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Abstract 
 
There is an urgent need to replenish the antibiotic development pipeline with new products to 

combat the rise of multi-drug resistant bacteria. Of particular significance are the Gram-

negative pathogens in the World Health Organization highest priority list Pseudomonas 

aeruginosa, Acinetobacter baumannii and Klebsiella pneumoniae. One strategy to overcome 

resistance in these bacteria is to identify novel antibiotic modes of action. Accordingly, this 

thesis focuses on the enzymes dihydrodipicolinate synthase (DHDPS) and dihydrodipicolinate 

reductase (DHDPR), which are responsible for the production of meso-diaminopimelate and 

L-lysine. Given the critical role these metabolites play in cell wall and protein syntheses and 

the lack of human homologues, DHDPS and DHDPR represent promising antibiotic targets.  

 

Firstly, P. aeruginosa was shown to have four annotated DHDPS-encoding genes, with only 

two encoding functional DHDPS enzymes. Although the isoforms share similar catalytic 

activities, they are differentially regulated by L-lysine. Using a combination of X-ray 

crystallography, mutagenesis and homology modelling, the difference in regulation was 

attributed to a single residue in the allosteric site. Based on these findings, a 7‐residue sequence 

motif was employed to identify mis‐annotations of multiple putative DHDPS-encoding genes 

in A. baumannii and K. pneumoniae. The mis‐annotations were subsequently confirmed using 

enzyme kinetics and X‐ray crystallography. Finally, a gene knockout approach was optimised 

to address the conflicting evidence around the essentiality of the DHDPR-encoding gene in 

P. aeruginosa. Here, a knockout strain was generated that is unable to survive without the 

supplementation of meso-diaminopimelate, indicating that this gene is indeed essential for 

P. aeruginosa. Moreover, kinetic and binding studies were used to probe the catalytic 

mechanism of the gene product.  In summary, this work provides critical insights into the 

structure and function of DHDPS and DHDPR from these high-priority multi-drug resistant 

bacteria for future drug discovery efforts to tackle antibiotic resistance. 
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1 Introduction  
 

 

 

 

A portion of this chapter was published as the following two reviews: 

Impey, R. E., Hawkins, D. A., Sutton., J. M. & Soares da Costa, T. P. (2020) “Overcoming 

intrinsic and acquired resistance mechanisms associated with the cell wall of Gram-negative 

bacteria”, Antibiotics, 9(9), 623 

Impey, R. E. & Soares da Costa, T. P. (2018) “Targeting the biosynthesis and incorporation of 

amino acids into the peptidoglycan as an antibiotic approach against Gram negative bacteria”, 

EC Microbiology, 14(4), 200-209 
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1.1 The Need for New Antibiotics 

1.1.1 The Golden Era of Antibiotic Discovery  

The first known use of antibacterials was the application of mouldy soybean curd to ailments, 

including carbuncles and furuncles in Chinese medicine [1]. However, it was not until 

Alexander Fleming discovered Penicillium notatum in 1928, that the first clinical antibiotic 

would soon be developed [2]. His discovery was closely followed by that of the sulfonamide 

antibiotics in the 1930s, before Howard Florey and Ernst Chain established mass production 

of penicillin for use during World War II [1,3]. By the 1950s, the “golden era” of antibiotics 

had begun. The 20 years following the emergence of penicillin as a viable treatment saw the 

discovery of almost every known class of antibiotic in use today (Fig. 1). The isolation of 

streptomycin from Streptomyces griseus in 1944 allowed for the development of the first 

aminoglycosides [4]. This was quickly followed by the discovery of cephalosporins, 

chloramphenicol, macrolides and streptogramins (Fig. 1) [5]. Another five antibiotic classes 

were approved prior to 1968, including glycopeptides, rifamycin, nitroimidazoles, quinolones 

and trimethoprim (Fig 1) [5]. Many of these antibiotic classes were discovered by “mining” for 

new agents from organisms themselves. However, by 1968, many of the compounds being 

discovered were similar or redundant when compared to the already discovered antibiotics [6]. 

This marked the end of the “golden era”, with no new classes of antibiotics approved in over 

32 years, until the introduction of the oxazolidinones in 2000 (Fig. 1) [5]. Since then, antibiotic 

development has become substantially more challenging, resulting in only one additional class 

of antibiotics, lipopeptides, which received approval in 2003 [5]. This is coupled with reduced 

interest from pharmaceutical companies, with minimal financial incentives to continue 

antibiotic development [7].  
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Figure 1. Antibiotic development timeline.  

 

1.1.2 Antibiotic Modes of Action 

The antibiotic classes mentioned above are typically composed of a variety of analogues 

sharing similar structural motifs and modes of action, to increase the range of available 

treatments. This allows for broader species specificity, potency and reduced cross-resistance. 

Moreover, the current clinically relevant antibiotics have one of four main modes of action; 

inhibiting cell wall synthesis/disruption, inhibiting protein synthesis, inhibiting nucleic acid 

synthesis or antimetabolite activity. These modes of action are described in detail below.  

 

1.1.2.1 Cell Wall Synthesis and Disruption 

Many antibiotic classes target the peptidoglycan layer of the cell wall, comprised of long sugar 

polymers crosslinked with a pentapeptide chain [8,9]. For example, the β-lactam antibiotics, 

which includes penicillin, bind to the penicillin binding proteins (PBPs) that are responsible 

for the crosslinking of the peptidoglycan layer, resulting in cell wall disruption and bacterial 

cell lysis (Fig. 2) [10]. The β-lactam class of antibiotics includes several subclasses, including 

cephalosporins, carbapenems and monobactams, which differ in their potency and species 
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specificity. For instance, carbapenem antibiotics have the greatest potency and broadest 

spectrum of activity, and as a result are often used as “last resort” treatments [11].  

 

Another class of antibiotics targeting the cell wall is a group of glycosylated peptides known 

as glycopeptides, whose members include vancomycin, teicoplanin and their derivatives [12].  

Glycopeptides interact with the peptidoglycan precursor lipid II, which contains a pentapeptide 

chain terminating in a dipeptide moiety D-alanyl-D-alanine (D-Ala-D-Ala) (Fig. 2) [12]. 

Specifically, glycopeptides bind to the D-Ala-D-Ala motif, inhibiting the interaction with the 

PBPs responsible for crosslinking the precursor via the pentapeptide chain, into the 

peptidoglycan layer [12]. This causes membrane destabilisation and subsequently bacterial cell 

death [12]. Glycopeptides are only effective against Gram-positive bacteria, as Gram-negative 

bacteria contain an additional outer membrane that hinders glycopeptides from traversing it 

due their size and chemical composition [12]. 

 

Another notable class of peptide antibiotic that target cell wall synthesis is the polymyxins, 

which include polymyxin B and E, also known as colistin. Unlike glycopeptides, polymyxins 

have a dual mode of action by permeabilising the outer membrane and causing a bactericidal 

effect on the cytoplasmic membrane [13,14]. The LPS molecules of the outer membrane of 

Gram-negative bacteria are bridged by divalent cations that are crucial for membrane integrity 

[13–15]. Polymyxins are positively charged and interact with the outward facing lipid A 

portion of the LPS, causing displacement of these divalent cations [13,14]. This increases the 

permeability of the membrane and allows the polymyxins to cross the outer membrane and 

exert their effects on the cytoplasmic membrane [13,16]. The direct mechanism of the 

antibacterial effect on the cytoplasmic membrane is still unknown [13,16]. Use of polymyxin 

antibiotics was originally halted due to renal and neurological toxicity, however improvements 

in manufacturing and dosages have allowed a resurgence in its use as another last resort 

antibiotic [13,14].   

 

1.1.2.2 Protein Synthesis 

The essentiality of protein synthesis makes it another attractive antibiotic target. Given that 

protein synthesis from mRNA occurs at the ribosome, several antibiotic classes have been 

developed targeting either the 30S or 50S ribosomal subunit (Fig. 2) [4]. Specifically, 

aminoglycosides bind to the 16S ribosomal RNA (rRNA) of the 30S subunit, resulting in a 

conformational change that induces codon misreading [4]. There is also some evidence that 
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different aminoglycosides can directly block initiation or elongation depending on the chemical 

structure [4]. Alternatively, while tetracyclines also bind to the 16S rRNA, they act by 

preventing attachment of the aminoacyl-tRNA to this site [17]. The low cost of 

aminoglycosides and tetracyclines and broad spectrum activity against Gram-negative and 

Gram-positive bacteria have resulted in them being two of the most commonly used antibiotic 

classes [4,17].   

 

Unlike aminoglycosides and tetracyclines, there are multiple antibiotic classes that interact 

with the 50S ribosome. The antibiotic chloramphenicol blocks several important ribosomal 

functions, including binding and movement of ribosomal substrates and peptidyltransferase 

activity by its interaction with the 50S subunit [18]. Moreover, macrolides, which include 

erythromycin, azithromycin, clarithromycin and roxithromycin, are macrocyclic lactone rings 

that interrupt protein synthesis by blocking the ribosomal peptide exit tunnel [19–21]. 

Clindamycin also binds competitively at this site, making chloramphenicol, macrolides and 

clindamycin antagonistic of one another [22]. Furthermore, streptogramins are often used 

synergistically as streptogramin A inactivates the donor and acceptor sites of the 

peptidyltransferase, while streptogramin B inhibits peptide bond formation similarly to the 

macrolides mentioned above [23]. Alternatively, oxazolidinones exert a different mode of 

action at the 50S subunit, including linezolid that binds and prevents formation of the initiation 

complex with the other necessary components involved in protein synthesis [24]. 

 

1.1.2.3 Nucleic Acid Synthesis  

Both DNA and RNA synthesis are targeted by clinically available antibiotics. DNA gyrase, 

which is responsible for the supercoiling of DNA strands to allow replication, is the target of 

fluoroquinolones [25]. In Gram-positive bacteria, the preferred target is topoisomerase IV, 

which after replication, separates the daughter DNA strand [26]. Fluoroquinolones bind to 

either the DNA gyrase or topoisomerase IV when bound to DNA, forming a trapped complex 

[26]. This ultimately results in chromosomal fragmentation, causing bacterial cell death [26]. 

