for each bar from left to right areas follows; PG only (green), PG+mero (dark purple), 
RipA (black), RipA+mero (grey+drak purple), LpqF (pink), LpqF+mero (pink+dark purple). Mero; meropenem, 
mut, mutanolysin. Data values were obtained using FIJI, ImageJ and lanes quantitated using Excel v 16.8 and 
Graphpad, Prism 10. Statistical analysis, One way ANOVA, Tukey’s multiple comparisons test. Error bars 
represent mean and standard error of the mean. ns non-significant (p > 0.05), ****p < 0.0001. 
 

The role of D,D-CPases in facilitating the formation of 3-3 cross-links via L,D-TPases is critical 

in peptidoglycan remodelling, as they provide tetrapeptide substrates necessary for this process 

(Pandey et al., 2018). Given that LpqF did not produce significant detectable products in the 

FITC release assay, it was reasoned that the FITC may sterically hinder the enzyme or LpqF 

might release a product not labelled by this molecule. The compositional analysis of 

peptidoglycan by reverse-phase HPLC is a robust and quantitative method for analysing the 

reaction products of lytic enzymes (Glauner, 1988). Accordingly, the reaction products of LpqF 

were analysed with peptidoglycan from mid-exponential M. smegmatis or E. coli by RP-HPLC. 

The chromatograms are presented in Figure 34.  

 

LpqF was incubated with peptidoglycan from E. coli or M. smegmatis for 18 h in phosphate 

buffer (pH 6.0) and processed according to the methods outlined in Methods and Materials 

(sections 2.10.4 & 2.10.5). The chromatographic separation of the mutanolysin products 

derived from E. coli peptidoglycan yielded the expected pattern of peaks consistent with prior 

studies (Glauner, 1988; Höltje & Young, 2004; Kühner et al., 2014; Figure 34, A, B). Kühner 

et al. (2014) utilised E. coli to analyse muropeptide composition via ultra-performance liquid 
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chromatography, confirmed by mass spectrometry. They reported the monomeric forms of tri- 

and tetrapeptides (with abundances of 11.6% and 6.4%) as well as dimers of tetrapeptide-

glycine, tetra-tetrapeptide, and tetra-tetrapeptide (with abundances of 12%, 19%, and 19.9%, 

respectively). Despite methodological deviations, similar retention times and relative 

abundance values were observed in the E. coli chromatograms shown in Figure 39, panels A 

and B (Table 18). These results confirm that muramidase digestion and subsequent 

muropeptide separation by RP-HPLC were successful for E. coli-derived peptidoglycan. 

However, no difference was observed between samples incubated without LpqF (Figure 34, 

A) and those treated with the enzyme (Figure 34, B, C). Therefore, under these conditions, the 

data suggest an absence of activity for LpqF on E. coli peptidoglycan. 

 

In contrast to the E. coli chromatograms, the M. smegmatis chromatograms exhibited only one 

peak (Peak 6) under identical separation conditions (Figure 34, D). This peak with a retention 

time of 14.06 minutes, with peak areas of 13.06% and 5.02%, respectively (Figure 34, D, E). 

This peak appeared to be reduced by 2.6 fold in the presence of LpqF (Figure 34, E, F). This 

observation contrasts with prior analyses of peptidoglycan degradation techniques for M. 

smegmatis (see section 5.4) (Pandey et al., 2018). Moreover, since only Peak 6 was present in 

M. smegmatis chromatograms, this suggests incomplete or no digestion of M. smegmatis 

peptidoglycan with mutanolysin, or a failure in the chromatographic conditions.  
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Figure 34: HPLC separation of reaction products derived from LpqF digestion of E. coli and M. smegmatis 
peptidoglycan. Muropeptide elution profiles of mutanolysin-digested peptidoglycan isolated from E. coli (K12) 
and M. smegmatis mc2155 with and without LpqF. Respective sacculi were incubated with LpqF (for enzyme 
treated) and then mutanolysin, the resulting muropeptides were reduced with sodium borohydride and analysed 
by RP-HPLC. (A, D) Chromatographs for PG only, (B, E) PG incubated with LpqF, (C, F) and an overlay of PG 
only and LpqF. Chromatograms are representative of three biological repeats. Retention time and purported 
composition of muropeptides can be found in Table 18. Peak identifications correspond to Table 18 for retention 
times (Kumar et al., 2012; Kühner et al.,2014; Rimal et al., 2022).  
 
 

Leveraging the stability of the elution profile for E. coli K12 peptidoglycan, certain peaks in 

the traces can be tentatively identified, as outlined in Table 18. However, the situation differs 

for the M. smegmatis data, where assigning peak identifications is not possible.  

 
Table 18: Muropeptides from E. coli analysed by HPLC. Peak identities for this study are highlighted in 
column three. Peak identities derived with similar elution times from the Kühner et al.,(2014) study for E. coli are 
outlined in column four and referenced in column five. Information relating to retention times, peak areas and 
relative abundance are in reference to this study.  

Peak 
ID 

Retention 
time (mins) 

Peak area 
(mAU*min) 

Relative 
abundance  (%) 

Presumed stem 
peptide composition 

Study 

1 11.6 3.9 2.81 Tri Kühner et 
al.,2014 

2 12.0 0.23 0.16 Tetra-Gly Kühner et 
al.,2014 

3 13.4 8.9 6.4 Tetra  Kühner et 
al.,2014 

4 19.0 2.5 1.8 Tetra-Tri Kühner et 
al.,2014 

5 19.9 6.4 4.5 Tetra-Tetra Kühner et 
al.,2014 

E
. c

ol
i  

M
. s

m
eg

m
at

is
  PG only 

PG + LpqF 
only 



 151 

5.3 LpqF cleaves L-alanine-γ-D-glutamate-L-lysine-D-alanine-D-alanine pentapeptide 

 

The FITC release assay requires that LpqF releases a product that is connected to FITC. 

However, for D,D-CPase activity, this would not be the case, as the terminal D-alanine residues 

do not have a free amine to conjugate with FITC. To address this limitation, an alternative 

approach using TLC was explored.  

This aimed to test whether LpqF could degrade soluble peptides. The rationale for probing the 

substrate preference of LpqF stems from observations that peptidoglycan regulatory enzymes, 

like the D,D-CPases Rv2911 and Rv3330 in M. tuberculosis, have demonstrated a weak 

preference for sacculi in vitro, with varying affinities for different pentapeptide compositions 

(Kumar et al., 2012; Prigozhin et al., 2014). Additionally, low molecular weight D,D-

peptidases, such as those found in Streptomyces, like R39 and R61, have specificity for stem 

peptide fragments (Adediran et al., 2010; Nemmara et al., 2011). 

One major hurdle encountered during this work was the limited availability of muropeptides 

and peptide substrates tailored for mycobacterial-specific enzymes. This is in contrast to model 

organisms like Staphylococcus aureus, for which such substrates are readily available 

commercially. To address this limitation, it would be necessary to purify mycobacterial-

derived peptide fragments within the laboratory. However, due to time constraints, a 

pentapeptide, L-alanine-γ-D-glutamate-L-lysine-D-alanine-D-alanine abbreviated to penta-L 

(Sigma), was used as a substitute. The major differences between this stem-peptide and the 

mycobacterial substrate is the presence of L-lysine where meso-diaminopimelic acid would be 

found at the 3rd positions in mycobacterial peptidoglycan. Minor changes can be further 

modified such as the amidation of meso-diaminopimelic acid and D-glutamate in mycobacterial 

species (Kumar et al., 2005; Ngadjeua et al., 2018; Shaku et al., 2023), which could potentially 

impact enzyme affinity for stem peptide substrates (Kumar et al., 2005). 

Following the precedent set by previous tests for LpqF in the FITC-PG degradation assays, 

conditions were maintained at pH 7.0 for this assay. Considering that the commercial 

pentapeptide used substituted meso-diaminopimelic acid with L-lysine, it is likely that the 

enzyme would not be highly active on this substrate. Therefore, an optimisation process was 

undertaken to explore enzyme concentrations prior to the assay and mitigate streaking or 

merging. In preliminary experiments, lower enzyme concentrations were tested, but the data 
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were inconclusive. However, at 100 µM for both LpqF and RipA, the assay showed robust 

clear product formation. To drive product formation to a level that would be detectable by TLC, 

relatively high concentrations of 100 µM were needed and were therefore chosen to represent 

the data. This approach also aligns with established literature on peptidoglycan analysis via 

TLC methods (Hoyland et al., 2014). This clearly showed the presence of the reaction products. 

The solvent system used was the same as described in the Moynihan et al. (2019) study for 

LpqI, a β-N-acetylglucosaminidase. This was paired with ninhydrin staining as described 

previously (Hoyland et al., 2014). 

 

The TLC analysis conducted with 100 µM LpqF incubated with penta-L as a substrate revealed 

a product inconsistent with cleaved D-alanine (Rf of 0.3) and unfortunately could not be 

identified (black box, Figure 35). Consistent with previous degradation assays using 

polymerised M. smegmatis peptidoglycan, LpqF and RipA were tested together to determine 

whether one could activate the other in the context of penta-L and D-alanine-D-alanine 

substrates. The results suggest that LpqF was unable to cleave penta-L in the presence of RipA, 

as no product was detected in the RipA only lane, indicating that RipA alone it is not active 

against penta-L (black box, Figure 35). In comparison, the lane containing the D-alanine-D-

alanine substrate in the presence of LpqF, a product with the same Rf value as the D-alanine 

standard was detected, indicating cleavage of the di-peptide substrate (red box, Figure 35). This 

observation was also evident in the lane containing both LpqF and RipA but was notably absent 

in lanes containing RipA reaction products only as expected. These findings suggest that LpqF 

can cleave the substrate independently, even in the presence of RipA. Although this assay 

demonstrates that LpqF can release a product from the di-peptide substrate or potentially from 

penta-L, it does not definitively confirm if this is activity occurs under physiologically 

conditions. Future studies should reevaluate these results using an appropriate positive control, 

such as DacB, alongside additional controls like meso-DAP and pentapeptides derived from E. 

coli and mycobacteria (Ealand et al., 2019; Kumar et al., 2022), to complement the standards 

and RipA controls. Unfortunately, these controls were omitted due to time constraints. 

Furthermore, the data indicate that LpqF retains catalytic activity at pH 7.0. In conclusion, the 

identification of D-alanine as a product of the LpqF-catalysed reaction strongly suggests that 

LpqF functions as a D,D-CPase. However, further validation is warranted, particularly to 

quantify the unidentified band observed with penta-L in the presence of LpqF and assess LpqF 

activity with tetrapeptides and pentapeptides. 
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Figure 35: LpqF-catalysed reaction products against pentapeptide by TLC. The indicated enzymes were 
incubated with pentapeptide or D-alanine-D-alanine for 18 h at 25 °C in 25 mM phosphate buffer (pH 7.0). Red 
arrow indicates the reaction products assumed to be D-alanine. Supernatants were collected, lyophilised, and then 
resuspended in phosphate buffer pH 7.0 and spotted onto silica plates. The TLCs represent 100 µM (A) To 
visualise the reaction products, 10 µL of the total reaction was subsequently spotted onto the origin of a TLC plate 
which was then dried and developed in a solvent system of 1-n-butanol-methanol-ammonium-hydroxide-dH2O 
5:4:2:1 (v/v) followed by detection with ninhydrin. Controls samples contained no enzymes and are as follows; 
D; D-alanine, penta-L; pentapeptide; DD; D-alanine-D-alanine. TLCs are representative of n = 3.  
 
 

5.4 Discussion  
 

In this chapter, it was demonstrated that LpqF may have D,D-CPase activity. Various assays 

ranging from transpeptidase to hydrolase on an array of substrates were used to come to this 

conclusion. The first of these was the investigation into the potential of D-alanine exchange 

facilitated by LpqF using the presence of HADA and peptidoglycan derived from M. 

smegmatis. The results revealed LpqF was not non-significant in fluorescence compared to 

peptidoglycan alone, suggesting that LpqF is not capable of driving a synthetic reaction (Figure 

31). To further validate these results, a positive control such as an L,D-TPase should be used in 

this assay. 

 

Though the method in this study deviates from published data, similar methodology has been 

described. For example, Montón Silva et al., (2018) used in vitro analysis for orthogonal FDAA 

probes and apply HPLC to determine the ability of LdtD in E. coli to exchange D-alanine, using 

HADA as a marker for labelling muropeptides. The authors observed that while LdtD could 

carry out an exchange reaction, the overall fluorescence of the reaction decreased. They 
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attributed this phenomenon to the enzyme simultaneously catalysing a hydrolysis reaction, 

which was favoured under their experimental conditions. While it has been shown that Ldts 

(L,D-TPases) can append and transfer D-amino acids, this is the first time to my knowledge that 

this methodology using a novel in vitro assay has been applied in the context of testing a 

mycobacterial D,D-CPase.  

 

In the degradation assay using FITC-conjugated M. smegmatis polymerised peptidoglycan 

(FITC-PG), peptidoglycan was incubated with purified LpqF to investigate its activity by 

measuring the liberated soluble peptidoglycan fragments in the supernatant. Unlike RipA, 

LpqF did not significantly release digested products (Figure 32). This difference could be due 

to the distinct cleavage sites of each enzyme: D-glutamate-meso-diaminopimelic acid for RipA 

and potentially D-alanine-D-alanine for LpqF. Given that FITC forms a covalent bond with 

primary amines , it does not bind to the D-alanine-D-alanine portion of the stem peptide, which 

lacks primary amine groups (López-Zabalza et al., 1990; Hernandez et al., 2009). 