Alternatively, the antibiotic rifampicin, part of the rifamycin family, binds allosterically to  

RNA polymerase (Fig. 2). [27]. Other antibiotics, including actinomycin and mitomycin, also 

interact with RNA polymerase but result in toxic effects, and as such, have been repurposed as 

chemotherapeutic agents [27].  

 



 6 

1.1.2.4 Antimetabolite Activity 

Antimetabolite antibiotics are those that inhibit the synthesis of the nucleotides required for 

DNA and RNA synthesis [28]. Two examples are sulfonamides and trimethoprim, which act 

through their inhibition of folic acid synthesis. Sulfonamides inhibit dihydropteroate synthase 

competitively against its natural substrate, p-aminobenzoic acid [28]. Alternatively, 

trimethoprim blocks the production of the active form of folic acid, tetrahydrofolate, by 

competitive inhibition of dihydrofolate reductase (Fig. 2) [29]. Trimethoprim is highly 

effective against Gram-positive bacteria, however has limited antimicrobial activity against 

Gram-negative bacteria [29].  

 
Figure 2. Antibiotic modes of action. (A) β-lactams target the penicillin binding proteins 

(PBPs) involved in peptidoglycan synthesis, while glycopeptides bind to the D-Ala-D-Ala 

terminal dipeptide in complex with lipid II. Polymyxins bind to the outer membrane, however, 

are believed to exert their antimicrobial effects on the cytoplasmic membrane. (B) 

Aminoglycosides and tetracyclines target the 30S subunit of the ribosome to inhibit protein 

synthesis, whilst chloramphenicol, macrolides, streptogramins and oxazolidinones act on the 

50S subunit. (C) Quinolones target the type II topoisomerases, DNA gyrase and topoisomerase 

IV, to halt DNA synthesis, as opposed to rifamycin antibiotics, which target RNA polymerase 



 7 

and RNA synthesis. (D) Sulfonamides and trimethoprim inhibit different enzymes in folic acid 

synthesis, an important precursor for metabolite synthesis.  

 

1.1.3 Reliance on Antibiotics 

Prior to the widespread use of antibiotics in the 20th century, diseases such as pneumonia, 

diarrhoea and diphtheria were the leading causes of death [30]. Furthermore, infections such 

as endocarditis and those caused by Staphylococcus aureus had mortality rates of 97% and 

80%, respectively [31,32], and the standard treatment for wound infections was amputation 

[33]. Indeed, 70% of amputations performed during World War I were due to bacterial wound 

infection [33]. The introduction of penicillin reduced the death rate of S. aureus infections to 

30%, which has reduced further with improved antibiotic efficacy and treatment [31]. 

Moreover, post-surgical infection rates have decreased from 40% to 2% [34], with the use of 

prophylactic antibiotics now routine for many surgeries [35,36]. Antibiotics have successfully 

treated or prevented infections in “at-risk” patients, such as those receiving chemotherapy, 

diabetics or those with rheumatoid arthritis and with end stage renal disease [37]. Prophylactic 

antibiotic treatment for caesarean births has also been shown to substantially reduce febrile 

morbidity, wound infections and severe maternal complications [38]. These statistics 

demonstrate the reliance that modern medicine has had on the use of antibiotics. However, the 

dwindling number of antibiotics in the drug development pipeline and the rise in antibiotic 

resistance are of serious concern.  

 

1.1.4 Antibiotic Resistance  

During his 1945 Nobel lecture, Alexander Fleming warned of the dangers of resistance [2]. 

After the clinical introduction of penicillin in the 1940s, approximately 50% of S. aureus 

infections were resistant by 1950, swiftly followed by resistance to tetracycline and macrolides, 

before resistance to methicillin only two years after its introduction [39,40]. Since then, 

antibiotic resistance has been rapidly on the rise. The 2016 antimicrobial resistance (AMR) 

review predicts that by 2050, 10 million lives and over US$100 trillion worth of economic 

output could be lost due to antibiotic resistance every year [41]. However, due to inadequate 

global surveillance of resistant infections, it is difficult to accurately predict the current burden, 

with fears this prediction could be an underestimate. Some drug resistance is inevitable, even 

without antibiotic use, due to random mutagenesis and evolution [42]. Nevertheless, 
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epidemiological studies have shown that antibiotic use, even when used correctly, has 

dramatically accelerated this process [42]. Moreover, resistance has been attributed to the 

misuse of antimicrobials in several scenarios, including primary care [43,44], agriculture 

[45,46] and urban and farm runoffs [47,48].  

 

1.1.4.1 Multi-drug Resistance 

The emergence of multi-drug resistance (MDR) is increasing at an alarming rate. Due to 

previous inconsistencies in the reporting of MDR strains, a standardised classification system 

has recently been adopted [49]. A bacterium is considered MDR if it is resistant to one agent 

in three or more therapeutically relevant antimicrobial classes [49]. Meanwhile, to be classified 

as either extremely drug-resistant (XDR) or pan-drug resistant (PDR), the isolate must be 

resistant to one agent in all but two or fewer antimicrobial classes or resistant to all 

antimicrobial agents in all classes, respectively [49]. The increased prevalence of these resistant 

strains represents a serious threat to the healthcare system as it results in higher mortality rate 

and increased hospital stays [50–53].  

 

A significant portion of MDR, XDR and PDR infections are attributed to Gram-negative 

bacteria. Despite this, the World Health Organization (WHO) reports that only 12 of the 50 

agents currently on the clinical pipeline target Gram-negative bacteria [54]. Furthermore, of 

these 12, only two meet the WHO criteria of being innovative, which includes the absence of 

any known existing cross-resistance within an antibiotic class or a novel target/mode of action 

[54].  

 

1.1.4.2 High Priority Gram-Negative Pathogens 

Unlike Gram-positive bacteria, Gram-negative bacteria have an additional outer membrane 

layer, which directly contributes to their increased antibiotic resistance [55,56]. The resistance 

mechanisms associated with the cell wall of Gram-negative bacteria is described in detail in 

Appendix I. In an attempt to guide antibiotic discovery efforts, the WHO proposed a priority 

list of bacteria based on mortality, healthcare and community burdens, prevalence and trends 

of resistance as well as treatability and drugs already in the pipeline [57]. The highest category, 

critical, comprises three Gram-negative bacteria; Acinetobacter baumannii, Pseudomonas 

aeruginosa and the Enterobacteriaceae family, which includes Klebsiella pneumoniae [57]. 

These three bacterial species form the focus of this thesis and are described in brief below, 

specifically in relation to their impact on the MDR healthcare crisis.  
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Pseudomonas aeruginosa  

P. aeruginosa is an opportunistic pathogen, responsible for both chronic and potentially lethal 

infections in susceptible patients [58,59]. It is listed as the most common cause of septicaemia 

in immunodeficient patients and is the most frequent isolate in burn units [60]. Treatment 

typically involves a β-lactam antibiotic alone or in combination with aminoglycosides, 

depending on the location and type of infection [58]. However, resistance to one or more 

antibiotic classes frequently emerges in P. aeruginosa via innate and acquired resistance 

mechanisms. The European Centers for Disease Prevention and Control (ECDC) reported that 

over 13% of isolates tested were MDR, while 5.5% were resistant to all five antimicrobial 

classes tested [61]. A South China study found 54% of P. aeruginosa infections to be MDR 

and had a significantly higher mortality rate (49%) when compared to susceptible strains (20%) 

[62]. 

 

Acinetobacter baumannii 

Similar to P. aeruginosa, A. baumannii is an opportunistic pathogen responsible for a variety 

of infections including blood, urinary tract and surgical site infections [63]. Carbapenems, 

including imipenem and meropenem, were frequently used for treatment of A. baumannii 

infections, however resistance profiling reveals that 44-49% of isolates tested were resistant to 

these antibiotics [64]. In most cases, carbapenem resistant isolates are also resistant to 

penicillins, cephalosporins, aminoglycosides and fluoroquinolones [64]. Other surveillance 

reports indicate ~45% of A. baumannii isolates worldwide are MDR, with rates as high as 70% 

in the Middle East and Latin America [65,66]. PDR A. baumannii has also been reported in 

nosocomial outbreaks in Germany [67], France [68], Iran [69], Taiwan [70] and Spain [71], 

indicating that this issue is widespread. 

 

Klebsiella pneumoniae  

K. pneumoniae is a member of the Gram-negative Enterobacteriaceae family of bacteria, 

which also includes other pathogenic species like Escherichia coli and Salmonella [72]. K. 

pneumoniae and other Enterobacteriaceae species are of concern due to their highly 

transmissible carbapenem resistance. Carbapenems are often prescribed as first line treatments 

for extended spectrum β-lactamase (ESBL) producing infections, which provide resistance to 

many β-lactam antibiotics [73]. However, carbapenem resistance due to K. pneumoniae 
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carbapenemases (KPCs) has now been observed worldwide [73,74]. KPCs are often plasmid 

encoded, and thus have high motility to other bacteria previously susceptible to carbapenems 

[73,74]. This is dangerous in nosocomial environments as KPC resistance can spread easily 

throughout the Enterobacteriaceae species, and also occasionally to P. aeruginosa, causing 

outbreaks with high mortality rates [74]. Moreover, infections with MDR K. pneumoniae are 

estimated to have mortality rates above 40% [75]. Although not as common as PDR A. 

baumannii, PDR K. pneumoniae has been reported in several countries, including Brazil [76] 

and Turkey [77]. Moreover, carbapenem resistance for all three bacteria, P. aeruginosa, A. 

baumannii and K. pneumoniae, is associated with cross-resistance to other antimicrobial 

classes [61]. 

 

A key contributing factor to the resistance profiles of these Gram-negative bacteria is their 

almost impenetrable outer cell wall, also referred to as cell envelope, and efflux mechanisms, 

which actively limit the concentration of antibiotics within the cell. Section 1.2 is a published 

review of direct relevance to the experimental work in this thesis, which describes novel 

approaches in antibiotic development targeting amino acid biosynthesis and their incorporation 

into the peptidoglycan of the cell wall. This review not only outlines potential targets and 

pathways, but also provides an update of the current stage of inhibitor development.  
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1.3 The Diaminopimelate Pathway 

1.3.1 Overview 

As described in Section 1.2, the diaminopimelate (DAP) pathway represents a promising 

antibiotic target for numerous reasons. Firstly, the end metabolites, meso-DAP and L-lysine 

(herein referred to as lysine), are essential for bacterial survival given their roles in 

peptidoglycan crosslinking and protein synthesis. Secondly, the pathway is absent in animals, 

including humans, thus off target effects due to chemical inhibition should be minimised. 

Lastly, as inhibitors of the DAP pathway act upstream of current antibiotic targets within cell 

wall synthesis, they are expected to not be subject to existing resistance mechanisms. This 

thesis focuses on the first two enzymes of the DAP pathway, DHDPS and DHDPR.   

 

1.3.2 DHDPS 

1.3.2.1 The dapA Gene  

The first enzyme in the DAP pathway, DHDPS, is encoded by the dapA gene. The gene from 

E. coli (EcdapA) was first mapped in 1971 [78] and then subsequently cloned in 1986 [79]. 

EcdapA has since been recombinantly expressed routinely in many studies and has formed the 

basis for much of the discovery work on DHDPS. Additionally, dapA genes have also been 

identified, sequenced and cloned from Agrobacterium tumefaciens [80], Anabaena variabilis 

[81], Bacillus subtilis [82], Bacillus anthracis [83], Mycobacterium tuberculosis [84], P. 

aeruginosa [85], S. aureus [86], Streptococcus pneumoniae [87] and others.  

 

Typically, bacteria only have a single dapA gene, encoding one DHDPS enzyme. Alternatively, 

plants typically have two dapA genes, which is hypothesised to increase metabolic flux [88]. 

Gene knockout studies have shown the essentiality of the dapA gene for both Gram-positive 

bacteria and Gram-negative bacteria species including S. pneumoniae [87], B. subtilis [89], E. 

coli [90], Salmonella enterica [91] and Helicobacter pylori [92]. Furthermore, a dapA mutant 

of Yersinia pestis showed avirulence in mouse infection models of both the bubonic and 

septicaemic plague, as well as an inability to grow without meso-DAP supplementation [93].  

 

1.3.2.2 Catalytic Mechanism  

DHDPS enzymes belong to the class I aldolases, which are characterised by the formation of a 

Schiff base between a lysine residue and the keto acid group of the substrate [94]. DHDPS 
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catalyses the condensation reaction of pyruvate and ASA, resulting in the product, HTPA 

(Section 1.2, Fig. 3) [95,96]. The reaction follows a bi-bi ping-pong mechanism [95]. 

Specifically, Schiff base formation is initiated by a nucleophilic attack of the ε-amino group of 

the highly conserved active site lysine (Lys161, E. coli numbering) on the keto group of 

pyruvate. A catalytic triad (Thr44, Tyr133 and Tyr107, E. coli numbering) has been 

hypothesised to transfer protons to and from the active site through a water filled channel. 

Following dehydration, the imine (Schiff base) tautomerises to an enamine intermediate to 

allow ASA to bind [95]. Arg138 (E. coli numbering) facilitates binding of the aldehyde group 

of ASA to the enamine via interaction with the carboxyl group of ASA [97]. Finally, an aldol-

like condensation reaction leads to the cyclisation and the release of the product, HTPA [98]. 

Other key residues, including Tyr106 and Thr45 (E. coli numbering), stabilise the orientation 

of the catalytic triad through hydrophobic stacking and hydrogen bonding with the adjacent 

residues, respectively [97,99]. 

 

 
Figure 3. The DHDPS-catalysed reaction. DHDPS catalyses the condensation of pyruvate 

and ASA to form the product, HTPA, with the release of a water molecule. Figure generated 

using ChemDraw (version 20.0).  

 

Given the importance of these 7 active site residues for DHDPS activity, namely Thr44, Thr45, 

Tyr106, Tyr107, Tyr133, Arg138 and Lys161 (E. coli numbering), they represent a unique 

sequence representative and unique to DHDPS enzymes, termed a signature motif. Desbois 

and colleagues recently used this motif to demonstrate the absence of DHDPS enzymes in the 

fungi kingdom, despite having annotated dapA genes in several species [100]. This indicates 

that this motif could be a useful tool in predicting gene products that encode for DHDPS.  

 

1.3.2.3 Allosteric Regulation  

As described in Section 1.2, DHDPS represents a key regulatory point in the DAP pathway. 

This occurs through a feedback inhibition mechanism via the allosteric binding of the end 
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product of the pathway, lysine [101]. The level of inhibition of DHDPS by lysine varies greatly 

between bacteria and plants. Plant enzymes are strongly inhibited by lysine with IC50 values 

between 10 and 50 µM [102,103]. On the contrary, bacterial DHDPS enzymes are either 

moderately inhibited by lysine (IC50 values in the mid-micromolar range) or not inhibited at 

all. The original dogma suggested that DHDPS enzymes from Gram-negative bacteria were 

inhibited by lysine with mid-micromolar potency, while DHDPS enzymes from Gram-positive 

bacteria were insensitive to allosteric regulation [104]. However, the discovery that DHDPS 

from S. pneumoniae, a Gram-positive bacterium, was inhibited by lysine, while that from the 

Gram-negative bacterium Legionella pneumophila was not, led to a re-evaluation of the dogma 

[104]. This resulted in the identification of a key allosteric site residue at position 56 that  

defines allostery in DHDPS [104]. Specifically, the presence of a histidine or glutamate at 

position 56 imbues allosteric inhibition, whereas the presence of a basic residue results in no 

inhibition [104]. The position 56 residue has now been termed as the allosteric determinant for 

lysine inhibition [104].  

 

Despite several studies focusing on the inhibition potency of lysine, the mechanism 

underpinning allostery remains unclear. To this date, there have been three mechanisms 

proposed to explain the lysine-mediated allosteric regulation of DHDPS. The increased 

flexibility of the active site residue Arg138 has been hypothesised to affect lysine inhibition, 

however mutations to a histidine or alanine yielded proteins that were still inhibited by lysine 

[97]. Nevertheless, these mutant proteins retained 35% of activity at saturating lysine 

concentrations, in comparison to the wildtype protein that only had 8% of activity remaining 

[97]. Further investigation revealed an alternative hypothesis, in which the observed re-

orientation of Tyr107 could potentially interrupt the protein relay required for catalysis [97]. 

In a comparison of the apo and lysine bound EcDHDPS structures, the phenyl ring of Tyr107 

is twisted approximately 20° [97,105]. This is believed to be due to the loss of hydrophobic 

stacking with Tyr106 as this residue moves towards the carboxyl group of the lysine molecule 

upon binding [105]. In the Arg138 mutants described above, this effect was more prominent, 

with Tyr107 rotating up to 40°, potentially explaining the reduced maximum inhibition [97]. 

Alternatively, the overlay of the apo and lysine bound EcDHDPS structures also revealed the 

presence of a water channel connecting the allosteric and active sites [105]. The exact effect of 

the water channel is still unclear, as mutational studies to attempt to block this channel have 

failed to hinder allosteric inhibition [106]. As none of these mechanisms fully explain the 

mechanism of lysine inhibition, more research is required.  
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1.3.2.4 Structural Characterisation  

The first DHDPS crystal structure was that of EcDHDPS determined to a resolution of 2.5 Å 

in 1995, but since refined to 1.9 Å [105,107]. In the past 25 years, there have been several 

structures determined from multiple bacterial and plant species. The DHDPS enzyme exists 

predominantly as a homotetramer, with a tighter dimerisation interface joining two monomers 

and a weak tetramerisation interface, which connects the dimer of dimers together (Fig. 4) 

[102]. Each monomer consists of two domains. The N-terminal domain folds into a typical 

(β/⍺)8- or TIM-barrel, which contains the active site, whilst the C-terminal domain forms three 

α helices that contain residues that mediate tetramerisation [102].  

 

While both bacterial and plant DHDPS enzymes are typically homotetramers, they adopt 

different quaternary structures. The bacterial enzymes adopt a ‘head-to-head’ conformation, 

while plant enzymes conform to a ‘back-to-back’ quaternary structure (Fig. 4) [102]. It was 

predicted that this quaternary structure was evolved to reduce increased dynamic movement 

across the dimerisation interface, known as a “breathing motion”,  which is associated with the 

dimeric form [102,108]. This breathing motion is hypothesised to not only disrupt the catalytic 

triad, interfering with catalytic activity, but also to alter the narrow substrate channel to the 

active site [108]. Thus, the tetramerisation interface stabilises the dimeric form, quenching this 

breathing motion [102]. This diversity in structure results in the allosteric site being located on 

the exterior of the bacterial isoforms, while it is located on the interior of the dimerisation 

interface of plant DHDPS enzymes (Fig. 4) [102]. The active sites are found in similar positions 

across both kingdoms. Interestingly, the DHDPS enzymes from S. aureus and P. aeruginosa 

have both been crystallised as dimers (Fig. 4) [85,86]. It has been proposed that these enzymes 

have evolved as an alternate method of stabilising this breathing motion given the increase in 

buried surface area at the dimerisation interface [86]. 

 

 



 27 

 
Figure 4. Structure of DHDPS enzymes. The crystal structures of (A) E. coli DHDPS 

(EcDHDPS; PDB: 1YXC), (B) Arabidopsis thaliana DHDPS (PDB: 4DPP) and (C) 

Staphylococcus aureus DHDPS (PDB: 3DAQ) showing the ‘head-to-head’, ‘back-to-back’ and 

the dimeric quaternary structures of DHDPS enzymes, respectively. The allosteric site (square), 

active site (circles), dimerisation interface and tetramerisation interface (dashed lines) are 

highlighted in each structure. (D) The active site of pyruvate bound EcDHDPS located in the 

centre of each monomer (PDB: 3DU0). Key catalytic residues are shown as sticks against the 

protein backbone (shown as cartoon). The interdigitating tyrosine 107 from the adjacent 

monomer is shown in red. The bound substrate pyruvate is shown in blue forming a Schiff base 

with lysine 161. (E) The allosteric site of lysine bound EcDHDPS located at the top of the 

dimerisation interface (PDB: 1YXD). Key allosteric residues are labelled and shown as sticks, 

with the allosteric determinant (position 56) shown in purple, and the bound lysine molecule 

shown in orange. 
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1.3.3 DHDPR 

1.3.3.1 The dapB gene 

The enzyme DHDPR was first identified and partially purified from E. coli by Farkas and 

Gilvarg in 1965 [109]. Subsequent investigation led to the identification, sequencing and 

subcloning of the encoding gene, dapB [110]. Since then, DHDPR has been cloned from 

several bacterial species including A. variabilis [81], Bacillus cereus [111], B. subtilis [82], 

Corynebacterium glutamicum [112], M. tuberculosis  [113], S. aureus [114,115] and 

Thermotoga maritima [116]. 