 

Despite the semi-quantitative assessment of FITC-labelled digested peptidoglycan and TLC-

resolved products for LpqF not demonstrating clear hydrolytic activity for LpqF, the 

appearance of a minor product suggests two possibilities. These bands may be artefacts of the 

analysis, or LpqF cleaves at an alternative site on the pentapeptide other than the terminal D-

alanine (Figure 33, A, lane 5). The former explanation is more likely, especially considering 

that this band is also present in the RipA lane of the TLC. Additionally, TLC-resolved products 

formed by RipA were evident in lane 3 of Figure 33, A, indicating that RipA effectively cleaved 

the peptidoglycan at the third position, supporting the proof of principle and application of 

FITC-TLC analyses for peptidoglycan-targeting enzymes. Furthermore, the multiple products 

present in the lane combining RipA and LpqF (Figure 33, A, lane 6) could suggest that LpqF 

may cleave the tripeptide formed by RipA, indicating a potential synergistic or regulatory 

effect. As expected, these constituents were absent in the mutanolysin control, due to its 

exolytic β-1,4 glycosidic bond cleavage between GlcNAc and MurNAc, rather than on the stem 

peptides (Figure 33, A, lane 2). Based on the results, these data suggest, but do not prove, that 

LpqF may act downstream of RipA cleavage and could potentially have a second or alternative 

cleavage site. Interpretation of these results would be enhanced by including a D,D-CPase 

control, such as DacB, or multifunctional D,D-EPases like Rv2911 or AmpH. 
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Critically, to further validate the use of TLC-resolved products, LpqF digesting RipA reaction 

products would not increase the total fluorescence release, so this activity would not be 

captured in the plate-based FITC-PG assay. The higher-resolution approach of FITC-TLC 

enhances the visualisation of products from enzymes that cleave between amino acids, 

providing a clearer understanding of their enzymatic activities. To our knowledge, this 

represents the first application of TLC to visualise hydrolase reaction products of FITC-

conjugated peptidoglycan. 

 

Using a reactive dye like FITC comes with several caveats, including sensitivity to pH changes, 

photobleaching, and the necessity to remove any unbound dye to prevent a reduced signal-to-

noise ratio. While these challenges were addressed during the optimisation process, there was 

also the potential for steric occlusion to alter binding efficiency if LpqF had endopeptidase 

activity. Supporting the argument that FITC might sterically hinder the binding of LpqF, a 

study by Fei et al. (2011) demonstrated an altered affinity profile for wheat-germ agglutinin 

(WGA) conjugated to FITC with GlcNAc, compared to non-FITC-conjugated WGA. 

 

Other studies have used fluorescein isothiocyanate (FITC)-conjugated peptidoglycan, initially 

described by Maeda et al. (1980). In recent years, FITC has emerged as a valuable tool for 

assessing the hydrolytic activity of peptidoglycan-active enzymes. This method has since been 

applied by Moynihan et al. (2019) and Boelter et al. (2022) for the characterization of LpqI, a 

β-N-acetyl-glucosaminidase in mycobacteria, and for amidase activation regulators in E. coli. 

Additionally, the study by Gurnani et al. (2021) investigated E. coli amidases (AmiA, AmiB, 

and AmiC) and their activator ActS via a degradation assay using FITC-conjugated 

peptidoglycan. Furthermore, synergistic effects have been documented between RipA and 

enzymes such as the synthase PonA1 in previous findings in mycobacteria (Hett, Chao, and 

Rubin, 2010; Healy, Gouzy, and Ehrt, 2020). This method allows for sensitive detection of 

enzymatic activity due to the covalent attachment of FITC to peptidoglycan, which emits 

fluorescence when hydrolysed, making it ideal for high-throughput assays. 

 

Despite the challenges in achieving robust separation for digested products in the RP-HPLC 

analysis. A reduced peak in the chromatogram of M. smegmatis incubated with LpqF was 

detected compared to the non-LpqF control. The 2.6-fold reduction of peak 6 in the LpqF-

incubated sample may indicate a product released by LpqF under these conditions. However, 

the reliability of these data is low given the unusual nature of the chromatogram. Due to the 
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lack of separation via RP-HPLC, I was unable to perform mass spectrometry and assign a mass 

to peak 6 in the M. smegmatis chromatogram, preventing an in-depth analysis or comparison 

with known literature or databases. Although liquid chromatography-based methods for 

mycobacterial peptidoglycan analysis were being optimised in the Moynihan laboratory, they 

became available too late during my PhD for application to LpqF. 

In contrast, the E. coli traces demonstrated good separation via RP-HPLC and confirmed that 

LpqF had no activity on E. coli polymerised peptidoglycan. Therefore, the chromatographic 

separation was deemed to be nominal. The peptidoglycan used in this experiment may not have 

been pure or adequate for HPLC. The failure points in starting material could be related to 

digestion or peptidoglycan purification. The discrepancy between the chromatographic 

separation of M. smegmatis and E. coli may stem differences in peptidoglycan digestion. For 

instance, M. smegmatis peptidoglycan contains approximately 50% more cross-linked peptides 

(around 80%) compared to E. coli, which typically has 40%-50% cross-linked stem peptides 

(Wietzerbin et al., 1974; Glauner, Holtje, and Schwarz, 1988; Bahadur, Chodisetti, & Reddy, 

2021; Rimal et al., 2022). Addtionally, E. coli produce more tetra- rather than pentapeptides 

and contains Braun’s lipoprotein, which is attached to stem peptides and cleaved by LtdF, an 

L,D-TPase (Rimal et al., 2022; Bahadur, Chodisetti, & Reddy, 2021). Recent studies have also 

highlighted modifications in mycobacterial peptidoglycan such as O-acetylation of MurNAc, 

N-deacetylation of GlcNAc, and D-glutamate amidation, which are absent in E. coli (Moynihan 

and Clarke, 2010; Garde, Chodisetti, and Reddy, 2021; Rimal et al., 2022; Shaku et al., 2023). 

These modifications could make mycobacterial glycans less susceptible to muramidase lysis, 

contributing to differences in digestion efficiency between the two species, which may have 

led to poor chromatographic separation (Mahapatra et al., 2005; Rimal et al., 2005).  

Other factors may also contribute to the purification challenges for M. smegmatis 

peptidoglycan. Incomplete hydrolysis and washing during the extraction process could result 

in the presence of lipids, proteins, or cytoplasmic contents that co-purify with the 

peptidoglycan. Additionally, inefficient or incomplete digestion with muramidase and 

lysozyme could leave behind peptidoglycan fragments that are not fully representative of the 

native structure. The retention of small, soluble components like amine side groups or short 

peptide chains, if not adequately separated during purification, can be difficult to distinguish 

from genuine peptidoglycan components. Lastly, harsh chemical treatments used during 

purification, such as strong acids or bases, can modify the peptidoglycan structure, including 
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deacetylation or depolymerisation leading to impure samples (Moynihan group unpublished). 

These caveats are now being addressed and optimised for mycobacterial peptidoglycan in the 

Moynihan group along with appropriate controls and validation methods to ensure the purity 

and integrity of the final peptidoglycan product.  

Due to challenges posed by peptidoglycan degradation resulting from its heterogeneity in 

solution, different groups have employed fluorescent or colorimetric conjugates in combination 

with HPLC. These methods enable visualisation and quantitation of insoluble products. Gao et 

al. (2023) investigated probiotic bi-functional hydrolases in the gut microbiome of mice, 

employing a Remazol Brilliant Blue release assay to demonstrate the hydrolytic activity of 

LPH in Lactobacillus. Subsequently, they used ANTS-labelled gel electrophoresis and high-

performance liquid chromatography-electrospray tandem mass spectrometry (HPLC-MS/MS) 

to elucidate the precise reaction products.  

 

HPLC with UV or MS detection is the most common method to assay peptidoglycan hydrolases 

to visualise and quantitate the reaction product profiles. This well-established approach 

identifies reaction products of peptidoglycan-targeting enzymes. Researchers often focus on 

peptidoglycan derived from exponentially growing bacteria, reflecting its complex 

composition. Hoyland et al. (2014) employed HPLC for muropeptide product analysis, 

incubating the purified L,D-CPase, LdcB, in Streptococcus pneumoniae and B. subtilis with 

purified peptidoglycan, demonstrating LdcB substrate specificity using synthetic tetrapeptides 

L-alanine-D-glutamic acid-L-lysine-D-alanine and its L-isomer. Rimal et al. (2022) used 

stationary phase peptidoglycan derived from M. smegmatis mc2155, distinguishing a wide 

range of muropeptide species. Pandey et al. (2018) used M. smegmatis peptidoglycan from all 

growth phases to ascertain the muropeptide profile via RP-HPLC, focusing on strains lacking 

MSMEG_2432 and MSMEG_2433, two D,D-CPases. They analysed three peaks with retention 

times of 4, 5.7, and 7 minutes in both wildtype and mutant strains, reporting relative 

abundances of 16.4%, 1.1%, and 3.8% in the wildtype, and 6.2%, 21.0%, and 0.4% in the 

mutant strains, respectively. These peaks were identified as muropeptides, specifically 

tetrapeptide (tetra), tetra-tripeptide (tetra-tri), and tri-tripeptide (tri-tri), based on their masses. 

Kumar et al. (2012) used similar methods, employing M. tuberculosis-derived peptidoglycan 

to characterise DacB2 via RP-HPLC. They reported monomeric muropeptides with relative 

abundances akin to those documented by Pandey et al. (2018). Although there are slight 

adaptations that make direct comparisons challenging, these studies collectively suggest a 



 158 

robust separation method for characterising peptides released from muropeptides in the 

presence of D,D-CPases in mycobacteria.  

Many peptidoglycan-active enzymes preferentially cleave soluble fragments of peptidoglycan 

(Jensen & Campbell, 1976; Sinha & Rosenthal, 1980; Anderson et al., 2003; Vollmer et al., 

2008; Kwan & Qiao, 2023). The TLC method used to assess the activity of LpqF with a 

commercial pentapeptide containing L-lysine at the 3rd position revealed a product that did not 

correspond to the Rf value of the D-alanine control, as observed with LpqF and D-alanine-D-

alanine reaction (black box, Figure 35). This indicates that LpqF was active against both penta-

L albeit it weaker, and D-alanine-D-alanine (red box, Figure 35). These findings align with 

previous studies on D,D-CPases, such as Kumar et al. (2012) and Prigozhin et al. (2014), which 

demonstrated that Rv2911, a D,D-CPase, can cleave pentapeptides containing L-lysine. This 

suggests that the substitution of L-lysine in place of meso-DAP is important, indicating the 

amino acid at the 3rd position may be crucial for LpqF activity. Additionally, the results imply 

that amidated D-iso-glutamate and meso-DAP at the 2nd and 3rd positions may be essential for 

LpqF to recognise and bind to the pentapeptide. This contrasts with some D,D-TPases in M. 

smegmatis, that have been shown to lack substrate preference (Shaku et al., 2023). However, 

the higher enzyme concentration required to observe the product suggests that LpqF exhibits 

higher activity in the presence of L-alanine-D-glutamine-meso-diaminopelmic-acid-D-alanine-

D-alanine, characteristic of mycobacterial pentapeptides. In the presence of LpqF and RipA, 

the penta-L substrate showed a faint product, indicating LpqF activity on this substrate when 

RipA was present (red box, Figure 35). However, these results suggest RipA does not modulate 

LpqF activity. These results will need to be reevaluated using appropriate controls, including 

L-alanine-D-glutamine-meso-diaminopelmic-acid-D-alanine-D-alanine from E. coli and 

mycobacteria, along with meso-DAP to enable a definitive evaluation of D,D-CPase activity.  

The TLC method employed in this study has limitations compared to techniques like RP-

HPLC. One limitation is buffer artifacts at the solvent front, which can distort the D-alanine-

D-alanine dipeptide control. Although efforts were made to minimise these effects, completely 

eliminating buffer components was challenging. Additionally, high amounts of enzyme were 

required for product visualisation, potentially generating misleading results. For example, 

Hoyland et al. (2014) used 700 µM of L,D-CPase in Streptococcus pneumoniae, whereas 

Moynihan et al. (2019) used only 1 µM of LpqI to release GlcNAc from soluble muropeptides 

derived from M. smegmatis peptidoglycan. Such variability underscores the artificial nature of 
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these assays and the difficulties in working with peptidoglycan as a substrate. To address these 

challenges and validate TLC findings, future studies should consider employing RP-HPLC 

with the substrates mentioned, followed by mass spectrometric analysis. This method would 

allow for the determination of peptide masses derived from incubation with LpqF, providing a 

more comprehensive understanding of LpqF activity and substrate specificity under 

physiological conditions. 

A caveat to these data is that only M. smegmatis peptidoglycan substrate was tested in the 

assays for Figures 32-35. If LpqF is indeed a D,D-CPase, using fragments of peptidoglycan 

such as muropeptides (GlcNAc-MurNAc-di-, tri-, tetra- and pentapeptides) and pentapeptides 

with meso-DAP at the 3rd position instead of polymerised peptidoglycan, could initiate LpqF 

binding activity, especially when used alongside an appropriate positive control, such as DacB  

(Ealand et al., 2019; Kumar et al., 2022). LpqF might bind to peptidoglycan only after a certain 

growth point, such as the early stationary phase when more cross-linking is produced by L,D-

TPases, necessitating cleaving of the terminal D-alanine to produce substrates for L,D-TPases. 

LpqF might also be involved in the peptidoglycan recycling pathway. Accumulation of 

recycled tetrapeptides, influenced by D,D-CPase activity, has regulatory consequences for 

peptidoglycan synthesis in mycobacteria, reducing D,D-cross-linkage and modulating cell wall 

integrity (Hernández et al., 2020; González-Leiza et al., 2011).  