 

Similar to the dapA gene, bacteria typically have one dapB gene. Although some studies have 

listed the dapB gene as essential in different bacterial species [89–91], transposon libraries 

provide conflicting conclusions with Skurnik and colleagues classing it as non-essential [117]. 

Moreover, unlike the dapA gene, there has been no complete deletion of the dapB gene to 

adequately assess its essentiality in a bacterial species. 

 

1.3.3.2 Catalytic Mechanism 

DHDPR catalyses the reduction of DHDP to generate THDP, as discussed in Section 1.2. The 

substrate, DHDP, is the non-enzymatic product resulting from the dehydration of HTPA, the 

product of the preceding DHDPS reaction [118,119]. The DHDPR kinetic mechanism has been 

shown to be sequential in several species [81,115], with the initial binding of the nucleotide 

co-factor NAD(P)H, followed by the substrate, DHDP [119]. Specifically, DHDPR catalyses 

the rapid hydride ion transfer from NAD(P)H to the C4 position of DHDP [119]. The product, 

THDP, is then formed by tautomerisation and protonation in a slower manner, before being 

released (Fig. 5) [119,120]. One of the residues hypothesised to play a key role in the DHDPR-

catalysed reaction is His159 (E. coli numbering), which is proposed to assist in the activation 

of a proton donor water molecule (Fig. 6) [120]. The proton provided is used after the hydride 

addition to the double bond of DHDP [121]. The mechanism of the non-enzymatic dehydration 

of HTPA to form DHDP remains unclear. There is some evidence that DHDPR is also a 

dehydratase, with His159 acting as a base for the deprotonation of HTPA and the subsequent 

hydroxide loss results in DHDP (Fig. 5) [121]. Mutation of His159 to an alanine or glutamine 

results in a ~200-fold decrease in maximum velocity and a ~6 fold higher substrate affinity 

constant (KM), highlighting its importance [120].  
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Figure 5. The DHDPR-catalysed reaction. DHDP is reduced to form the product THDP 

(Pathway 1). It remains unclear whether DHDPR also has an additional dehydratase activity, 

and as such, the true substrate may be HTPA as illustrated in Pathway 2. Figure generated 

using ChemDraw (version 20.0). 

 

1.3.3.3 Co-factor Preference 

Similar to other nucleotide-dependant enzymes, DHDPR has been reported to either have dual 

specificity or a preference for either NADH or the phosphorylated NADPH co-factor 

[113,115,119]. Two residues implicated in the binding to the co-factor are Glu38 and Arg39 

(E. coli numbering). The 2` and 3` adenosyl ribose hydroxyl groups from NADH are believed 

to interact with Glu38 [113,120]. Meanwhile, the 2` phosphate of NADPH is hypothesised to 

interact with Arg39 and the backbone of the glycine rich region (GXXGXXG) typical of 

nucleotide-dependant enzymes [113,120]. Indeed, when the Arg39 residue was mutated in E. 

coli DHDPR (EcDHDPR), a 31-fold decrease in specificity for NADPH was observed [112].  

 

1.3.3.4 Structure of DHDPR 

Bacterial DHDPR enzymes typically adopt a tetrameric quaternary structure, which has been 

observed in both crystallisation [113,120] and in solution studies [81]. Each monomer contains 

an N-terminal domain, which includes the co-factor binding site, with an alternating β-strand-

⍺-helix secondary structure, also known as a Rossmann-fold (Fig. 6) [118]. A sharp four 
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residue loop, from Ala127 to Ser130 (E. coli numbering), connects the N-terminal domain to 

the substrate binding site [118], which is located within the C-terminal domain [113,118,120].  

 

The four monomers interact to form a mixed barrel core [120]. NMR binding studies using 2,6-

pyridinedicarboxylic acid (2,6-PDC) as a substrate analogue demonstrate that upon binding, 

there is a monomeric shift around this core, allowing for open, and thus accessible, or closed 

protein conformations [122]. 

 
 

Figure 6. Structure of DHDPR enzymes. (A) The tetrameric structure of EcDHDPR (PDB: 

1ARZ) with the nucleotide binding domain in the top two monomers highlighted with a box 

and the active sites shown by circles. The four C-terminal domains interact to form the central 

core of the protein. (B) The crystal structure of E. coli DHDPR (EcDHDPR; PDB: 1ARZ) in 

complex with the substrate analogue 2,6-pyridinedicarboxylic acid (2,6-PDC, blue), shown 

interacting with the active site residue His159. (C-D) EcDHDPR in complex with (C) NADH 

(red, PDB: 1ARZ) and (D) NADPH (yellow, PDB: 1DIH) showing the binding site within the 
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N-terminal domain. Highlighted as sticks are the key interacting residues Glu38 (pink) and 

Arg39 (purple) for each co-factor, respectively. 

 

1.3.4 Inhibition Studies of the DAP Pathway 

Substrate analogues of both pyruvate and ASA have been tested for inhibitory effects against 

DHDPS, with little to no success. These include phosphoenolpyruvate, phenylpyruvate, ⍺-

ketoglutarate, oxaloacetate, L-glutamate semialdehyde and N-acetyl-L-ASA [123]. Inhibition 

was observed with some pyruvate analogues, including fluoropyruvate, ketobutyrate and 

glyoxalate, but none with desired potency (Fig. 7 (1)-(3)) [95]. However, the discovery that the 

dehydrated form of HTPA, DHDP (Fig. 7 (4)), had a modest effect on EcDHDPS, stimulated 

investigation of product analogues. A series of substituted pyridine and piperidine analogues 

were shown to display mid-micromolar potency, but failed to progress further [123,124]. 

Inhibitors inspired by the product HTPA followed a similar path, with Turner and colleagues 

reporting two irreversible inhibitors [125]. An extended series of analogues were synthesised, 

but none reported an IC50 below 1 mM [126].  Alternatively, phenylene bis(ketoacid) 

derivatives were able to inhibit with low micromolar potency in a slow time dependant manner 

against EcDHDPS [127]. Development of these inhibitors was not continued, as this mode of 

inhibition is not desirable for drug discovery. Another product analogue of DHDPS, 

tetrahydroisophthalic acid (Fig. 7 (5)), was investigated against both DHDPS and DHDPR 

activity [128]. Interestingly, the analogue inhibited DHDPR more tightly, with an IC50 of 4 

mM, compared to 15 mM for DHDPS [128]. While the inhibition potency of these inhibitors 

is not considered ‘drug-like’, it did encourage further investigation into DHDPR inhibition.  

 

Exploration of the DHDPR active site as a druggable target has been less extensive. To date, 

the substrate analogue 2,6-PDC has received the most attention and acted as a starting point 

for lead identification (Fig. 7 (6)). Both MtDHDPR and EcDHDPR have been co-crystallised 

with 2,6-PDC in an attempt to determine the key interacting residues. Paiva and colleagues 

performed molecular dynamic screening to dock potential ligands into this site [129]. One of 

the most potent group of inhibitors found was several sulfonamide compounds, which had 

sulfonamide groups occupying the same space as 2,6-PDC [129]. The most potent compound 

had a sulfone replacing one of the sulfonamide groups, which had similar in vitro potency 

against EcDHDPR and MtDHDPR [129]. Other competitive inhibitors were also identified, 

with a common motif of a benzene ring with one or more nitro groups occurring in multiple 
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hits [129]. However, these compounds had higher IC50 values than the sulfonamides identified 

[129]. While none of these compounds resulted in antimicrobial activity against a wildtype 

strain of E. coli [129], the low micromolar potency in vitro and the wide structural motif range 

of these compounds demonstrates the potential that the DHDPR active site could be targeted 

for antibiotic development.  

 

Alternative to the active site, DHDPS also contains the allosteric site that allows inhibition 

upon lysine binding (Section 1.3.2.3). Several inhibitors that target this site have been 

identified. Initially investigated as an ASA analogue, homoserine lactone was found to inhibit 

EcDHDPS non-competitively, and thus was hypothesised to be an allosteric inhibitor (Fig. 7 

(7)) [128]. This spurred further investigation into other analogues, including cysteine sulfonic 

acid, aspartic acid and glutamic acid, all of which allosterically inhibited EcDHDPS, however 

only with millimolar potency (Fig. 7 (8)-(10)) [128].  Given that for many DHDPS enzymes 

lysine remains the most potent inhibitor, analogues of lysine have also been considered. 

Thialysine, a sulfur containing lysine mimetic, did inhibit EcDHDPS, however it had a 10-fold 

weaker potency in vitro in comparison to lysine (Fig. 7 (11)) [95]. More recently however, 

Skovpen and colleagues developed a bis-lysine inhibitor of Campylobacter jejuni DHDPS 

involving two lysine molecules joined by a two-carbon bridge in a back-to-back conformation 

(Figure 7 (12)) [130]. This represents the first sub-micromolar allosteric inhibitor of DHDPS, 

reporting a Ki value of approximately 200 nM [130]. While potent in vitro, the in vivo potency 

of this inhibitor against intact bacteria remains to be investigated.  
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Figure 7. Current DHDPS and DHDPR inhibitors.  