While some peptidoglycan-targeting enzymes have multiple functions, others are 

monofunctional or have functions not detected by these assays. This validates further research 

into potential mechanisms for LpqF and other similar mycobacterial enzymes yet to be 

characterised. The function of the proposed peptidoglycan-binding/stabilisation domain 

located in the N-terminus of LpqF will be addressed in the next chapter. 

5.5 Conclusion 
 

There was no activity observed for LpqF in the FITC-PG digestion assays, indicating that if 

LpqF is indeed a D,D-CPase, it would not function in this assay. To further investigate this, an 

adapted semi-quantitative FITC-PG TLC method corroborated these findings, showing that the 

digestion assay was working as a point of principle. The negative results in these assays could 

be interpreted as a need to change to a carboxypeptidase assay, which could verify the activity 

of LpqF. The RP-HPLC data indicate incomplete digestion of peptidoglycan, and thus, the 
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activity of LpqF could not be conclusively verified under these conditions (Figure 34, D, E). 

These data need to be repeated to ensure robust repeatability of the peaks seen in 

chromatograms corresponding to the specific activity of LpqF. Confirmation by mass 

spectrometry is also necessary to definitively verify these findings. Improvements to the 

methodology for peptidoglycan have since been optimised, and these discrepancies can now 

be addressed in future studies with LpqF. 

 

The data on LpqF activity with pentapeptide substrate indicate that the meso-DAP amino acid 

is essential, and potentially amidated peptides are required for tight contact and binding to 

occur (Figure 35). The results under these conditions strongly suggest that LpqF cleaves within 

the D-alanine-D-alanine dipeptide, supporting the hypothesis that LpqF functions as a D,D-

CPase. 
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Chapter 6. LpqF binds to peptidoglycan via its NTF2-like domain  

 

6.0 Introduction 
 

In bacteria, proteins featuring the NTF2-like fold exhibit a range of activities, categorised into 

catalytic and non-catalytic functions (Eberhardt et al., 2013). For instance, certain NTF2-

containing proteins act as anti-toxins within operons alongside toxin genes in systems like the 

Tox-JAB-2 family polymorphic toxin system (Zhang et al., 2012). Additionally, NTF2-like 

proteins have been identified in inner membrane complexes such as VirB8 in Brucella suis and 

the VirB10 homologue in Helicobacter pylori Type IV secretion systems, playing crucial roles 

in antibiotic resistance and virulence by facilitating plasmid DNA transfer (Terradot et al., 

2005; Porter et al., 2011; Goessweiner-Mohr et al., 2013; Fercher et al., 2016). 

Of more relevance to this study, NTF2s have also been associated with several peptidoglycan-

active enzymes. Recent studies on L,D-CPases, including Csd6 in H. pylori, Pgp2 in C. jejuni, 

and Bd1075 in Bdellovibrio bacteriovorus, have shed light on the importance of the NTF2-like 

domains in guiding the catalytic domain to the substrate (Houn-Sook-Kim et al., 2015; Lin et 

al., 2021; Banks et al., 2022). In the case of multi-domain peptidoglycan hydrolases, the 

presence of a peptidoglycan-binding domain has been shown to enhance the activity of the 

catalytic domain. These domains are crucial for the proper functioning of several 

peptidoglycan-active enzymes (Mesnage et al., 2014; Rocaboy et al., 2013; Woo Cheol Lee., 

2021). While the mechanistic studies of NTF2-fold domains in D,D-CPases are a work in 

progress, insights from these studies underscore the structural, conservation, and functional 

significance of NTF2-like domains in peptidoglycan-active enzymes.  

NTF2-like domains have been identified in high- and low-molecular-weight peptidoglycan-

active enzymes. For example, the NTF2 domain in the hydrolase PBP2a in Staphylococcus 

aureus is important for ligand binding and catalysis. Some low molecular weight enzymes that 

possess NTF2 domains have a non-catalytic binding pocket for interacting with small 

molecules (Lim and Strynadka, 2002; Eberhardt et al., 2013). NTF2-folds identified in L,D-

CPases such as Pgp2, Csd6, and Bd1075 exhibit moderate structural similarity (Houn-Sook-

Kim et al., 2015; Lin et al., 2021; Banks et al., 2022). However, despite variations in the length 

of the β-strands within the NTF2 domain, these enzymes maintain cell shape by facilitating the 

activity of the L,D-CPase domain. Notably, Bd1075 binds to peptidoglycan, with residue W303 
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within the extended loop of its NTF2-like domain playing a key role in targeting the L,D-CPase 

to peptidoglycan and maintaining cell curvature (Banks et al., 2022). Additionally, mutations 

in residues E302 and Y274 within the binding pocket of Bd1075 have been linked to 

incomplete formation of the NTF2-like domain and partial localisation to peptidoglycan, 

respectively. 

Lin et al. (2021) demonstrated via a pull-down assay that the NTF2-fold of Pgp2 is required 

for catalytic activity and cell curvature, showing this through amino acid substitutions. Their 

work revealed that residues K307, Y233, and K257 contribute to binding, while C174, H157, 

and G158 contribute to catalysis. Moreover, studies by Kim et al. (2015) revealed that Csd6 

features a deep pocket potentially involved in binding hydrophobic substrates. Given these 

insights, it is reasonable to hypothesise that the NTF2-like domain of LpqF may also play a 

role in positioning the catalytic domain and binding to peptidoglycan. Consequently, this 

chapter aims to characterise the NTF2-like domain of LpqF and investigate potential residues 

implicated in peptidoglycan binding. 

6.1 The NTF2 domain of LpqF binds peptidoglycan 
 

In silico analyses revealed that Cpe (PDB: 2xh9) in S. clavuligerus and the unknown proteins, 

bth_ii0226 (PDB: 3h3h) in B. thalandensis and PA1314 (PDB: 1tp6) in  P. aeruginosa possess 

an NTF2 domain that is structurally similar to NTF2LpqF (Figure 32, C, D, E). These structures 

provided limited information regarding the function and binding mechanisms of the NTF2 

domains due to the lack of published biochemical characterisation. Therefore, to gain insights 

into the function of NTF2LpqF and based on conserved residues in the published structure of the 

L,D-CPase Bd1075, similar analyses were undertaken for LpqF (Banks et al., 2022). 

 

In Bd1075, a pocket is formed by eight residues (F231, H239, L243, Y247, Y274, H279, D281, 

W303), creating an aperture that is 9.062 Å by 1.38 Å in size, necessary for binding to 

peptidoglycan. It was also found that residues E302, W303, and Y274 are required for this 

binding interaction (Figure 36, B). There are not equivalent residues in the NTF2LpqF. Instead, 

when Bd1075 NTF2-domain was compared to that of NTF2LpqF, a similarity was revealed in 

the two N-terminal helices (helix 1: Y233-Y247, helix 2: S188-N212 for Bd1075; helix 1: P41-

D57, helix 2: P12-P24 for NTF2LpqF). However, the binding cavity of NTF2LpqF is partially 

occluded by its β-sheet compared to the cavity space of Bd1075 (measuring 4.2 Å in width vs. 
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9.062 Å) (Figure 36, A, B, C). Bd1075 exhibits a more extended and open NTF2-fold structure 

where residue W303 is located, whereas LpqF does not possess this extended loop and 

therefore lacks W303 or an equivalent residue (Figure 36, C). The distance measurements of 

apertures for Bd1075 between residues K240 and W303 is 9.062 Å, while for LpqF between 

T50 and V101 it is 4.226 Å. This structural variation suggests potential differences in the 

binding interactions and substrate recognition between the two NTF2 domains. It remains 

possible that NTF2LpqF enlarges its aperture when in contact with peptidoglycan. This, 

however, contrasts with Bd1075, which is ‘open’ even in the absence of substrate. Further 

analysis is needed to parse these differences for NTF2LpqF, which could provide valuable 

insights into which residues play a role in binding to peptidoglycan. 

 

 

 
Figure 36. Structural comparison of the NTF2LpqF and Bd1075 NTF2 domain suggests that NTF2LpqF is 
unlikely to function in the same way. (A) The N-terminal-NTF2 domain of LpqF. (B) The C-terminal NTF2 
domain of Bd1075 (PDB ID: BD7021) is shown with the residues highlighted from the Banks et al. (2022) study 
that were shown to be pivotal for localisation of the L,D-CPase either fully (E302, W303) or partially (Y274). (C) 
The superimposition of NTF2 domains for Bd1075 and LpqF shows the occlusion NTF2-fold of LpqF in 
comparison to Bd1075 for. Images rendered via ChimeraX-.6.1.1. Dashed lines represent distance of aperture 
between residues located on each of the α-helices to opposite β-sheet of the NTF2-fold for each structure.   
 

6.2 The NTF2 domain of LpqF mediates peptidoglycan binding 
 

The structural analysis of NTF2LpqF revealed a distinct shape, lacking an apparent open binding 

pocket compared to characterised NTF2 domains such as those of Bd1075, Csd6, and Pgp2. 

Despite these structural variations, NTF2LpqF may still bind to peptidoglycan. To investigate 

this, a classical substrate binding assay was employed where the amount of bound protein 
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eluted from the peptidoglycan is visualised by SDS-PAGE with Coomassie staining 

(Vasstrand, Miron and Jensen, 1987; Bernadsky, Beveridge and Clarke, 1994; Watt and Clarke, 

1994).  

 

The NTF2LpqF was purified using the same method as the full-length protein, and 

macromolecular M. smegmatis mc2155 peptidoglycan was incubated with both the full-length 

and NTF2LpqF for 1 h on ice. The samples were then washed twice, with the supernatant 

collected each time, and the supernatants were analysed by SDS-PAGE. Percent bound values 

were obtained via densitometric analysis of bound protein using ImageJ (Figure 37, A, B). The 

full-length protein showed binding to peptidoglycan, calculated at 6.7 ± 3% of the total protein 

in the assay (load), while 7.1 ± 5% of the NTF2LpqF was bound, indicating that both NTF2LpqF 

and full-length proteins have an affinity for M. smegmatis peptidoglycan under these conditions 

(Figure 37, A, B). Given there is no substrate in the protein-only samples, the presence of a 

band in the 'bound' fraction for the full-length protein (Figure 37, A, lane 9) indicates that the 

full length protein is moderately unstable whereas the isolated NTF2 domain is not (Figure 37, 

B). Overall, these results demonstrate that both the NTF2LpqF and full-length LpqF can bind to 

and has a similar binding affinity for cross-linked peptidoglycan, suggesting that NTF2LpqF has 

capacity for binding to peptidoglycan. Despite repeated efforts, the PBP domain proved 

insoluble, and so the peptidoglycan-binding capacity of this domain in isolation could not be 

measured.  
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Figure 37: LpqF binds to peptidoglycan via the NTF2LpqF domain. (A) A representation of quantitation from 
the SDS-PAGE of unbound, washes and bound fractions for full length LpqF. (B) A representation of quantitation 
from the SDS-PAGE showing the same as full length for the NTF2 domain of LpqF. SDS-PAGE analysis of PG 
binding for NTF2  was incubated with peptidoglycan derived from M. smegmatis for 60 min after which time 
samples were washed in sodium phosphate buffer, pH 6.0 except for the sample labelled load which was collected 
as a control. The pellet, along with supernatants from each wash step, was resuspended with SDS loading dye and 
was analysed by SDS-PAGE and detected by staining with Coomassie Brilliant Blue. To control for non-specific 
precipitation, a control assay without PG was also analysed. These data are representative of triplicates. Raw data 
was obtained using BioRad Gel Doc XR + and analysed via Imagelab. PG; peptidoglycan.  
 
 
The next objective was to identify the residues that contributed to peptidoglycan binding. 
Given that NTF2LpqF is proposed to bind a peptide-containing substrate but lacks conservation 

of key residues found in well-studied NTF2-like domains of enzymes such as Bd1075, Pgp2 

or Csd6, it was hypothesised that the crystal contacts observed in the experimentally derived 

structure could provide insights into the residues responsible for interacting with peptides in 

peptidoglycan (Figure 38). Analysis of the crystal contacts identified eight candidate residues 

potentially involved in binding to peptidoglycan fragments or peptides. The shortest distance 

between interacting sites was observed for R98A and W28A at 3.15 Å, W28 and R87 at 3.9 Å, 

D85 and I33 at 3.78 Å, D85A and R87A at 5.35 Å, and I33A and Q104A at 3.9 Å. Expression 

constructs were made with alanine substituted for the residues listed above (Figure 38). In 

addition, a double substitution, NTF2R98A;R87A, was also generated to further understand any 

cooperative roles of these residues might have. 
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Figure 38: Structure of the NTF2LpqF and residue selections for site-directed mutagenesis. Highlighted are 
the NTF2LpqF contact points, implicating the eight potential candidate residues for peptidoglycan (PG) binding. 
Colour coded for the residues chosen for site directed mutagenesis is indicated by the legend at the left. W28 and 
W56 (NTF2W28A and NTF2W56A), D85 (NTF2D85), R87 and R98 (NTF2R87A and NTF2R98A), I33 (NTF2I33A), Q104 
(NTF2Q104A). Only 3 NTF2LpqF structures are shown with all crystal contact highlighted except for W28 that is out 
of plane of the image. Images rendered via ChimeraX-.6.1.1.   
 

The resulting NTF2LpqF variants were expressed and purified following the established 

procedures described above. All variants were analysed for protein purity and stability via 

SDS-PAGE (Figure 39, A, B). NTF2I33A, NTF2W56A, NTF2R98A, and NTF2R98A;R87A showed 

varying degrees of instability as evidenced by degraded protein fragments (Figure 39, C, D, 

E). Consequently, the NTF2I33A, NTF2W56A, NTF2R98A variants required size exclusion 

chromatography to further purify them (Figure 39, C-F). Among these, NTF2W56A was prone 

to proteolysis, as evidenced by two peaks in the chromatogram: a smaller shoulder (to the right) 

to the main peak indicating an apparent shift in protein conformation or contamination with 

smaller proteins (Figure 39, D, F).  