 

The presence of multiple druggable targets both within each enzyme and among the different 

enzymes of the DAP pathway is promising as it provides an avenue for a multi-targeted 

antibiotic discovery approach. The use of multi-targeted drugs is expected to negate or slow 

resistance generation, given mutation of a single site or enzyme is unlikely to generate 

resistance [131]. However, as it currently stands, all previous drug discovery attempts targeting 

DHDPS and DHDPR enzymes have failed to yield antimicrobial activity (Section 1.2). This 

highlights the need for more research into probing the structure and function of the enzymes, 

specifically from the pathogenic Gram-negative bacteria discussed in this chapter. Much of the 

previous research has been based on the model EcDHDPS enzyme and therefore is lacking in 

fundamental knowledge of species-specific nuances that are critical for drug discovery. By 

investigating DHDPS and DHDPR from these key pathogens, this thesis hopes to significantly 

contribute to the drug discovery efforts targeting the DAP pathway.   
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1.4 Overview 
Due to increasing levels of antibiotic resistance, there is an urgent need for new antibiotic 

classes with novel modes of action in an attempt to avoid cross-resistance. As described here, 

the DAP pathway represents a promising target as it is implicated in both cell wall and protein 

syntheses. These two processes are validated antibiotic targets, exemplified by antibiotic 

classes such as β-lactams and aminoglycosides. In this project, my aims were to identify, 

validate and characterise novel antibiotic targets within the DAP pathway. Specifically, I have 

focussed on the enzymes DHDPS and DHDPR from the high priority Gram-negative pathogens 

P. aeruginosa, A. baumannii and K. pneumoniae. To achieve these aims, I used a combination 

of biochemical and biophysical techniques, including protein expression and purification, site-

directed mutagenesis, enzyme kinetics, circular dichroism spectroscopy, X-ray 

crystallography, analytical ultracentrifugation and microscale thermophoresis, in addition to 

microbiology techniques such as genome modification, plasmid complementation and growth 

curve analysis.  

 

Chapter Two is a published paper in The FEBS Journal entitled “Identification of two 

dihydrodipicolinate synthase isoforms from Pseudomonas aeruginosa that differ in allosteric 

regulation”. In this paper, I utilised the DHDPS signature motif to identify two bona fide dapA 

genes in P. aeruginosa, from among the four annotated genes. Furthermore, these DHDPS 

enzymes were functionally characterised, including probing differences in allosteric regulation 

by lysine.  

 

Chapter Three is a published paper in FEBS Letters entitled “Mis-annotations of a promising 

antibiotic target in high-priority Gram-negative pathogens”. This paper uses the principles 

learned from Chapter Two to identify the dapA genes that encode for functional DHDPS 

enzymes in K. pneumoniae and A. baumannii. For both species, I revealed that of the four 

annotated dapA genes, only one from each species contained the DHDPS signature motif and 

thus encoded a single functional DHDPS enzyme. Using a combination of enzyme kinetics and 

X-ray crystallography, I confirmed these dapA mis-annotations. The bona fide DHDPS 

enzymes were then functionally characterised to aid future drug discovery efforts.  

 

Chapter Four is a draft manuscript to be submitted to The FEBS Journal entitled “Validation 

and characterisation of a novel antibiotic target in Pseudomonas aeruginosa”. In this chapter, 
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I aimed to clarify the conflicting literature concerning the essentiality of the DHDPR-encoding 

gene, dapB, in P. aeruginosa. In contrast to published transposon libraries, I created a seamless 

gene deletion of the dapB gene for the first time and characterised the resulting mutant bacterial 

strain to assess essentiality. Subsequent functional characterisation of the recombinant enzyme 

revealed crucial substrate and co-factor binding information. 

 

In summary, the work described in this thesis lays the foundation for future inhibitor discovery 

studies in our pursuit for much needed new antibiotics against these high priority species. We 

hope that by investigating a novel mechanism of action and a multi-targeted approach that we 

will be able to reduce resistance and circumvent resistance mechanisms.  
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5 Discussion and Future Directions  
 

The current rise in antibiotic resistance represents one of the biggest threats to global 

healthcare. To combat this, there is an urgent need for new antibiotics with novel modes of 

action. This thesis focuses on the potential antibiotic targets DHDPS and DHDPR within the 

DAP pathway, which are responsible for the biosynthesis of DAP and lysine, both crucial 

metabolites for bacterial survival [1,2]. Specifically, this thesis aimed to identify, validate and 

characterise DHDPS and DHDPR from important Gram-negative bacterial pathogens, namely 

P. aeruginosa, A. baumannii and K. pneumoniae. In this chapter, a discussion of the major 

findings will be summarised and how it provides insights into future antibiotic development 

targeting DHDPS and DHDPR from these clinically relevant pathogens. Furthermore, future 

directions will be discussed that may be useful in resolving unanswered questions in this field. 

 

5.1 Final Discussion  

5.1.1 Gene Mis-annotations 

Gene mis-annotations arise from the incorrect assignment of gene function, either based on 

previous mis-annotations, sequence similarity or an overprediction of function [3]. All three 

bacteria, P. aeruginosa, A. baumannii and K. pneumoniae, had four annotated dapA genes each, 

which would indicate they encoded multiple DHDPS enzymes. This is unusual, as unlike 

plants, bacteria typically only have a single functional DHDPS enzyme [1,4]. In the case of P. 

aeruginosa, two of the four annotated genes were found to be functional DHDPS enzymes, 

resulting in a mis-annotation rate of 50% (Chapter 2). This was an important finding from not 

only a need to exclude non-DHDPS-encoding genes but also to ensure that no bona fide 

DHDPS enzymes were incorrectly excluded. If identification had relied on similarity alone, 

PaDHDPS1 could have been discounted as a functional DHDPS enzyme due to its low 

similarity to other characterised bacterial orthologues. Furthermore, in A. baumannii and K. 

pneumoniae, the dapA mis-annotation rate was found to be 75%, with only 1 in 4 of the 

annotated genes encoding an active DHDPS enzyme (Chapter 3). Subsequent investigation into 

the mis-annotated genes revealed the protein referred to as PaDapA4 was incorrectly annotated 

within the PDB as a DHDPS (PDB ID: 3NA8). PDB mis-annotations are particularly 

significant as computational groups can use deposited crystal structures for in silico chemical 

screens in the pursuit for new inhibitors. For example, DHDPR inhibitors were identified by 
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Paiva and colleagues using the available crystal structure for MtDHDPR [5]. While in this case 

the annotation was correct, similar investigations to identify DHDPS inhibitors using the 

crystal structure for PaDapA4 would have been a waste of valuable time and resources. 

Additionally, PaDapA3 had previously been demonstrated to have Pyr4H2C enzyme activity 

[6]. It is tempting to speculate that the protein referred to as KpDapA3 in Chapter 3 is also a 

Pyr4H2C enzyme given the high level of primary sequence homology. Perhaps the mis-

annotation of the P. aeruginosa gene may have influenced the annotation of KpDapA3 as a 

DHDPS enzyme or vice versa. Whilst for the dapA genes described here, the complete 7-

residue motif is indicative of a functional DHDPS enzyme, as more genes are discovered and 

annotated it would be valuable to investigate potential dapA genes lacking the full motif, 

including those listed above. If activity is observed, this could provide valuable insights into 

the evolution of the DHDPS mechanism, given the important roles that these residues play in 

catalytic activity. 

 

This thesis highlights several mis-annotations of the dapA gene in clinically important Gram-

negative bacteria. Worryingly, such mis-annotations are becoming more prevalent. In an 

investigation of mis-annotations in superfamilies, 10 of 37 superfamilies were found to have 

over 80% mis-annotation rates in one or more databases [3]. The impact of gene mis-

annotations has been exemplified in a study that examined the germination of A. thaliana in 

cold temperatures by producing a transgenic mutant plant [7]. The mutation was believed to be 

in a single gene, with its identity being unclear [7]. Subsequent investigation revealed that this 

annotated single gene was actually two separate genes, with one encoding a key enzyme 

involved in protein degradation [7]. If this gene had remained mis-annotated as a single gene, 

it would have been impossible to define the protein degradation function and thus, its effect in 

cold temperature germination would have remained unclear [6]. Similarly, the annotation of 

the reverse open reading frames (ORF) for ubiquitin, another protein degradation enzyme, have 

been found to have numerous mis-annotations, significantly impacting the search of the correct 

forward sequence [8]. This substantially impacts the ability and ease of identifying the correct 

ORF, increasing the initial bioinformatic workload [8]. In some cases, it is impossible to assign 

the exact gene function based on similarity alone, so alternatively, a superfamily or domain 

designation can be made to imply function [3]. However, superfamily designation is not 

exempt from mis-annotations. In the instance of the enolase superfamily, several proteins were 

added as “mandelate racemase/muconate lactonising enzyme”, and without the designation of 

this superfamily, this would appear to be a multi-functional enzyme with both racemase and 
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lactonisation function that does not exist [3]. Mis-annotations also affect any subsequent 

annotation of similar genes, in what is known as the snowball effect [9]. Simply, this is when 

mis-annotated gene causes another unknown gene to be annotated identically, whether through 

automated processes or user error [9]. In turn, this causes a multitude of mis-annotated genes, 

and depending on the timing of the first mis-annotation, can dwarf the correctly annotated 

results [9]. 

  

5.1.1.1 DHDPS Signature Sequence Motif 

To distinguish between the mis-annotated and bona fide dapA genes, we used a signature motif 

of the key DHDPS catalytic site residues. For P. aeruginosa, as mentioned, two of the four 

annotated genes were found to have all 7 key residues, and thus contained the signature motif. 

Further functional characterisation revealed that of the four encoded proteins, only these two 

proteins showed DHDPS activity in vitro and the ability to complement a dapA deficient E. 

coli strain. Similarly, for K. pneumoniae, all four genes were assessed for DHDPS function, 

with only KpDapA1 displaying DHDPS activity. In comparison, this was also the only 

annotated gene for K. pneumoniae that had the complete signature motif. Using this data, we 

were able to predict and verify the bona fide dapA gene for A. baumannii. This signature motif 

was originally used by Desbois and colleagues to confirm the absence of dapA genes in the 

fungi kingdom [9], however this is the first use of this to identify bacterial dapA genes among 

mis-annotations. This approach is similar to that used by Naumoff and colleagues for enzymes 

involved in nitrogen metabolism [11]. Specifically, they used previously ignored experimental 

data, a conserved motif and gene context to identify genes mis-annotated as ornithine 

carbamoyltransferases as actual putrescine carbamoyltransferases [11]. By validating the use 

of the signature motif for DHDPS enzymes in pathogenic bacteria, I have demonstrated an 

alternate gene annotation method for this promising antibiotic target with minimal 

experimental validation required. The other enzymes in the DAP pathway seem to show a 

lower mis-annotation rate, with a single annotated gene for DHDPR, DAP epimerase and DAP 

decarboxylase listed on the Pseudomonas genome database [12] 

(https://www.pseudomonas.com/search/sequences; DB version 18.1; searched 17 Nov 2020). 

Nevertheless, identifying a signature motif for these other enzymes would be valuable not only 

to correct any future mis-annotations that can quickly propagate, but would also allow for the 

identification of residues essential for catalytic activity that could be exploited for future 

inhibitor discovery efforts.  
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5.1.2 Gene Validation and Essentiality  

Many antibiotic targets are the products of essential genes, with the rationale being if the 

bacteria are unable to survive without the gene, chemical inhibition of the gene product should 

have a similar effect [13]. Thus, several studies have been carried out in an attempt to identify 

essential genes in different bacterial genomes, including the Keio collection of E. coli single 

gene knockout mutants, leading to the largest collection of complete gene knockouts created 

to date [14]. However, generating complete gene knockouts is highly time and resource 

dependent, with essential genes also varying between bacterial species. As such, transposon 

libraries, which are generated by randomly inserting transposon DNA segments within a gene 

to disrupt its function, are now becoming more prevalent to assess gene essentiality [15]. Genes 

that do not tolerate insertions are considered essential for bacterial survival [15]. However, by 

inferring essentiality from an absence of successful transposon mutants, inherent problems can 

arise. The library is heavily dependent on the transposon used, the complexity of the library 

and the reliability of the sequencing and interpretation [16]. For instance, if a transposon is 

used that is sequence specific, only transposon mutants in genes with that specific sequence 

will be obtained, thus limiting the diversity [16]. The complexity is then determined by how 

many times each gene is disrupted, in which ideally each gene would have multiple insertions 

in different locations to determine essentiality [16]. Experimental design is also implicated in 

the determination of conditionally essential genes, with auxotrophs being unintentionally 

supplemented by rich optimal growth media [16]. In trying to determine if a gene represents a 

promising antibiotic target, this may wrongly classify a gene as non-essential, compared to a 

host infection environment in which supplementation may be unavailable [16]. Alternatively, 

some transposon libraries avoid this by using minimal media to grow their mutant bacterial 

strains [17]. Finally, the ORF of the gene needs to be accurately identified to interpret if the 

location of the insertion was adequate to determine essentiality [16]. Failure to do this can 

result in a gene being classified as non-essential [16]. An example of this is the dapF gene, 

which encodes for DAP epimerase [18]. In the P. aeruginosa PA14 Harvard transposon library, 

dapF is classified as non-essential as it has a successful transposon mutant with no observed 

growth defects (Mutant ID:48024) [19]. However, closer inspection of this insertion reveals 

that it is located two base pairs from the 3` end of the gene, and as such, it is unclear if this 

enough to disrupt protein function. Mis-annotations, as described in Section 5.1.1, can also 

affect the validity of the conclusions, as a mis-annotated gene may be classed as non-essential, 

providing misleading information about the importance of the protein function for bacterial 
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survival [16]. These differences between transposon libraries can result in conflicting evidence, 

even within the same organism, as exemplified with the DAP pathway genes in Table 1. In 

summary, no consistent classification of essentiality is observed for 4 of the enzymes within 

the DAP pathway based on data from different transposon libraries.  

 

Table 1. Essentiality classification of genes encoding DAP enzymes in Pseudomonas 

aeruginosa transposon libraries. “E” indicates essential, “N” non-essential and “C” 

conditional.  

 dapA2* dapB dapF lysA 

Liberati et al., (2006) [19] E E N N 

Skurnik et al., (2013) [20] E N N N 

Lee et al., (2015) [21] E E E E 

Turner et al., (2015) [22] E E E N 

Poulsen et al., (2019) [23] C E E N# 

*No transposon data for dapA1 
#A DAP decarboxylase gene was suggested to be essential, however this was a mis-annotated 

lppl gene  

 

Due to this conflicting information, Chapter 4 of this thesis focused on generating a knockout 

of the DHDPR-encoding gene, dapB. By creating a single gene knockout, the potential 

limitations of a transposon library were avoided and the phenotype of P. aeruginosa lacking a 

functional DHDPR enzyme could be investigated. The resulting mutant strain was grown on 

minimal media, to control and avoid unintentional supplementation, and phenotypical 

assessment of growth rates indicated dapB was essential for bacterial replication in 

environments lacking supplemented DAP. Additionally, growth was rescued with 

supplementation of meso-DAP, but not with the final product of the pathway, lysine. This is 

assumed to be due to the conversion of the supplemented meso-DAP to lysine by DAP 

decarboxylase, the function of which should have remained unimpaired [1,24]. These results 

indicate that meso-DAP is essential for bacterial survival, thus supporting the investigation of 

DAP pathway enzymes as novel antibiotic targets. Previous research shed doubt on the 

essentiality of this pathway, with a single gene knockout of PadapA2 resulting in no change in 

bacterial growth or virulence [25]. However, the study failed to address the presence of 

PadapA1, which encodes a functional DHDPS enzyme as shown in Chapter 2. Experiments 

into the essentiality of PadapA1 and PadapA2 are ongoing in the Soares da Costa laboratory. 
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Research should also be conducted into the essentiality of the DAP pathway genes in the other 

critical pathogens, A. baumannii and K. pneumoniae. While transposon libraries for both of 

these species list dapA, dapB and dapF as essential, and lysA as non-essential [26,27], there 

have been no complete gene knockout strains generated. Future investigations could include 

either genetic or transcriptional mutation of these genes to assess the phenotype, which will be 

described in Section 5.2.1.  

 

5.1.3 Protein Structure and Function 

Understanding protein structure and function is crucial for inhibitor development. In order to 

aid future structure activity relationship (SAR) optimisation of hit compounds, it is necessary 

to understand the key residues required for enzymatic activity. As previously mentioned, the 

foundation of current drug discovery efforts targeting DHDPS and DHDPR has been based on 

studies using EcDHDPS, EcDHDPR and MtDHDPR (Section 1.3.4). Furthermore, there have 

been no published inhibitors of any of the DAP pathway enzymes from P. aeruginosa, A. 

baumannii or K. pneumoniae. Accordingly, this thesis aimed to investigate the structure and 

function of DHDPS and DHDPR from these clinically important Gram-negative bacterial 

species. In Chapter 2, I demonstrated that although PaDHDPS1 and PaDHDPS2 share similar 

catalytic efficiencies, they differed in their allosteric inhibition by lysine. PaDHDPS1 displays 

an unusual allosteric site composition, with a glutamine residue in position 56, which had not 

been reported for any previously characterised DHDPS enzymes. Using site directed 

mutagenesis and homology modelling, I hypothesised that steric hinderance from this residue 

prevents lysine binding and thus inhibition. This expanded the current dogma of position 56 as 

an allosteric determinant to include a glutamine, which can now be applied to other DHDPS 

enzymes. Moreover, this has demonstrated that an allosteric inhibitor of PaDHDPS enzymes 

would have to overcome the steric hinderance of the glutamine, indicating that inhibitors, such 

as bis-lysine [28], may be ineffective. 

 

Overall, these data suggests that narrow-spectrum inhibitors could be developed that target the 

allosteric site of DHDPS, whereas the active site represents a broad-spectrum target. To aid in 

this, DHDPS enzymes from A. baumannii and K. pneumoniae were functionally and 

structurally characterised (Chapter 3). While the crystal structure for AbDHDPS had already 

been deposited in the PDB (PDB ID: 3TAK) without accompanying functional data, I was able 

to crystallise and solve the structure of KpDHDPS (PDB ID: 6UE0). An overlay of the 
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EcDHDPS, KpDHDPS, AbDHDPS and PaDHDPS2 enzymes revealed similar orientations for 

the catalytic site residues (see Section 1.3.2.4). This further supports the idea that targeting the 

DHDPS active site should result in broad-spectrum inhibitors.  

 

In addition to the characterisation of the DHDPS enzymes, the subsequent enzyme in the DAP 

pathway, DHDPR, from P. aeruginosa was also investigated (Chapter 4). DHDPR requires 

either NADH or NADPH as a co-factor for the donation of a hydrogen ion to complete the 

reduction of DHDP to THDP [29–31]. To investigate the co-factor specificity of PaDHDPR, 

its enzymatic rate was measured while titrating varying concentrations of both NADH and 

NADPH. This revealed that like EcDHDPR and MtDHDPR, PaDHDPR has dual co-factor 

specificity. This indicates that if inhibitors were to be designed against this co-factor binding 

site, they could potentially interact with either of the key residues involved in NADH and 

NADPH binding.  

 

The order of substrate and co-factor binding for PaDHDPR was also explored as this could 

limit or expand potential chemical scaffolds. Previously, the order of substrate and co-factor 

binding had only been investigated for SaDHDPR and AvDHDPR, both of which demonstrated 

that NADH was required for the substrate analogue 2,6-PDC to bind [32,33]. Using microscale 

thermophoresis, I showed that 2,6-PDC can bind to the apo and co-factor bound forms of 

PaDHDPR, unlike previous studies (Chapter 4). It is currently unclear if the phenomenon 

observed for PaDHDPR is applicable to other DHDPR enzymes that have dual specificity, 

including EcDHDPR and MtDHDPR [29,34], and as such further investigation is required. 

Where inhibitors of SaDHDPR and AvDHDPR may be limited to scaffolds for a co-factor 

bound enzyme, our results demonstrate that a wider range of scaffolds could be investigated 

against the PaDHDPR enzyme, as this site is not co-factor dependent. Recent in silico 

modelling studies have revealed that two sulfonamide diuretics used for hypertension bind to 

the NADPH binding site of dihydrofolate reductase and are hypothesised to exert their 

antihypertensive effects through antibacterial control of the gut microbiome [35]. This 

highlights the potential of the co-factor binding site as a druggable site, and my research into 

PaDHDPR co-factor binding helps elucidate this process.  

 

5.2 Future Directions 
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5.2.1 Genetic Manipulation and Investigation 

The ultimate goal of chemical inhibition through drug development is to elicit a desired cellular 

phenotype [36], which in the case of antibiotics, is either bacterial growth inhibition or death. 