 

Conversely, NTF2Q104A, NTF2W28A, NTF2R87A, NTF2R98A, and NTF2D85A exhibited high purity 

after the SUMO-tag removal and did not require size exclusion chromatography (Figure 39, 

F). Additionally, analysis by SDS-PAGE revealed a second contaminating protein with an 

apparent molecular weight of 6.5 kDa in the preparation of NTF2W56A. Despite repeated 

purification efforts, this contaminant could not be separated from the protein, which migrated 

to its expected size (11.47 kDa) (Figure 39, D, F). The additional steps, such as size exclusion 

chromatography for the unstable variants, ensured that the proteins were of sufficient quality 

for further analysis. Overall, all NTF2 variants were successfully purified to near homogeneity 

(≥80%), with W56A at ~70% purity for downstream investigation. 
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Figure 39: Purification of NTF2LpqF variants with putative binding residue substitutions. An SDS-PAGE of 
metal affinity chromatography shows the expression and purification of NTF2 variants using an ÄKTA Pure 25 
system with a 5 mL GE HisTrap fast-flow column. NTF2LpqF is presented as a representative example, with 
stepwise elution fractions collected at increasing imidazole concentration (0, 35, 85, 235 and 500 mM) (A). (B) 
Ulp1-protease digestion products of SUMO-NTF2 as visualised by SDS-PAGE with Coomassie brilliant blue 
staining on an 15% acrylamide gel. The dash box and bold text indicates the purified NTF2LpqF. Chromatograms 
for size excluded protein samples showing the monomeric NTF2 mutants for (C) NTF2I33A, (D) NTF2W56A and 
(E) NTF2R98A:R98A. (F) SDS-PAGE show purified mutants (NTF2W28A, NTF2W56A, NTF2R87A, NTF2R98A-R87A, 

NTF2R98A, NTF2Q104A, NTF2I33A and NTF2D85A respectively) from the ÄKTA Fast Flow column after SUMO-HIS 
tag removal. IMI, imidazole.  
 
 
While functional for detecting protein-peptidoglycan interactions, the in-gel detection method 

suffers from low throughput and sensitivity. Coomassie Brilliant Blue typically has a detection 

range of 0.1 to 1 µg of protein per band, depending on the staining protocol and the type of 

Coomassie dye used (e.g., G-250 or R-250) (Diezel, Kopperschläger, and Hofmann, 1972; 

Neuhoff, Stamm, and Eibl, 1985). In contrast, fluorescent labelling of proteins is more sensitive 

with a higher detection limit of 33-66 pg per band and, depending on the detection mechanism 

to measure the fluorescence intensity, can detect protein as low as 3 pg (Fuchs, 2023). A higher 

throughput method also has the advantage over SDS-PAGE analyses in minimising errors 
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when designing and applying multiple mutations, especially when running replicates, as the in-

gel method becomes impractical. A refined peptidoglycan-binding assay was developed to 

leverage the superior sensitivity of fluorescence detection. This work was conducted in 

collaboration with Greg Goudge, a colleague in the Moynihan group.  

 

NHS-rhodamine (Sigma 46406) contains an N-hydroxy-succinimide (NHS) ester group. In the 

presence of proteins, the NHS ester reacts specifically with primary amines (-NH2) at a slightly 

basic pH (pH 7.0-9.0), forming a covalent bond. This reaction is preferential at the N-terminus 

of a protein, forming a stable amide bond between the N-terminal amine and the NHS-

rhodamine molecule, releasing the NHS group. Each mutant protein was treated with NHS-

rhodamine at a 1:1 molar ratio, allowing the dye to selectively react with and label the amine 

group on the N-terminus, followed by post-reaction quenching to remove excess unreacted 

NHS-Rhodamine.  

 

The fluorescently labelled protein was incubated with peptidoglycan before collecting the 

insoluble material by centrifugation. The fluorescence of the supernatant was then measured 

to indicate the total unbound protein. The pellet was then washed twice with buffer, retaining 

the supernatant each time to remove and quantify any weakly bound protein. The total 

percentage of bound protein was calculated by subtracting the sum of the fluorescence of all 

wash steps and unbound protein from the starting sample (load) fluorescence. A schematic 

representation of the protocol is outlined in Figure 40, A. 
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Figure 40: Development of a medium-throughput peptidoglycan-binding assay. (A) A schematic 
representation of a high throughput, fluorescence assay for labelling protein with NHS-rhodamine. NHS-
rhodamine conjugated proteins were incubated with PG derived from Mycobacterium smegmatis PG (5 mg/mL) 
for 1 h and then samples representing total load, and 2 washes were collected and labelled as unbound, washes 1-
3. (B-C) The fluorescence data was reported as a percentage of the total starting material (load), and the bound 
fraction of protein was calculated by subtracting the unbound, wash 1, and wash 2 fractions from the initial load. 
(B) WGA with CaCl2, (C) WGA treated with EDTA and (D) wildtype NTF2 domain. Below each figure are the 
corresponding SDS-page gels for the NHS-rhodamine conjugated samples matching the figures and includes the 
bound (pellets) sample (lanes 5 and 10). Key for each number is inset to the left of panel B. Samples were read at 
Ex 550-20 nm: Em 605-40 nm. The pellet (bound protein) along with protein remaining in the unbound and 
supernatants from each wash step was resuspend with SDS loading dye and were analysed for binding by 
associated protein by SDS-PAGE after staining with Coomassie. WGA, wheat germ agglutinins. Raw data was 
quantitated using Excel version 16.8 and GraphPad, Prism 10. Key colour code corresponds to a residue number. 
Error bars represent mean and standard deviation. Significant values; P > 0.05 ns non-significant; p >0.9999, **** 
p <0.0001. One-way ANOVA with Šídák's multiple comparison test.  
 

A known peptidoglycan-binding protein, WGA, was first tested to validate the assay. WGA 

was selected as a positive control in the peptidoglycan binding assay due to its high affinity for 

GlcNAc, a component present in peptidoglycan (Gallagher, Morris, and Dexter, 1985). WGA-

rhodamine was evaluated for its ability to bind to peptidoglycan by comparing it to a negative 

control lacking peptidoglycan. The NHS-rhodamine-WGA conjugate was added to 0.75 

mg/mL of M. smegmatis peptidoglycan. NHS-rhodamine-WGA was adjusted to a 

concentration of 0.25 µM.  
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In the pull-down assay, the percentage of the fluorescent protein associated with the 

peptidoglycan pellet after incubation with the protein was calculated. There are two main 

sources of false-positive data for this experiment. First, unbound protein in the supernatant 

must be removed from the final pellet to ensure only bound protein is being quantified. To 

address this, we washed the pellet three times. The fluorescence associated with these washes 

is added to our total ‘unbound’ protein signal. Secondly, if the protein binds non-specifically 

to the plastics or is prone to precipitation, it will contribute to the fluorescence measurement at 

the end of the assay despite not being associated with peptidoglycan. As discussed above; to 

circumvent this, we always conduct a no-peptidoglycan control. The value of the final ‘non-

specific bound’ sample from this assay is subtracted from our ‘bound’ readings. This gives the 

following formula for calculating percentage bound: Percent Bound = (Load – (Wash 1 + Wash 

2 + Wash 3) – Non-specific bound) / Load * 100 (Figure 40, B-D, lanes 1-9). To compare to 

existing methods, we also analysed these samples via SDS-PAGE (Figure 40, B-D, lanes 5 and 

10).  

 

WGA showed robust binding in the presence of CaCl2, as evidenced by a low percentage of 

the starting material in the unbound and wash wells and strong signal in the SDS-PAGE (Figure 

40, B). To test the discriminatory capacity of the assay and to demonstrate that the WGA-

peptidoglycan interaction we are measuring is specific, we took advantage of the fact that WGA 

binding is CaCl2-dependent by adding 10 mM EDTA to the sample. In the EDTA-free 

condition, 86 ± 2% of the protein was bound to the peptidoglycan. As expected, the EDTA-

treated condition reduced this binding to 34 ± 5% (Figure 40, C). Under similar conditions, 78 

± 4% of NTF2LpqF was bound to peptidoglycan (Figure 40, D). These data showed a 60% 

increase in NTF2LpqF bound protein compared to the classical SDS-PAGE analysis method 

results. The 50% lower percentage of bound protein observed in the SDS-PAGE method in 

Figure 37 could be explained by several factors. First, different batches of peptidoglycan were 

used for each method, potentially affecting purity. Second, the lower peptidoglycan-to-enzyme 

ratio was lower (2mg/ mL) compared to the plate reader (5mg/ mL), resulting in fewer binding 

sites. Additionally, the presence of starting material in the unbound and wash fractions due to 

cross contamination of the wells could have lowered the percentage of total bound protein. 

Lastly, protein degradation was observed in the SDS-PAGE method, which could account for 

protein detected in the bound lane in peptidoglycan-only controls. Overall, these findings 

indicate that an efficient and more practical moderate-throughput alternative to the classical 

SDS-PAGE method for assessing peptidoglycan-binding proteins was successfully optimised.  
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The NTF2 variants were evaluated using the above assay to test for any impact on 

peptidoglycan binding. The NTF2D85A variant had 39% less binding than wildtype binding 

compared to NTF2LpqF. The second single amino acid mutation that exhibited a significant 

difference was NTF2R98A, which overall 13% less bound protein with a significant difference 

of p < 0.0021. All other mutants did not exhibit statistically significant changes in binding 

relative to the wildtype protein (Figure 41, B). Overall, these data suggest that the residues D85 

and R98 play a potential role in positioning LpqF and binding to peptidoglycan.  
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Figure 41: NHS-rhodamine NTF2 conjugated peptidoglycan binding assay. Variants of the NTF2 domain 
with amino acid substitutions were incubated with NHS-rhodamine to assess their binding affinity to 
peptidoglycan. (A) The residues changed to alanine are shown as an example of the conjugation procedure and 
wildtype NTF2 is shown with all residues in blue. Analysis of site-directed mutants of the NTF2LpqF using our 
newly developed peptidoglycan-binding assay. Individual NTF2LpqF variants were conjugated to rhodamine and 
then assayed as described above. (B) The final percentage bound represents the total percent binding. The data 
are reported as absolute percent bonding of each NTF2 variant protein. Raw data was inputted into Excel v16.8 
and calculation of percent bound obtained before quantifying via GraphPad Prism 10. Statistical analysis, Bars 
represent the mean with individual data points shown and error bars represent standard deviation. ns non-
significant; p > 0.9999, Significant values; ** p < 0.0021, **** p < 0.0001. Significance was determined using a 
one-way ANOVA with Šídák's multiple comparison. 
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6.3 Discussion  
 

Prior to recent studies by Lin et al. (2021) on the NTF2 domain of Pgp2 and Banks et al. (2022) 

on the NTF2 domain of Bd1075, very little was known about the mechanisms underpinning 

peptidoglycan recognition in these domains. These studies identified specific features within 

NTF2 domains, such as a conserved binding pocket crucial for peptidoglycan binding and 

residues like W303 and Y274 in Bd1075, which are important for binding to peptides (Banks 

et al., 2022). However, W303 is absent in other L,D-CPases due shorter sequences, such as 

those terminating at E302 in Pgp2, whereas Y274 is conserved. In the case of LpqF, the absence 

of these residues and the structurally closed pocket suggest that LpqF binds to peptidoglycan 

through a different mechanism. The NTF2 domain of LpqF shows low conservation with the 

well-characterised NTF2 domains of Bd1075, Pgp2, and Csd6, making it difficult to identify 

binding residues through comparison with these proteins. 

 

To circumvent this, the X-ray crystal structure of LpqF to analyse the intermolecular contacts 

was utilised. Based on this analysis, residues that appeared to be make crystal contacts were 

substituted with alanine, identifying eight potential candidate residues involved in 

peptidoglycan interactions (Figure 41). These are surface-exposed residues that surround the 

NTF2LpqF binding pocket and could be involved in making contact with peptidoglycan. These 

residues appeared to interact with residues on the juxtaposed NTF2 structures. For example, 

W28 was observed to be sandwiched between R98 and R87, I33 sits between D85 and Q104, 

and W56 points outward in the crystal contact analysis, sitting in a groove adjacent to the 

appended NTF2 (Figure 32A). 

 

The rationale substituting each residue with alanine was to eliminate the ability to interact with 

peptidoglycan, though this may affect protein stability. A double mutant (NTF2R98A;R87A) was 

also designed to determine whether two substitutions would have a greater impact on the 

attachment of the NTF2 domain to the peptide substrate than one substitution alone. The 

forward primer of R87 and the reverse primer for R98 were used to make NTF2R98A;R87A 

mutant. All substitutions were successfully purified and subsequently used for downstream 

analyses (Figure 36). 
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To understand the molecular determinants of peptidoglycan binding by the NTF2LpqF, site-

directed mutants for residues proposed to be involved in making crystal contacts in the 

previously solved structure of LpqF. A new fluorescence assay was applied to evaluate their 

role in substrate recognition. NHS-rhodamine-conjugated NTF2LpqF variants were incubated at 

a final concentration of 5 µM with 5 mg/mL of peptidoglycan, except for WGA controls. At 

higher concentrations, WGA showed saturation of binding sites, limiting its binding by 50%. 

Therefore, WGA was optimised to a concentration of 0.25 µM and 0.75 µg/ml of peptidoglycan 

(Figure 40). While most mutations had no effect on binding, two significantly reduced the 

interaction with peptidoglycan. These residues, D85 and R98, are located proximally on the 

outer edge of the β-sheet, are surface-exposed and are separated by 5.35 Å in the crystal 

contacts analysis.  Intriguingly, NTF2R98A;R87A mutation appears to rescue the partial binding 

defect of the NTF2R98A mutation. However, if these residues exerted a cumulative effect on 

binding to peptidoglycan, it would be expected that the multiple mutations would result in 

weaker binding to peptidoglycan than what was observed. Although difficult to explain, one 

possibility is that the loss of the first residue causes a conformational change that is somehow 

compensated upon the loss of the second. The proximity of D85 and R98 suggests that these 

residues may perform cooperative or distinct roles in the binding process, with D85 potentially 

playing a more dominant role than R98 (Figure 41). This will need further investigation to 

decipher and explain these results.  

 

Structurally, the NTF2 domain of NTF2LpqF is unique compared to other published NTF2-

containing proteins. The residues D85 and R98 are not present in Bd1075, suggesting that LpqF 

binds to peptidoglycan through a different mechanism. The putative binding residues R98 in 

NTF2LpqF and the known binding residue E302 in Bd1075 are both located on the first β-strand 

of an anti-parallel β-sheet, with both facing outward (Figures 42 & 47). The putative binding 

residue D85 and the established Y274 are located on the second β-strand in each respective 

protein, with D85 facing 180 degrees in the opposite direction to Y274, which faces inward 

into its binding pocket (Figure 41). These structural differences could be due to a specific loop 

containing W303 that sits above the binding pocket at the C-terminus, found only in Bd1075, 

which is responsible for pocket-formation (Banks et al., 2022). The closed cleft space in 

NTF2LpqF is indicative of a flexible substrate acquisition mechanism, similar to that reported 

for the NTF2-like domains DUF4887 (Eberhardt et al., 2013) and Pgp2 (Lin et al., 2021). 

Despite both belonging to the NTF2 superfamily, the available data would suggest that LpqF 
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and Bd1075 bind to peptidoglycan through different mechanisms. The mechanism in NTF2LpqF 

likely involves D85 and R98, as supported by our data.  

 

Although very few studies directly implicate aspartic acid in peptidoglycan-binding domain 

functionality, research on negatively charged residues such as glutamic acid in peptidoglycan-

binding domains of peptidoglycan-active enzymes indicates that these residues play roles in 

cell shape and binding. For example, Lin et al. (2021) showed that E324 in the pocket of NTF2 

of Pgp2 made a specific interaction with monomeric tetrapeptides. Removal of the negative 

charge and its ability to interact with a positively charged side chain of D-glutamine in a stem 

peptide, reduced the abundance of tripeptides, indicating a loss of binding to the substrate. 

Similarly, Eberhardt et al. (2013) describe a conserved aspartic acid in the middle of the NTF2-

like fold domains DUF3828, DUF3887, and DUF4878, positioned close to a conserved 

glutamine. These domains have predicted structurally different binding pockets in the N-

terminal and a peptidase in the C-terminal. Additionally, like NTF2LpqF, DUF4887 was shown 

to have a shallower binding pocket but is predicted to bind larger substrates than DUF3828 and 

DUF3887. Yao et al. (2012) showed that Rv0899 (ArfA), a peptidoglycan-binding protein, 

binds to both peptidoglycan and peptide fragments containing diaminopimelic acid. This 

mechanism is driven by two arginine residues (R277, R213) and one aspartic acid residue 

(D262) at acidic pH, specifically for meso-DAP interaction. This interaction allows ArfA to 

adopt a more stable structure, indicating that these amino acids are vital for the enzyme's 

protection in acidic environments. 

 

D85 is a negatively charged amino acid positioned 3.78 Å away from I33 on the adjacent NTF2 

domain, as shown in Figure 38. Although an electrostatic interaction between D85 and a 

positively charged component on the peptide, such as meso-DAP, is highly likely, the attraction 

between hydrophobic residues like I33 and uncharged residues could also contribute to 

stabilisation. This interaction may be part of a larger set of interfacing residues involved in 

peptidoglycan binding, as described for I215, I280, and I323 in ArfA (Yao et al., 2012). 

Similarly, an interaction between either of the positively charged arginines (R87 and R98) and 

a peptide substrate via electrostatic potential is likely, with these residues potentially playing a 

cooperative role in binding to the stem peptide (Nath, Jha, Vishveshwara, and Banavar, 2010). 

 

In this study, the substitutions of W28 or W56 with alanine did not impact binding. It is possible 

that substituting both W28 and W56 for hydrophilic and/or neutral residues would have an 
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additive effect, and removing only one tryptophan is not enough to reduce or abrogate binding 

to the substrate. An example of the hydrophobic cooperativity comes from a study on gene 32 

in phage T4 (Casas-Finet et al., 1988), where the authors showed that two tryptophan residues 

undergo stacking interactions with polynucleotides, and deletion of five tryptophan residues 

abrogates protein binding. While this study shows complete loss of activity, other studies, such 

as Mikoulinskaia et al. (2023), show that in a bacteriophage endolysin (MC15 family, zinc-

containing enzyme), substitution of W114A abrogated its catalytic activity, while W109A 

retained 5% activity. The authors also showed that replacing tryptophan with phenylalanine 

reduced the activity of the endolysin by ~60%.  

 

Taken together, it is important to note that these data for NTF2LpqF are based on structural 

analysis of the crystal contacts as a proxy for residue binding. These data need to be further 

tested to delineate and validate the real interaction partner between D85 and the amino acid on 

a peptide and investigate the residues in the binding pocket (see Future Work). Overall, this 

study shows that the NTF2-like domain of LpqF binds peptidoglycan through a unique, non-

catalytic mechanism, similar to other peptidoglycan-targeting enzymes with NTF2-like 

domains.  

 

6.4 Conclusion 
 

NTF2-like domains in peptidoglycan-targeting enzymes play a major role in localising proteins 

to peptidoglycan fragments and maintaining cell shape (Banks et al., 2022). Structural analysis 

and comparison with the NTF2 domain of Bd1075 revealed that the NTF2 fold in LpqF is not 

fully open, possessing 44% less internal space than Bd1075 (Figure 36). Intermolecular contact 

analysis identified key residues with potential for peptidoglycan binding. Despite the difference 

in pocket confirmation, the NTF2-like domain of LpqF was shown to bind peptidoglycan. This 

structural insight into NTF2LpqF may guid future research on the functional mechanisms of 

similar domains in other proteins. 

 

In collaboration with my colleague Greg Goudge, a new medium-throughput assay was 

designed and optimised. The results showed that NTF2LpqF exhibited repeatable and robust 

binding to peptidoglycan. In our assay, 80% of the NTF2LpqF was bound, comparable to the 

binding observed with WGA (Figure 41). This suggests that the binding is both tight and 
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specific. The data also identified D85 and R98 as key residues likely responsible for 

peptidoglycan binding. To the best of our knowledge, this is the first assay to use fluorescently 

labelled proteins in a peptidoglycan-binding context. However, these findings should be further 

validated by designing double and multiple mutants, incorporating neutral and charge 

reversals, to test for cumulative effects alongside single residue substitution evaluation. 
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Chapter 7. LpqF plays a role in peptidoglycan incorporation 

 
7.0 Introduction  

 
Meropenem has been shown to target L,D-TPases as well as PBPs in mycobacteria, despite 

their resistance to many β-lactams (Flores et al., 2005; Dubée et al., 2012; Zandi and Townsend, 

2021). Following the morphological defect observed in the ∆lpqfMm mutant from the Tn-library 

on solid media, and the previous biochemical evidence demonstrating that both meropenem 

and doripenem can inhibit LpqF (Chapter 3), this section will address the impact of the lpqf 

gene and its deletion ∆lpqf in M. marinum cells (∆lpqfMm) by evaluating bacterial fitness in 

liquid media under antibiotic exposure, alongside visualisation of cell wall changes associated 

with the absence of lpqf. 

 

Given that the formation of peptidoglycan crosslinks is a validated therapeutic target for 

carbapenems, characterising the enzymes involved in this pathway could lead to new targets 

for mycobacterial drug discovery. In this context, the use of FDAAs was applied to visualise 

the impact of lpqf on peptidoglycan incorporation. FDAAs are powerful tools for visualising 

peptidoglycan synthesis and incorporation. They work by integrating into the bacterial cell wall 

during peptidoglycan synthesis, allowing real-time observation of the process using 

fluorescence microscopy. If lpqf is crucial for proper peptidoglycan synthesis, its disruption 

should result in visible alterations in the pattern or amount of peptidoglycan incorporation. 

These alterations can be observed as changes in fluorescence intensity or distribution, 

indicating that lpqf is a potential target for new drug discovery efforts. 

 

Early studies by Kuru et al. (2012) investigated FDAA incorporation in E. coli, B. subtilis, and 

Agrobacterium tumefaciens. They found that using FDAAs did not adversely affect 

peptidoglycan metabolism and could reliably report D-amino acid incorporation. Additionally, 

they observed that FDAAs were incorporated at the 4th position in E. coli and A. tumefaciens, 

while in B. subtilis, FDAAs were incorporated into the 5th position of the peptide, with labelling 

at the poles and lateral cell wall. This method was later optimised and adapted to analyse 

peptidoglycan synthesis at earlier steps, such as the cytoplasmic pathway (Kuru et al., 2014). 

Since then, in vivo peptide incorporation has been documented in a wider variety of bacteria 

using various FDAAs (Hsu et al., 2017; Peters et al., 2019; Kuru et al., 2019; Shaku et al., 
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2023; Castanheira & García-del Portillo, 2023). In these model organisms, the FDAA HADA 

is typically taken up through the periplasmic synthetic peptidoglycan pathway and is appended 

onto the di-peptide via D,D-TPases and, if present, L,D-TPases (Kuru et al., 2019). 

 

In mycobacteria, high-resolution confocal and epifluorescence microscopy have shown that 

FDAA accumulation varies depending on the species, with debate ongoing regarding whether 

FDAAs are taken up via the extracellular or intracellular peptidoglycan synthesis pathways 

(García-Heredia et al., 2018; Baronowski et al., 2018). For example, Botella et al. (2017) 

demonstrated that peptidoglycan elongation in M. smegmatis occurs from the old pole. They 

also showed that in M. tuberculosis, cell elongation depends on cell length and eventually 

occurs from both poles. FDAA is incorporated at both poles prior to cell division and then at 

one pole after cell division occurs. This reflects the differential peptidoglycan synthetic 

pathways utilised by these species. In this chapter, data will be described on the impact of 

peptidoglycan insertion and cell shape in the absence of lpqf. 

 
 
7.1 Fitness analysis of ∆lpqf mutant strains 
 
 

In Chapter 3, a transposon mutant (∆lpqfMm) in lpqf  was identified, which exhibited an altered 

colony morphology. In this chapter, I will further examine this strain concerning cell size 

compared to the wildtype, 1218R. To assess this, cells were analysed by phase contrast 

microscopy to study length and width at lag, mid-exponential, and stationary phases of growth 

(OD600nm: 0.2, 0.6, and 1.0, respectively, Figure, A & B). Under these conditions, the ∆lpqfMm 

cells (600-800 cells analysed with 10-20 cells counted per area) were significantly longer at 

the mid-exponential phase (wildtype: 2.7 ± 1 μm vs. ∆lpqfMm: 3.4 ± 2 μm) and had a wider 

diameter during the lag phase (wildtype: 0.64 ± 0.1 μm vs. ∆lpqfMm: 0.70 ± 0.1 μm) and mid-

exponential phase (wildtype: 0.65 ± 0.1 μm, vs. ∆lpqfMm: 0.72 ± 0.1 μm), as shown in Figure 

42, A & B. 

In addition to measuring width and length, HADA staining was used to label the peptidoglycan, 

and the total number of septa per cell was counted (Figure 42, C). Significant differences in 

septation distribution were observed during the lag and mid-exponential growth phases for the 

∆lpqfMm strain, with an average of 1.2 ± 1 septa per cell compared to 1.5 ± 1 septa per cell in a 

total of 637 cells during the lag phase, and 0.8 ± 1 septa per cell compared to 1.10 ± 0.4 septa 
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per cell in 426 cells during the mid-exponential phase (including an average of 5 cells with 3 

or more septa). However, there was no difference in the average number of septa per cell 

between the wild type and ∆lpqfMm strains during the late growth phase, with 1.30 ± 0.5 septa 

per cell in the wild type versus 1.40 ± 0.6 septa per cell in 1079 cells. Each strain exhibited a 

minimum of one and a maximum of five septa events per cell, as shown in Figure 42, C. 

Although the cell length and width are significantly different, the change from the wildtype 

strain appears modest.  

 

 
Figure 42: Morphological evaluation of an M. marinum lpqf transposon mutant. At the indicated optical 
densities, 5 uL of culture was analysed by brightfield microscopy on an Ziess, Axio, microscope. M. marinum 
wildtype and ∆lpqfMm was measured at early, mid and late phase for (A) length and (B) width. (C) Septation events 
were also measured for lag, mid exponential and early stationary phase. (D) Phase images are representative of 
∆lpqf and wildtype at mid-exponential phase (OD600 nm, 0.6, scale bar 2 μm. Measurements filters of wildtype and 
∆lpqfMm in M. marinum background were undertaken using10-20 cells per frame. Error bars represent standard 
error of the mean. ns non-significant (p > 0.05), ****p < 0.0001, * p < 0.01. Welches (Dunnett’s T3 multiple 
comparison test) ANOVA.  
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In previous work by Dr. Patrick Moynihan, a ∆lpqf deletion mutant was generated in M. 

smegmatis mc2155 using ORBIT-mediated mutagenesis (Murphy et al., 2018). To explore 

whether lpqf contributed to cell morphology in this organism, similar measurements were 

repeated. This investigation was conducted in collaboration with Dr Rudi Sullivan, at the time 

of this study, a fellow PhD student in the Moynihan laboratory. The data presented in Figure 

43 were primarily collected by Rudi, with my involvement in the experimental design and 

execution.  