Genetic knockouts or knockdowns are used to assess if the desired phenotype is possible by 

removal of the target protein, prior to the identification of drug-like compounds [36]. Here we 

described the phenotypic characterisation of a dapB knockout in P. aeruginosa, which was 

shown to be lethal without adequate supplementation (Chapter 4). However, further 

investigation is required to fully ascertain the effects of DAP pathway alterations in P. 

aeruginosa. The knockout described in Chapter 4 was a seamless gene knockout, indicating 

that there is no partially functional enzyme remaining. While this was critical in determining 

the essentiality of the gene, future drug inhibition may fail to completely inhibit enzyme 

activity at desirable concentrations. To assess the effect of partial inhibition, enzyme activity 

has to be reduced but not completely eliminated in vivo. This could potentially be achieved by 

varying the expression of dapB using the complementation plasmid designed in Chapter 4, 

however it is unclear whether expression levels could be reduced sufficiently and accurately 

enough with this approach. Alternatively, to gain a more tightly regulated control of expression, 

known as “tuneable” expression, techniques such as RNA knockdown could be used. One 

method to generate RNA knockdowns within bacteria is through the generation of small RNA 

(sRNA) regulators, which have short 6-8 bp complementary regions to the mRNA of interest 

[37]. The binding of the sRNAs can then block translation by preventing interaction with the 

ribosome [37]. This allows for transcriptional control over the gene, without a complete 

knockout of function [37]. Sharma and colleagues demonstrated this protocol on a potential 

antibiotic target, recA, in E. coli [38]. By lowering the translation level of recA, phenotypic 

characterisation revealed diminished swarming motility that is implicated in pathogenesis, and 

increased susceptibility to the fluoroquinolone ciprofloxacin [38]. Importantly, prior to this 

research, recA had only been characterised using complete gene knockouts, where this study 

provided tuneable and a more diverse investigation into the recA deficient phenotype, 

potentially more accurately representing chemical inhibition [38]. 

 

While RNA knockdown alters gene expression at the mRNA level, CRISPRi allows for 

reduced expression at the genomic level. Traditional CRISPR gene modifications are 

inapplicable for most bacterial strains, however, CRISPRi has been optimised for several 

bacterial species including E. coli [39] and B. subtilis [40]. It involves an inactivated Cas9 
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nuclease (Cas9d) and the use of a single guide RNA homologous to the gene of interest [39,40]. 

Once both bind to the genome, RNA transcription elongation is blocked and the gene is 

silenced without modification [39,40]. More recently, this was optimised for use in 

Pseudomonas putida and is believed to be applicable to more clinically relevant Pseudomonas 

strains, including P. aeruginosa [41]. Using either RNA knockdown or CRISPRi on the dapA 

and dapB genes within P. aeruginosa, A. baumannii and K. pneumoniae would provide 

valuable insight into the physiological roles of these genes. 

 

5.2.2 Phenotypic Characterisation of Mutant Strains 

5.2.2.1 Assessment of Bacterial Fitness 

The dapB knockout experiments described in Chapter 4 demonstrated the essentiality of 

DHDPR in P. aeruginosa. However, due to the lethality of the knockout, the effects of the 

absence of DHDPR on biological processes could not be further investigated. As mentioned 

previously, a drug may bind transiently or not completely inhibit the enzyme. Therefore, 

characterisation of so-called tuneable mutants mentioned above could help determine the 

expected phenotype of a partially inhibited bacterial strain.  

 

In Chapter 4, we used minimal media with and without supplemented meso-DAP to assess for 

essentiality using growth curves. Whilst this is useful for demonstrating essentiality, more 

comprehensive growth curve experiments can be performed to further characterise a DHDPR 

deficiency. Such growth curve experiments typically involve altering the carbon source, 

nitrogen source and types of metal and antibiotic stress [42]. A comparison of the growth 

curves from these conditions can also lead to the identification of “co-fitness”, in which we can 

identify genes with a similar fitness pattern [42]. In the DAP pathway, the observation of co-

fitness between each of the genes would suggest a similar phenotype could be observed with 

chemical inhibition of the different enzymes. However, typical growth curves represent 

bacterial growth while in media suspension, which is not always the most accurate mimic of a 

host environment. The pathogenic bacteria in this thesis, P. aeruginosa, A. baumannii and K. 

pneumoniae, tend to form biofilms, which significantly contribute to their pathogenicity and 

antibiotic resistance in vivo [43,44]. As such, it is important to assess biofilm formation in 

mutant strains. This can be done both qualitatively and quantitatively. Qualitative 

measurements include estimating the dry mass, total carbon mass, or crystal violet staining of 

adhered bacterial cultures. However, these methods assume a direct correlation of the substance 
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being measured to biofilm forming cells [45]. While more time consuming and laborious, 

quantitative methods involve direct cell counting by using techniques such as colony forming 

unit determination, flow cell counting or microscopy [45]. This eliminates the effect of 

extraneous variables such as cell debris from impacting the outcome [45]. Given that biofilms 

are implicated in up to 80% of chronic infections, agents that prevent biofilm formation are 

highly sought after [46]. Using the techniques described above, we can characterise the effects 

of mutations in the DAP pathway on biofilm formation. If it was observed that the bacteria 

were either unable to form a biofilm or there was a depletion in biofilm mass, this would 

indicate that there is a potential for DAP pathway inhibitors to be used as anti-biofilm agents. 

These agents, which may lack bactericidal effects alone, represent a promising avenue for 

adjuvant therapy to allow for the potentiation of existing antibiotics that are currently 

ineffective against biofilms [46].  

 

As the DAP pathway plays an important role upstream of cell wall synthesis, future 

experiments should also investigate if there are any changes in cell wall permeability associated 

with DAP pathway mutants. To determine increases in cell membrane permeability, leakage 

of ATP, potassium and magnesium ions are often measured, as well as using electron 

micrographs to visualise the cell membrane [47]. Potassium and magnesium leakage can be 

measured via inductively coupled plasma mass spectrometry to determine the ion concentration 

within the supernatant of a bacterial culture [47]. Additionally, bioluminescence can be used 

to assess ATP leakage, using an interaction of the ATP in the supernatant with the fluorescent 

molecule luciferase [48]. Scanning electron micrographs then allow for visualisation of 

detailed morphology and the structure of bacterial cells [49]. Any changes in the cells resulting 

from the elimination of DAP pathway function could elucidate the mechanism of the 

antimicrobial effect observed. Moreover, an increase in cell wall permeability would indicate 

potential synergy with current antibiotics that cannot breach the cell membrane [50], as 

discussed later.  

 

The relevance of these changes to survival rates, biofilm formation and cell wall permeability 

could also be assessed in a mouse infection model. Similar to what was performed for the 

Yersinia pestis dapA knockout [51], assessing the wildtype and mutant strains in a P. 

aeruginosa lung infection model would reveal the potential effects of chemical inhibition 

within a living system and reveal the propensity of mutant strains to scavenge the essential 

nutrients required. 
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5.2.2.2 Directed Inhibitor Screening 

Historically, antibiotic screening methods involved whole cell screening assays, where drug-

like fragments were screened against bacterial cultures and antibacterial activity was selected 

for with no knowledge of the cellular target [52]. Any potential hits were then optimised for 

improved pharmacological properties and potency [52]. This method is limited however, as 

many obsolete or toxic compounds are repeatedly identified [52]. Since significant advances 

have been made in genetic manipulation, antibiotic screening has now focused on more target 

directed approaches. A genetic knockout or knockdown of a gene can be used for two different 

screening techniques: determining the mode of action of a compound from a library screen or 

using a mutant strain to assess for synergy.  

 

Whole cell assays using live bacteria are advantageous as any antibacterial compounds would 

have been able to bypass the intrinsic resistance afforded by the cell membrane and efflux 

pumps and exert their effects [52]. This enables researchers to begin lead optimisation with a 

compound that has known biological activity [52]. However, this method can result in the target 

of successful compounds being unknown. By having a mutant bacterial strain lacking a 

functional enzyme, in this case DHDPR, it would allow for the selection of DHDPR-specific 

inhibitors. As drug-like fragments are typically small, they can have off target effects that cause 

human toxicity if a human homologue is inhibited. Therefore, by determining DHDPR 

specificity, this would reduce the chances of toxicity. A caveat to this experiment is that 

external supplementation could not be used, as it would rescue other potential targets in the 

DAP pathway. The rescue plasmid described in Chapter 4 could be employed to overcome this 

issue. Successful examples of this approach include the determination of the mode of action 

for the antibiotic fosfomycin and the biocide triclosan. By screening a genetic library of E. coli 

mutants that conferred fosfomycin resistance, Marquardt and colleagues were able to determine 

that it targets the MurZ enzyme involved in peptidoglycan synthesis [53]. Moreover, triclosan 

was found to target fatty acid synthesis when screening against a mutant genomic library with 

a missense mutation in the fabl gene conferring resistance [54]. In another example, as opposed 

to starting with an inhibitor and determining the mode of action, natural product inhibitors of 

fatty acid synthesis in S. aureus were determined by screening compounds using antisense 

RNA against the mRNA of the key enzymes FabH and FabF and noting resistance [55]. 

 

As mentioned, this approach can also be used to assess for synergy with other antibiotic classes. 

Recently, there has been a resurgence in the investigation of compounds that re-sensitise 
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bacteria to known antibiotics [56]. This allows for the development of inhibitors that may lack 

antibacterial activity on their own but can be used in combination with existing drugs that 

would have otherwise been ineffective [56]. As the cell wall of Gram-negative bacteria 

represents a significant barrier [50], many synergistic strategies focus on permeabilising the 

cell wall to allow better passage of antibiotics. One example is the use of cell wall hydrolases, 

in which synergy is observed by enhanced penetration of existing antibiotics [57]. This is 

usually tested for using a checkerboard assay, in which two drugs are titrated against one 

another and observed for potentiation [58]. This has recently been optimised to test synergy of 

up to three drugs simultaneously using a diagonal plate set up [59]. These methods allow for 

specific DAP pathway inhibitors to be screened more thoroughly. However, until the mutant 

libraries described above can be generated, traditional drug discovery studies can still be 

conducted in the hopes of finding new inhibitory molecules.  

 

5.2.3 Inhibitor Discovery 

As described in Section 1.1, the discovery of several antibiotics was achieved using time and 

labour-intensive screens of natural product libraries for antibacterial activity [51]. With the 

technical advances in drug development, more streamlined methods are now available, 

including high throughput and in silico screening against a select target, both of which are 

applicable to identify inhibitors of DHDPS and DHDPR.  