 

The previous data indicated that the ∆lpqfMm mutant exhibited significantly longer and wider 

cell morphology. To build on these findings, an examination was undertaken on whether 

∆lpqfSm also affected cell morphology in M. smegmatis. Similar to the M. marinum study, the 

∆lpqfSm strain in M. smegmatis was analysed to determine its impact on cell size in liquid 

media. For this assessment, wild-type M. smegmatis and ∆lpqfSm cells (500 cells analysed with 

10-20 cells counted per area) were examined by phase contrast microscopy to measure length 

and width at the mid-exponential growth phase (OD600nm: 0.6). There was no significant 

difference in cell length between the ∆lpqfSm strain and the wild type (Figure 43, A). However, 

the ∆lpqfSm strain showed a significant decrease in mid-cell diameter (0.79 ± 0.1 µm) compared 

to the wild type (0.82 ± 0.1 µm) during exponential growth (Figure 43, B). 

 

Additionally, septation was measured. Similar to the M. marinum data, a slight but significant 

difference was observed in the distribution of pre-cell division events for the ∆lpqfSm strain 

compared to the wild type. The average number of septa per cell was slightly higher in the 

∆lpqfSm strain (1.40 ± 0.5 septa per cell in 339 cells) compared to wildtype (1.30 ± 0.5 septa 

per cell in 407 cells, respectively), as shown in Figure 43, C. In contrast to the previous results 

in M. marinum, these data indicate a decrease in cell diameter only. However, both datasets 

suggest that lpqf play may a role in affecting cell division. 
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Figure 43: Morphological evaluation of ∆lpqf in Mycobacterium smegmatis. Wildtype and ∆lpqfSm were 
measured at the indicated growth phases for (A) length, (B) width and (C) septation. Cell cultures of the respective 
strains were grown to mid-exponential phase. Aliquots of cultures at growth time points of OD600nm: 0.6 were 
taken and 5 µL of culture was spotted on to a preprepared slide with agar pads and visualised phase contrast 
microscopy. Measurements of wildtype and ∆lpqfSm in M. smegmatis were undertaken using10-20 cells per frame. 
Error bars represent standard error of the mean. ns non-significant (p > 0.05), ** p < 0.0022, p < 0.0034), unpaired 
Welches T test. 

 

Having identified moderate shape defects in lpqf deletion strains in both M. marinum and M. 

smegmatis, this study aimed to understand whether lpqf also contributed to bacterial growth 

kinetics. For this study, we used the wildtype and ∆lpqfMm strains in 7H9 medium 

supplemented with 0.05% Tween80 and 10% OADC over a period of 60 h. 

 

Analysis of the growth kinetics revealed that the lag phase lasted approximately 20 h for all 

wildtype strains under these conditions. The wildtype strain then entered the exponential phase 

at around 20 h, reaching the late exponential phase-plateau stage at around 36 h (OD600 nm:1.2). 

In contrast, the ∆lpqfMm strain had a more prolonged lag phase, beginning to enter the 

exponential phase at approximately 27 h and reaching the late exponential phase-plateau at 

around 40 h (OD600 nm:1.2). The exponential phase lasted 10 h for the wildtype strain compared 

to 20 h for the ∆lpqfMm strain (Figure 44).  

 

A complemented strain was also created by electroporating a pTIC6a construct containing the 

lpqf gene into the ∆lpqfMm mutant cells. This plasmid allows for conditional expression and is 

inducible with anhydrotetracycline for conditional expression. Overall, these preliminary data 
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(Figure 44) show a non-significant difference in the growth kinetics for ∆lpqfMm compared to 

the wildtype under these conditions.  

 
 

 
Figure 44:  Growth kinetics for wildtype and ∆lpqf in M. marinum. The indicated strains were grown in 7h9 
media for 60 h in a MicrobeMeter (Sasidharan et al., 2018) at 300 rpm in a total volume of 5 mL. To aid in mixing, 
two 3 mm glass beads were included in the sample tube. The sampling rate of the MicroMeter was 31372.55 Hz, 
with measurements taken every 30 seconds. The growth curve with error bars represents standard deviation of 
duplicate data from two independent experiments. Wildtype (turquoise), ∆lpqfMm (pink) and compliment strain 
(silver) in an M. marinum background. Statistics: non-linear regression with Gompertz growth, with sum of 
squares values = p > 0.05. ns non-significant (p > 0.05). 
 

Having identified that the penam class of antibiotics could inhibit LpqF and considering the 

preliminary data obtained in an M. marinum background for ∆lpqf (Figures 30 & 44), A 

collaboration with Dr Rudi Sullivan was established to conduct growth kinetic studies as 

detailed in Figure 45. The aim was to investigate the potential impact of a knockout strain 

∆lpqfSm on cell growth in M. smegmatis and determine if the ∆lpqfSm strain had an altered 

response to these antibiotics. To this end, the growth kinetics of the wildtype and mutant 

∆lpqfSm strains in the presence and absence of the carbapenems meropenem and amoxicillin-

clavulanic acid were evaluated. Additionally, to assess potential indirect effects of 

carbapenems, rifamycin and chloramphenicol were tested at sub-MIC concentrations (1 

µg/mL, 2 µg/mL, 2.5 µg/mL, and 5 µg/mL, respectively). Chloramphenicol inhibits protein 

synthesis by binding to the 50S subunit of the 70S ribosome, thereby inhibiting peptidyl 

transferase activity, which subsequently prevents the aminoacyl transfer of aminoacyl-tRNA 

to its active site and peptide bond formation. While rifamycin binds to DNA dependant RNA 

polymerase, RpoB, thereby preventing RNA synthesis. To assess mutant sensitivity, two 

conditions were used: 7H9 supplemented with 0.5% OADC at pH 7.0 and lysogeny broth (LB), 

pH 7.0. All cultures were grown for 2 days until they reached the stationary phase (Figure 45). 
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∆lpqf Mm::lpqf Mm 
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Figure 45. Analysis of knockout strain (∆lpqf Sm) and wildtype in M. smegmatis liquid cultures. (A & B) 
Growth curves of wildtype and ∆lpqf M. smegmatis mc2155 in 7H9 and LB. (C-G) The respective strains were 
measured every 5 minutes and tested with and without treatment of antibiotics in 7H9 media. (C) Treated cultures 
consisted of 1 µg/ml of meropenem, (D) 4 µg/mL imipenem, (E) 2 µg/ml of amoxicillin-clavulanic acid, (F) 2.5 
µg/mL of rifamycin and (G) 5 µg/mL of chloramphenicol. The growth curves with error bars are representative 
of standard deviation of triplicate data from three independent experiments. Statistics: non-linear regression with 
Gompertz growth, with sum of squares values = p > 0.05. ns non-significant (p > 0.05, p > 0.0001).  
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The cultures grown in 7H9 media showed no difference in growth rate between the wildtype 

and ∆lpqfSm strains (Figure 45, A). Both strains exited the lag phase and entered the exponential 

phase at around 300 minutes. In LB medium, although both strains grew similarly during the 

lag phase, the ∆lpqfSm strain entered the exponential phase at 600 min and displayed slower 

growth compared to the wild type (mean difference between the two curves: -0.03 ± 0.0). The 

wildtype entered the exponential phase at 550 min and continued to grow normally. The fitted 

growth curve model, as indicated by R2 values of 0.9755 (sum of squares = 9.553) for wildtype 

and 0.9082 (sum of squares = 28.17) for ∆lpqfSm strain , suggests a relatively strong fit to the 

observed growth trajectories. A discrepancy was observed in one set of replicates, with OD600 

values ranging from 0.8 to 1.0 at the stationary phase for ∆lpqfSm, resulting in a larger margin 

of error (Figure 45, B). These data indicate that the loss of lpqf in M. smegmatis caused no 

growth defect when grown in 7H9 media. However, the loss of lpqf led to slower growth in LB 

media by the 1000-minute mark, although the strain was still able to grow under these 

conditions. The larger margin of error makes it challenging to draw a definitive conclusion. 

Based on these results, there may be a fitness defect in the ∆lpqfSm strain when grown in media 

not specifically formulated to meet its unique metabolic requirements, particularly the absence 

of oleic acids and glycerol essential for energy and cell wall biosynthesis (Figure 45, B). 

 

For the treated cells, the wild-type strain did not grow in the presence of meropenem (wildtype: 

R2 = 0.9248, sum of squares: 0.9667); while the ∆lpqfSm strain was unaffected (R2 = 0.9724, 

sum of squares = 6.496) with a mean difference of 0.37 ± 0.0 (Figure 45, C). The ∆lpqfSm strain 

displayed a longer lag phase, eventually reaching an OD600nm of 1.2, while the wildtype did not 

grow at all (Figure 45, A & C). Next, we tested the wild-type and ∆lpqfSm strains in the presence 

of imipenem and amoxicillin-clavulanic acid (Figure 45, D & E). At the tested drug 

concentrations, imipenem and amoxicillin-clavulanic acid did not affect either strain, both 

showing a similar growth pattern to the 7H9 condition, reaching an OD600nm of approximately 

1.3 (Figure 45, A, D, & E). This indicates that the ∆lpqfSm strain is not affected by these β-

lactams under the conditions tested (Figure 30).  

 

To rule out any change in growth due to indirect effects on cell wall properties and pathways 

being interrupted instead of the direct action of β-lactams, rifamycin (Figure 45, F) and 

chloramphenicol was used (Figure 45, G). The strains grown in rifamycin appeared to follow 

a similar trend during the lag phase until the 1000-min mark, where the wildtype took longer 
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to reach OD600nm of 1.0 at the 3000-min mark compared to ∆lpqfSm (OD600nm of 1.0 at 2450 

min). This suggests that at sub-MIC levels of rifamycin, the ∆lpqfSm strain exhibited altered 

growth kinetics compared to wildtype strain (wildtype: R2 = 0.9704, sum of squares = 25.42; 

∆lpqfSm R2 = 0.9497, sum of squares = 0.9497), with a mean difference of -0.47 ± 0.0 (Figure 

45, F). This result partly aligns with published chemical genomics data from 90 CRISPRi-

induced knockdown libraries used to quantify vulnerability, including lpqf in M. tuberculosis 

and M. smegmatis. For example, Bosch et al. (2021) demonstrated that the fitness of LpqFMTB 

is affected in the presence of rifamycin, whereas LpqFSMEG was unaffected (pebble, 2020; 

Bosch et al., 2021). Additionally, with Tn-mutants in M. smegmatis that have been shown to 

confer hypersensitivity to rifampin due to disruptions in genes such as arr, which encodes 

rifampin ADP ribosyltransferase (Alexander, Jones and Liu, 2003). The notable discrepancy 

between the findings in this study and those in the referenced studies may result from 

differences in methodologies, such as CRISPRi vs. recombinant gene technology.  

 

In the chloramphenicol-treated cultures, there was a slightly slower growth rate for the wildtype 

strain, entering the exponential phase at 350 min versus 400 min for ∆lpqfSm. The wildtype 

grew slightly better than ∆lpqfSm during the transition from the exponential to the late phase 

(Figure 45, G). Overall, chloramphenicol had no effect on either strain, potentially due to the 

concentration of this drug being too low. Overall, these results demonstrate that LpqF is not 

important in sub-MIC concentrations of chloramphenicol. This suggests the drug impact is at 

least partially limited to b-lactams and potentially rifampicin. To note, unfortunately as with 

the M. marinum strain a complementation strain for these data was omitted due to inefficient 

complementarity between wildtype and complement strains.  

 

In conclusion, ∆lpqfSm showed similar growth in untreated cultures in 7H9 media. In LB media 

conditions, untreated cultures of ∆lpqfSm also did not display an advantage but grew less 

efficiently entering the exponential phase later, reaching a lower OD than the wildtype. The 

∆lpqfSm displayed a growth advantage over wildtype in meropenem-treated cultures. Overall, 

∆lpqfSm demonstrated a strong growth advantage in the antibiotic-treated cultures in 7H9 

compared to the wildtype.  
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7.2 An lpqf transposon mutant has altered peptidoglycan incorporation 

relative to wildtype M. marinum 
 
Having successfully identified morphological defects in the absence of lpqf, coupled with the 

growth advantage in meropenem-treated cells (Figures 50 & 51) and evidence that LpqF is a 

D,D-CPase (Chapter 5, Figure 41), the impact of LpqF loss on peptidoglycan incorporation at 

the single-cell level was subsequently investigated. To do this, virtual time-lapse microscopy 

was utilised, which has been used previously in mycobacteria in studies by García-Heredia et 

al. (2018), Botella et al. (2017), and Baranowski et al. (2018). 

 

Initially, cells were labelled with HADA for 360 minutes, followed by NADA labelling for 

960 minutes, allowing for an independent measurement of peptidoglycan insertion and 

elongation. HADA allows for the visualisation of amino acid incorporation into nascent 

peptidoglycan via PBPs, reporting on labelling through 3,4 cross-links while enabling 

glycosyltransferases to continue glycan polymerisation. Therefore, the dye localises to the 

poles and cell division sites, indicating new peptidoglycan incorporation (García-Heredia et 

al., 2018). In contrast, NADA reports on peptidoglycan amino acid exchange via 3,3 cross-

linkages, enabling visualisation of peptidoglycan incorporation at older sites and differential 

synthesis steps (Botella et al., 2017; Montón Silva et al., 2018; García-Heredia et al., 2018; 

Kuru et al., 2019) (Figure 46, A, B & C). 