 

By definition, a high throughput screen allows for the assessment of many, often small, 

compounds against a bacterial culture or target for a desired phenotype, such as inhibition or 

cell death [60]. In the case of screening against a specific target, this process relies on the ability 

to accurately detect the desired phenotype in a high throughput manner, allowing quick 

determination of successful or unsuccessful compounds [60]. For DHDPS, this is possible 

using the colourimetric o-ABA assay, which was employed in Chapters 2 and 3 for the 

assessment of DHDPS activity [61]. For a high throughput DHDPS chemical screen, this assay 

can be used to assess for DHDPS inhibition, with a purple colour indicating a functional 

enzyme, while absence of colour indicates inhibition. In recent years, a high throughput 

chemical screen was performed against DHDPS using this assay, with the hit compound CT1-

2 identified (Matthew Perugini, pers. comms. Appendix II). Structural optimisation of this hit 

compound resulted in CT1-5, a small molecule inhibitor with improved potency against 

EcDHDPS with a co-crystal structure showing binding within the active site (Tatiana Soares 
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da Costa, pers. comms.). As demonstrated in Chapter 3, there is a high level of structural 

similarity between the active site of EcDHDPS, PaDHDPS2, KpDHDPS and AbDHDPS. As 

such, to investigate if this structural similarity allowed for broad-spectrum inhibition of these 

bacterial DHDPS enzymes, I tested CT1-5 against PaDHDPS1&2, KpDHDPS and AbDHDPS 

in vitro (Figure 1). Minimal remaining catalytic activity was observed for the orthologues at 1 

mM CT1-5, with an IC50 <0.5 mM against all orthologues tested.  

 

 

 
 

Figure 1. Inhibition of DHDPS enzymes by the active site inhibitor, CT1-5. Activity 

remaining (%) of (A) P. aeruginosa DHDPS isoforms 1 & 2 (PaDHDPS1 & PaDHDPS2) and 

(B) K. pneumoniae DHDPS (KpDHDPS) and A. baumannii DHDPS (AbDHDPS) in the 

DHDPS-DHDPR coupled assay when incubated with 1 mM CT1-5, 0.5 mM CT1-5 or 1% (v/v) 

DMSO as a vehicle control (n=3, ± SD).  Method is reported in Appendix III. 

 

Previous inhibitor studies of DHDPS and DHDPR enzymes have shown some similarity in 

compounds that inhibit the active site of both enzymes (Section 1.3.4). This is in conjunction 

with previous research showing preliminary evidence for substrate channelling between 

DHDPS and DHDPR [62]. To this end, as CT1-5 was indicated as a DHDPS active site 

inhibitor, its inhibitory effects were also tested against PaDHDPR (Fig. 2). Complete inhibition 

was seen at both concentrations tested, indicating an IC50 <0.5 mM, as observed with 

PaDHDPS1&2 above. Further investigation was conducted using antibacterial assays, with the 

minimal inhibitory concentration of CT1-5 determined against several P. aeruginosa strains 

(data courtesy of Tatiana Soares da Costa, pers. comms., Appendix IV). Excitingly, growth 
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inhibition was observed for all strains tested with CT1-5, resulting in a lethal concentration of 

64 µg·ml-1 regardless of the resistance profile. Moreover, this represents the first DAP pathway 

inhibitor with antibacterial activity, providing crucial information for future inhibitor 

optimisation. Continued investigation is still required to assess its potential broad-spectrum 

inhibition against A. baumannii and K. pneumoniae strains.  

 

 

 

Figure 2. CT1-5 inhibition of PaDHDPR. In vitro inhibition of PaDHDPR with CT1-5. 

Activity remaining (%) of P. aeruginosa DHDPR (PaDHDPR) in the presence of 1 mM CT1-

5, 0.5 mM CT1-5 or a DMSO control (n=3, ± SD). Method is reported in Appendix III.  

 

Whilst CT1-5 represents a promising compound for antibiotic development, further 

optimisation is required to improve its in vitro and in vivo potency. As described above, SAR 

optimisation can be used to investigate the effect of different functional groups and chemical 

extensions during analogue generation. Ideally, the expansion of CT1-5 within the binding 

pocket would increase potency by strengthening the interacting bonds, thus reducing 

disassociation [63–65]. As we have crystallised and refined the structure of KpDHDPS here 

(Chapter 3), this can now be utilised for co-crystallisation studies, alongside EcDHDPS, to 

identify any inter-species variation in inhibitor binding. Depending on the results obtained, this 

could allow for either an increase in broad-spectrum activity or species specificity. 

Alternatively, recent advancements in machine learning and simulation technology have 

increased the usability and accessibility of in silico screening as an alternate method of 
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optimisation. In silico screening provides the opportunity for both high throughput virtual 

screening of compound libraries, as well as lead optimisation through 3D pharmacophore 

mapping [66]. Pharmacophore mapping is the retrieval of similar novel compounds from a 

database that suit the 3D arrangement of functional groups required [66]. Improvements have 

been made to the search algorithms used in this process, making it one of the most successful 

tools in drug design and optimisation [66]. These optimisation tools can increase the potency 

of CT1-5 both in vitro and in vivo against various DHDPS and DHDPR enzymes. These tools 

also allow for increased species specificity by exploiting the enzymatic differences that have 

been demonstrated in this thesis.  

 

5.3 Summary 
Previous inhibition attempts of DHDPS and DHDPR enzymes have failed to result in 

compounds with antibacterial activity. We hypothesised that this could be due to a lack of 

knowledge surrounding the similarities and differences of DHDPS isoforms from pathogenic 

species. Therefore, this thesis aimed to identify, characterise and provide crucial tools for future 

drug discovery research against these pathogens. The studies described here were the first to 

utilise a key signature motif to identify bacterial DHDPS enzymes, among a variety of mis-

annotated genes. This allows for more streamlined bioinformatic identification of bona fide 

DHDPS enzymes in the future, reducing the risk of a mis-annotated protein being investigated. 

Furthermore, the confirmed DHDPS enzymes from P. aeruginosa, A. baumannii and 

K. pneumoniae were structurally and functionally characterised, showing similarities and 

differences between species that can be considered and exploited for both narrow-spectrum 

and broad-spectrum inhibition. Finally, the DHDPR enzyme from P. aeruginosa was shown to 

be an essential protein for bacterial survival, indicating that chemical inhibition of the DAP 

pathway should result in a lethal phenotype. Altogether, this work significantly contributes to 

future DAP pathway inhibition attempts, including the optimisation of CT1-5 beyond E. coli 

and against these clinically relevant bacteria, in the pursuit for antibacterial agents with a novel 

mode of action to tackle our antibiotic resistance crisis. 
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Appendix II - High throughput chemical screen method 
 

A high throughput screen of a library of 87,648 compounds was conducted against 

recombinant EcDHDPS enzyme by the Walter and Eliza Hall Institute High Throughput 

Chemical Screening Facility (Melbourne, Australia). The o-aminobenzaldehyde (o-ABA) 

colourimetric assay was employed to assess DHDPS activity via the production of a purple 

chromophore measured spectrophotometrically at 540 nm [1]. For the primary screen, reactions 

comprised 0.5 mg·mL-1 EcDHDPS, 0.5 mM sodium pyruvate and 0.5 mM ASA. Library 

compounds were added at final concentrations of 20 mM, with DMSO concentrations kept at 

a final concentration of 0.4% (v/v). Reactions were incubated at 25 °C for 15 mins after the 

addition of ASA, before the addition of HCl to a final concentration of 350 mM was added to 

stop the reaction. o-ABA was subsequently added to a final concentration of 0.44 mg·mL-1, 

plates incubated at room temperature for 1 hour, and absorbance quantified at 540 nm. DMSO 

was used as a positive control, whilst negative controls lacked the substrate ASA. For the 

secondary screen, 11-point dose response curves were generated using the same reactions as 

described above. A counter screen was conducted using the same set-up without the inclusion 

library compounds before the addition of 350 mM HCl. Library compounds were then added 

after the reaction was stopped, followed by o-ABA to a final concentration of 0.44 mg·mL-1. 

The plates were subsequently incubated at room temperature for 1 hour, and absorbance 

quantified at 540 nm. 
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Appendix III – CT1-5 Inhibition Determination 
The DHDPS-DHDPR coupled assay was used to assess the inhibitory effect of CT1-5 against 

recombinant PaDHDPS1, PaDHDPS2, AbDHDPS, KpDHDPS and PaDHDPR enzymes, as 

previously described [2–4]. CT1-5 was dissolved in DMSO to a concentration of 100 mM and 

50 mM, before being used at a final concentration of 1 mM and 0.5 mM within the reaction. 

To assess DHDPS inhibition, all assays were performed in triplicate and incubated with CT1-

5 for 12 minutes at 37 °C prior to the addition of ASA for initiation of the reaction. DHDPS 

enzymes were used at a final concentration of 5 µgᐧml-1, while EcDHDPR was kept in a 10-

fold molar excess. To assess DHDPR inhibition, pre-assay mixtures, containing all reagents 

but PaDHDPR and CT1-5, were incubated for 12 minutes prior to the addition of ASA at a 

final concentration of 50 µM and incubated for 1 minute. CT1-5 was added to the reaction 

immediately prior to initiation with PaDHDPR (final concentration 5 µgᐧml-1). EcDHDPS was 

kept at a 10-fold molar excess. The vehicle control used was 1% (v/v) DMSO. Substrate 

turnover was measured via the oxidation of NADPH at Abs340nm (ε340nm = 6220 M-1 cm-1).  
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Appendix IV – CT1-5 Minimum Inhibitory Concentration 
A broth microdilution method was used to determine the minimum inhibitory concentration 

(MIC) of CT1-5 against P. aeruginosa strains as defined by the Clinical Laboratory Standards 

Institute [5]. Specifically, 1 ✕ 105 colony forming units per ml were inoculated using tryptic 

soy broth in 96 well plates with CT1-5 concentrations ranging from 256 – 0.25 µgᐧml-1. Plates 

were incubated at 37 °C for 20 hours. Growth was assessed by measuring the absorbance at 

600 nm. The MIC values was defined as the lowest concentration of CT1-5 where no bacterial 

growth was observed. Experiments were repeated with 3 biological replicates.  
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