 

In this experiment, ∆lpqfMm showed a greater accumulation of NADA along the lateral wall 

than the wildtype (Figure 46, D). NADA accumulation was measured after an equal amount of 

incorporation time for both the wildtype and ∆lpqfMm strains. This was found to be significantly 

different when the length of the zone of incorporation was measured, as well as the width of 

the cell between NADA incorporation sites (p < 0.0001) (Figure 46, E). In contrast, HADA 

incorporation showed no difference in length between the two strains, but a significant 

difference in width was observed for ∆lpqfMm (p < 0.0109) (Figure 46, D, E). This agrees with 

the phase contrast results, which showed a wider diameter in ∆lpqfMm at mid-exponential phase 

(Figure 42). Overall, the examination of NADA demonstrated an accumulation along the lateral 

cell wall that extended from the pole in the ∆lpqfMm strain compared to the wildtype. This 

contrasts with the localised HADA labelling observed at and around the poles in the wild type. 

In the ∆lpqfMm strain, however, the incorporation of HADA exhibited more variability across 
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the population, as shown in Figure 46, D and E. These data suggest that lpqf has a role in the 

incorporation of peptidoglycan at the poles. 

 
Figure 46: Cell wall labelling of wildtype and ∆lpqf M. marinum strains with FDAA dyes HADA and NADA. 
A diagrammatic representation of the methodology for pulse-chase labelling of M. marinum cells with HADA 
and NADA is shown in (A) (for detailed procedures see section 2.9). The steps are briefly summarised as follows: 
M. marinum cell cultures were grown to mid exponential phase (A, 1), centrifuged, and washed (A, 2). The cells 
were then resuspended in 7H9 medium and grown late lag phase, after which 500 µM HADA was added. Cultures 
were incubated for 4-6 generations (~ 6 h) to ensure robust FDAA incorporation (A, 3-4). Cells were washed 
twice with PBS to remove residual HADA (A, 5) and resuspended in 7H9 medium. Subsequently, 25 µM NADA 
was added, and cells were incubated for 2 generations (~ 16 h) for further FDAA incorporation (A, 6-7). Cells 
were gently washed twice in 7H9 (A, 8), resuspended in PBS, and applied to agarose pads on slides for 
visualisation by epifluorescence microscopy (HADA: Em 450 nm, Ex 405 nm; NADA: Em 555 nm, Ex 450 nm) 
(A, 9). NP; new pole, OP; old pole. (B) Structures of D-alanine, the FDAAs HADA (blue) and NADA (green) are 
shown above the corresponding image. (C) A basic schematic representation of the cell wall incorporation of D-
amino acids for M. tuberculosis is provided. (D) Epifluorescence images of HADA (blue, left panel), NADA 
(green, middle panel), and overlay (right panel) are color-coded for wildtype (turquoise) and ∆lpqfMm (pink). 
Measurements of FDAA incorporation were quantified using MicrobeJ with the maxima setting. FDAA 
accumulation was measured for NADA and HADA dimensions along the length (E) and width (F) of each cell 
for 426 cells, 10 cells per frame. Images are representative of n = 2, and quantitation of each FDAA was analysed 
via MicrobeJ and GraphPad Prism 10. Error bars represent standard error of the mean. ns: non-significant (p > 
0.05), * p < 0.0109, ****p < 0.0001, Welch's T-test (Dunnett’s T3 multiple comparison test) ANOVA. 
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7.3 Discussion  
 

Morphological assessment using phase-contrast microscopy of ∆lpqf in M. marinum 1218R 

∆lpqfMm at lag, mid-exponential, and late-exponential phases revealed no differences at the lag 

and late-exponential phases. However, a significant difference in cell length was observed at 

the mid-exponential phase. Specifically, the cell diameter increased during the lag phase and 

was significantly larger at the mid-exponential phase in the ∆lpqfMm strain compared to the 

wildtype. Having confirmed a morphological defect for ∆lpqf in M. marinum, the same criteria 

were applied using M. smegmatis to determine if the defect could be recapitulated across 

mycobacteria. Despite the significant changes observed in ∆lpqfMm in M. marinum, a similar 

phenotype was not observed in M. smegmatis, suggesting that the impact of losing lpqf differs 

between species, potentially due to differences in growth kinetics and environmental niches for 

each organism.  

 

The next study aimed to determine whether loss of lpqf leads to changes in growth kinetics, as 

might be expected given the observed changes in cell shape. Previous research has 

demonstrated that mutations causing modest alterations in cell shape changes can result in 

overall fitness defects in Caulobacter crescentus and E. coli (Ausmees, Kuhn and Jacobs-

Wagner, 2003; Persat, Stone and Gitai, 2014; Cho et al., 2016). The assessment in this study 

revealed a difference in growth for the ∆lpqfMm strain compared to wildtype under these 

conditions (Figure 44). Furthermore, a potential complementation strain using lpqf::pTIC-

∆lpqfMm was evaluated to determine whether lpqf is directly responsible for the defects 

observed in ∆lpqfMm at both the single-cell and population levels. Unfortunately, the 

complemented strain did not rescue the phenotype, potentially due to the use of the pTIC 

plasmid, which requires anhydrotetracycline for induction. This dependency may have 

interfered with the bacterium’s ability to regulate lpqf expression. As a result, the addition of 

anhydrotetracycline likely induced partial expression of LpqF, leading to an incomplete 

phenotype that did not fully recapitulate the wildtype strain. Despite this, as demonstrated in 

7H9 media, ∆lpqfMm morphological defects could indeed be recapitulated, albeit modestly. This 

complements the data obtained in phase contrast for ∆lpqfMm, which showed longer cell lengths 

that were more prominent at mid-exponential phase. Taken together this suggests that in the 

absence of lpqf, cell elongation is prolonged due to a lack, but not total loss, of control of new 

peptidoglycan synthesis at the poles (Figure 45). 
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Since mycobacteria require access to fatty acids, iron, glycerol, and other carbon sources such 

as cholesterol for intra- and extracellular growth (Griffin et al., 2012; Knobloch et al., 2020). 

The ∆lpqfSm strain was investigated to determine whether its growth would be impaired in two 

rich mediums: 7H9 and LB media. Although LB contains yeast extract, it lacks fatty acids 

necessary for cell wall biosynthesis, which could potentially impact the growth of ∆lpqfSm 

compared to its growth in the more optimal 7H9 media.  

 

In untreated cultures in LB media, ∆lpqfSm exhibited a slower growth rate compared to the 

wildtype strain. In contrast, no difference in growth was observed between ∆lpqfSm and 

wildtype in 7H9 media. This result differs from the M. marinum data described in Figure 44, 

suggesting species specific effects. These discrepancies may reflect differences in the 

ecological niches of each M. smegmatis and M. marinum and the spatiotemporal localisation 

of peptidoglycan-targeting enzymes. For example, Botella et al. (2017) demonstrated distinct 

differences in peptidoglycan incorporation between M. smegmatis and M. tuberculosis.  In M. 

smegmatis, peptidoglycan incorporation occurs predominantly at the old pole, whereas in M. 

tuberculosis, it occurs at both poles and is tightly coupled with cell division. Cell elongation 

in M. tuberculosis is dependent on cell length, potentially reflecting differences in the 

localisation of hydrolases in each species. 

 

Furthermore, other studies have highlighted the importance of preferential growth differences 

in various environments when deleting genes that encode peptidoglycan-targeting enzymes and 

serine-threonine kinases involved in regulating cell division and peptidoglycan synthesis, such 

as dacB and pkn1. For example, Kandasamy et al. (2020) demonstrated that a double knockout 

strain ∆pkn1 and ∆dacB2 exhibited differential phenotypes, with ∆pkn1 growing better in 

liquid media and both ∆pkn1 and ∆dacB2 showing improved growth under acidic conditions 

in THP-1 macrophages. 

 

Following the studies in untreated rich media, the vulnerability of the ∆lpqfSm strain was tested 

in the presence of the carbapenems doripenem and meropenem in 7H9 media at pH 7.0 in M. 

smegmatis. Using sub-MIC levels of these drugs were used to investigate altered phenotypes 

without killing the cells. The results for meropenem were clear: with the wildtype strain was 

unable to grow, while the ∆lpqfSm strain showed growth. In contrast, imipenem did not affect 

either strain. Notably, these findings differ from the imipenem data obtained in the protein 

inhibition assay for LpqF against a panel of β-lactams (Chapter 3, Figure 36). However, this 
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comparison has limitations, as the former involved cellular growth assays, whereas the latter 

used purified LpqF. This underscores the inherent differences between in vivo growth studies 

and in vitro enzyme assays. Finally, the result for imipenem in this in vivo study is aligns with 

a recent study by Kumar et al. (2022), which showed that D,D-CPases (DacB, DacB1, and 

DacB2), along with PBPs (PBPA and PBPB) in M. tuberculosis are insensitive to imipenem.  

 

A caveat in the growth kinetic studies could be that the drug concentrations used might have 

been too low to exhibit an effect on cell growth. For example, chloramphenicol was shown in 

this study to have no impact. In contrast, the effects of rifampicin observed in this study could 

be due to alternative mechanisms, which could be further investigated by using a range of 

concentrations. For example, Zhu et al (2018) used varying concentrations (0-200 ug/ mL) of 

rifampicin to induce a sub-population of rifampicin-tolerant bacilli. The authors reported that 

RpoB is induced from a second promoter leading to reinitiation of growth in the resistant sub-

populations. Other studies, such as Piddock, Williams and Ricci, (2000), have explored 

rifampicin resistance mechanisms, demonstrating the accumulation of rifampicin in M. 

tuberculosis and M. smegmatis at sub-MIC concentrations of 0.25 mg/L and 8 mg/L, 

respectively. Although the concentrations used in our study were optimised in accordance with 

published data, the growth kinetic studies will need to be repeated at higher sub-MIC 

concentrations for chloramphenicol and meropenem, as determined using a broth dilution and 

checkerboard titration assay.  

 

Overall, these data suggest that the loss of lpqf provides an advantage in the presence of 

carbapenems when grown in 7H9 media conditions. The use of rifampicin and 

chloramphenicol in this study serves as a proof of principle to confirm the direct effects of 

carbapenems. However, we discovered that rifampicin as well as meropenem has an impact on 

growth in the absence of lpqf. Therefore, we cannot entirely rule out these results are solely a 

direct effect of the carbapenems. To conclude, the loss of lpqf in M. marinum and M. smegmatis 

provides an advantage to the ∆lpqf strain, supporting our single-cell and preliminary data on 

its role in the cell wall of these organisms.  

 

Having identified that ∆lpqf impacts cell morphology, coupled with the data for D,D-CPase 

activity of LpqF, a pulse-chase experiment using M. marinum strains was undertaken. Here we 

applied the FDAA probes HADA and NADA (Figure 46). As indicated above, HADA typically 

reports on peptidoglycan synthesis at the poles and cell division sites, while NADA reports on 
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lateral cell wall peptidoglycan. This is especially useful for organisms like mycobacteria, which 

use a smaller portion of the cell and elongate from the poles rather than from the lateral wall, 

as seen in other rod-shaped bacilli such as B. subtilis and E. coli (Baranowski, Rego, & Rubin, 

2019). 

 
This experiment exploited this unique distinction in mycobacteria to show that, in the absence 

of lpqf, HADA accumulation in and around the polar region became more dispersed but still 

localised to this area. In contrast, NADA accumulation showed a significantly dispersed 

gradient that extended around the diameter and along the length of the cell in the absence of 

lpqf. The results obtained in this study for wild-type M. marinum appear to corroborate 

published data, following a similar pattern to peptidoglycan synthesis reported for M. 

tuberculosis. The García-Heredia et al. (2018) study reports that for their wild-type strain, 

HADA was more concentrated at the polar regions, with accumulation localised at the new 

pole and dimmer HADA at the old pole, further validating our experimental procedure. In 

contrast, Baranowski et al. (2018) show a more dispersed labelling of HADA for ∆L,D-TPases 

in M. smegmatis. Overall, the data from this study suggest that lpqf mediates peptidoglycan 

incorporation in and around the polar site in M. marinum, and the loss of lpqf influences 

uncontrolled elongation. This could be explained by the loss or reduction of D,D-CPase activity, 

which cleaves off the last D-alanine and therefore the HADA label from peptidoglycan 

precursors. This change would not be evident without the use of NADA, which differentiates 

between new (near the pole) and older (lateral cell wall) peptidoglycan. This implies that in the 

wild type, lpqf reduces the overall labelling efficiency by cleaving off the appended FDAA. 

 

7.4 Conclusion  
 

The results described in this chapter demonstrate that in the absence of lpqf, there is a growth 

advantage in the presence of sub-MIC concentrations of meropenem. Our data support a direct 

effect of meropenem and not an off-target effect of non-peptidoglycan targeting antibiotics. 

Additionally, it has been possible to establish a role for lpqf in peptidoglycan homeostasis using 

FDAA incorporation experiments. Although other possibilities exist, as noted in the discussion, 

the data obtained for HADA and NADA accumulation in the absence of lpqf complement the 

data gathered so far, supporting the hypothesis that LpqF functions as a D,D-CPase. 
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Chapter 8. Overall discussion  
 
 

M. tuberculosis remains a serious global threat, partly due to its unusually thick cell wall, which 

contains mAGP. The foundation of this complex is peptidoglycan, a sugar-amino acid layer 

built and maintained by enzymes coordinating their functions to enable cell elongation and 

division, a process intimately linked to arabinogalactan (Al-Jourani et al., 2023; Franklin et al., 

2024). Studying these enzymes including how they are induced, regulated, and what they 

interact with is crucial to understanding how peptidoglycan is maintained. Although, there are 

many on-going studies in this area, research on D,D-CPases is still behind in comparison to 

studies in Gram negative and Gram positive bacteria such as E. coli and B. subtilis respectively. 

This thesis addressed five fundamental objectives regarding a newly discovered peptidoglycan-

targeting enzyme. It answered the five questions embedded within these objectives which were 

as follows.  

 

Firstly, a potential hit, Rv3593 or lpqf, from an old Tn-library which was successfully 

validated. This thesis addressed the question regarding it catalytic domain and narrowing down 

on its function in peptidoglycan biogenesis. In silico analysis revealed a highly conserved C-

terminal, where the active site is located, and a unique N-terminal that consists of an NTF2-

like domain. Building on these data, this thesis was able to distinguish between a PBP and b-

lactamase, ruling out the latter. This distinction guided the investigation into its binding site 

using b-lactams associated with PBP inhibition. These data lay the foundation for further 

investigation into the binding kinetics of b-lactams associated and PBP inhibition which will 

provide an insight into the high efficacy of meropenem in LpqF.  

 
Secondly, asked the question whether the active site of purified LpqF was open and indeed it 

was confirmed to be open, accepting b-lactams and being inhibited by the carbapenem class of 

inhibitors. Furthermore, this thesis demonstrated that LpqF is highly susceptible to the 

carbapenem meropenem but not to penicillins or cephalosporins. Meropenem is a known 

inhibitor of L,D-TPases and has also been shown to inhibit D,D-TPases. This is work builds on 

that knowledge and lays the foundation for further research into reverse engineering the 

binding mechanisms for LpqF, with potential for developing future, less toxic combination 

therapies.  
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Thirdly, after identifying that the catalytic active binding pocket is accessible, the next 

question was to determine the function the NTF2-domain in the N-terminal. The main question 

that was asked was whether the NTF2LpqF anchor itself to peptidoglycan, similar to other NTF2-

domains like Bd1075 from the Banks et al. (2022) study. However, due to the low conservation 

NTF2LpqF compared to other published or otherwise NTF2-domain folds, it was challenging to 

identify residues involved in peptidoglycan attachment. Despite this, a proxy was used, which 

confirmed that NTF2LpqF is indeed capable of attaching peptidoglycan. Furthermore, this study 

identified two candidate residues, D58 and R98, whose absence led to partial binding to 

peptidoglycan, with D85 potentially playing a more critical role than R98. This finding 

suggests that, despite low conservation reflecting its species-specific niche, NTF2LpqF also 

facilitates attachment to peptidoglycan, albeit through different residues. Once anchored, it 

may support a function like acting like a scaffold to allow the C-terminal active site domain 

location near pentapeptide substrate. However, further investigation will need to be undertaken 

to investigate these residues and probe for other yet unidentified residues that were missed in 

the initial crystal contact analysis (see 8.1 conclusion).  

 

Fourthly, this thesis poised the question can LpqF cleave peptidoglycan fragments and indeed. 

confirmed that LpqF can cleave the final D-alanine from the pentapeptide. Based on these data, 

it is likely that LpqF plays a key role in maintaining the rod shape of the cell, as observed with 

other D,D-CPases (Nelson et al., 2001; Pandey et al., 2018). Further work should be undertaken 

building on these data using pentapeptides specifically found in Gram negative bacteria and 

mycobacteria, such as. meso-DAP type peptidoglycan. As discussed in chapter 5, this would 

enhance the understanding of the affinity of LpqF to this substrate. Figure 47 outlines the 

proposed mechanism for LpqF.  

 

 

 

 

 

 



 195 

 
Figure 47: A description of the function for LpqF a new mycobacterial D,D-CPase. (A) In the presence of 
LpqF the fifth D-alanine is clipped off allowing the L,D-TPases access to the newly formed tetrapeptide and thus 
3,3 cross-linking can continue. In the absence of LpqF the cell decreases its ability to make newer 3,3 cross links, 
so the cell elongates but the level of 3,3 cross links is decreased with aging peptidoglycan and higher abundance 
of 3,4 cross links, leading to less stable peptidoglycan. This suggests LpqF is not a vital enzyme but has a major 
advantage in low nutrient conditions/late exponential phase. Potentially LpqF is more active during the infection 
in hypoxic/acidic environments possibly supporting transition from active to dormant when the new cross links 
are not needed and therefore LpqF is more a regulation enzyme using an autoinhibition mechanism that is yet to 
be studied (the second NTF2). (B) In conclusion, LpqF plays an important role for the cell in peptidoglycan 
switching from 3,4-3,3 cross-linking. For clarity the other peptidoglycan targeting enzymes have been omitted.  
 

Furthermore, as LpqF is a hydrolase, it is possible that the cell regulates its activity in acidic 

environments via an activator, such as the acidic serine protease MarP (Rv2671c), similar to 

RipA (Botella et al., 2017). However, unlike RipA, the data in this study have shown that the 

active site of LpqF is active at pH 7.0. This suggests that LpqF may be either cleaved to enhance 

activity or inhibited in more acidic conditions. If the latter is true, it could indicate the presence 

of a yet unidentified autoinhibition mechanism. This hypothesis should be investigated through 

pull-down experiments with purified MarP under acidic and low nutrient conditions. 

 
Lastly, growth kinetics demonstrated that the lpqf mutant exhibited an altered morphology, 

displaying a notable growth advantage over the wildtype in the presence of meropenem. While 

untreated cells showed only a minor difference between mutant and wildtype under normal 

media conditions. The microscopy data revealed that the mutant had a slight morphological 

abnormality, with cells being longer and wider at mid-exponential phase. Using FDAA 

technology and toolkit (Kuru et al., 2012; Kuru et al., 2015), it was possible to associate the 

mutant with accumulation of FDAA probe NADA and potentially the deposition of older 



 196 

peptidoglycan along the lateral cell wall of M. marinum. This is an important finding because, 

in mycobacteria, new nascent peptidoglycan is typically inserted into the cell wall at the poles, 

not laterally. This implies that in the absence of LpqF, there are less 3,3 cross-linking and more 

3,4 cross-linking, leading to an increase in cell length (Figure 47). However, although this 

thesis provides a solid foundation, more data is needed before a definitive conclusion can be 

made about the extent the impact that lpqf has on peptidoglycan cross-linking and regulation 

(see section 8.1).  

 
8.1 Future work   
 

The main caveat of these data is the lack of complementation work. Recapitulating the 

substitutions in NTF2LpqF would help to determine whether there is synergism or an additive 

effect between the peptidoglycan binding residues. This could be achieved by combining two 

or more of the existing mutants, such as ntf2::W56A;W28A, and ntf2::D85A;R98A.  This 

approach could also be applied at the population level. For example, recapitulating the Dlpqf 

mutant in the growth kinetics studies would be useful for analysing growth profiles or even 

conducting evolution studies to investigate rifampicin and meropenem susceptibilities. 

Another proven method in mycobacterial genetics could be used to complement Dlpqf. The 

pMV306 plasmid, commonly used in mycobacterial genetic manipulation (Franklin et al., 

2024), can integrate into the chromosome, potentially allowing for better transduction. For 

example, the lpqf gene could be inserted into pMV306 using allelic exchange or 

Oligonucleotide-Mediated Recombineering followed by Bxb1 Integrase Targeting (ORBIT) as 

described by Murphy et al. (2018) and  Borgers et al. (2019). This could be done in conjunction 

with CRISPRi, to induce a knock down for Dlpqf mutant. The cells containing the wildtype, 

Dlpqf and lpqfL5::pMV306-Dlpqf could then be passaged in vitro (culture plates) at different 

concentrations of meropenem, doripenem, and/or rifampicin under various media conditions, 

selecting for resistant cells. Whole genome sequencing could then be performed to determine 

the mechanisms of resistance or tolerance and how the selected cells acted upon mechanisms. 

A similar study by Buddle et al. (2024) and vancomycin resistance in DacJ, a D,D-CPase in 

Clostridioides difficile showed reduced fitness of the resistant cells, with two mechanisms of 

resistance dacS and vanT demonstrating that resistance in this context is multifactorial. This 

has implications for the LpqF study, helping us to parse the potential influence of lpqf on the 

surrounding genes.  
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To determine if LpqF indeed has a second function, as proposed in the FITC-PG associated 

degradation, it would be relevant to use FITC-pentapeptide along with polymerised 

peptidoglycan and perform the same experiment with these substrates. This approach would 

provide the necessary data needed to identify the anomaly seen in FITC-TLC.  

 

Another direction for the NTF2LpqF study could be to ascertain whether the presence of 

LpqFNTF2 enhances PBP activity. The C-terminal region of LpqF, which contains the catalytic 

domain, could be purified to increase throughput. However, previous attempts to purify the C-

terminal alone were hindered by degradation due to its instability. Therefore, the N-terminal 

region containing the NTF2 domain and the appended second NTF2 domain (Figure 32, A) 

could be inactivated through genetic modification methods to stabilise, clone and express only 

the C-terminal. This LpqF variant could then be tested for activity in the same high throughput 

assays used for degradation analyses, alongside the full length protein and NTF2 only. These 

experiments would provide insights into whether the active site pocket is occluded by an 

autoinhibitory mechanism under acidic or low nutrient conditions, or if the activity observed 

at pH 7.0 is increased.  
 

A further experiment to deepen the investigation into the hydrolysis activity for LpqF to 

undertake mechanistic studies. This would involve probing the catalytic mechanism of LpqF 

which would require making site directed mutants in the catalytic pocket and running enzyme 

kinetics. These mutants could also be applied along with wildtype to test and repeat 

muropeptide composition analyses for LpqF activity with pentapeptide substrate and whole 

peptidoglycan as comparisons.  

The use of  a D,D-CPase activity assay would enhance the results already obtained for LpqF 

activity. This could be achieved using a fluorescence-coupled assay with whole peptidoglycan, 

peptidoglycan rich in pentapeptide, and pentapeptide derivatives as substrates for assessment 

continuous D-alanine release analysis. A spectrophotometer could then detect substrate 

changes in D-amino acid oxidase-peroxidase at A555, either as an endpoint (Rioseras et al., 

2016) or through continuous release, as described in the study by Catherwood et al. (2020). If 

D-alanine is liberated, a colour change would occur in the presence of phenol due the oxidation 

of 4-aminoantipyrine to chinoenmine or the conversion of the chromogen amplex red to the 

dye resorufin, depending on the assay and substrate used (Rioseras et al., 2016; Catherwood et 

al., 2020). The rate of D-alanine release can be calculated by comparing the rate of change in 
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presence and absence of the donor substrate. The method from the Catherwood et al. (2020) 

also allows for monitoring of transpeptidation reactions. For example, adding TPase and an 

acceptor substrate UDP-MurNAc-pentapeptide can initiate a transpeptidation reaction, 

allowing for observation of D-alanine release.  

Nuclear magnetic resonance (NMR) could be used as an alternative method to map binding 

sites, confirm interactions and identify the specific residues that facilitate localisation to 

particular areas of peptidoglycan. NMR operates by re-orientating atomic nuclei and detecting 

the absorption of electromagnetic radiation (Slichter, 1996). To detect interactions between 

NTF2LpqF, LpqF and peptidoglycan, the proteins could be labelled with isotopes. For example, 

NTF2 could be labelled with 15N isotopes, and ligand-protein titrations (e.g., 15N 

LpqF/NTF2LpqF with muropeptides and pentapeptides) could be performed, as demonstrated 

by Lin et al. (2021) for Pgp2 and by Mesnage et al. (2014) for the LysM domain of AtlA in E. 

coli. Alternatively, isothermal titration calorimetry (ITC) could be employed, offering the 

advantage of not requiring labelled enzyme or ligands. For example, full length LpqF and 

NTF2LpqF could be tested by introducing meso-DAP type peptidoglycan ligands and measuring  

binding affinities through heat displacement (enthalpy changes), which indicates ligand-

protein interactions, as described in similar studies on peptidoglycan analysis.  

 

The use of real time analyses for FDAA utilisation in vitro could be enhanced by employing 

high resolution microscopy within an incubator-chamber, using either cell culture plates or a 

fluid chamber, to visualise real time peptidoglycan synthesis and cell division. The conditions 

used for the growth in 7H9 at pH 7.0, Sautons medium at pH 5.0, and meropenem treatment 

could be applied to visualise of the effects on wildtypelpqfMm and ∆lpqfMm for utilisation and/or 

accumulation of FDAAs under these conditions. Coupling these analyses with NTF2LpqF 

morphological studies would contribute to existing data for NTF2LpqF and clarify its role in cell 

shape maintenance.  

 

To further these investigations and compliment the pulse chase experiment, it would be 

valuable to determine where LpqF and its mutants, as described above, are localised within the 

cell and how long they remain active. This could be achieved by using an mCherry plasmid, as 

described by Botella et al. (2017) and Meiresonne et al. (2017). For example, an LpqF-mCherry 

strain could be used to identify the approximate location of LpqF within the cell. LpqF-

mCherry would likely appear as pinpoints or perhaps more dispersed points, reflecting function 
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the spaciotemporal dynamics of its D,D-Cpase activity. This could be conducted alongside a 

wildtype mCherry as a control.  

 

8.2 General conclusion  
 

Overall, this thesis provides compelling evidence that LpqF is a new D,D-CPase in 

mycobacteria. These data presented, along with the proposed future biochemical and functional 

experiments, will provide an excellent guide and foundation for the next steps in studying LpqF 

and other yet unknown D,D-CPases and hydrolases.  
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