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Abstract 

Allosteric regulation of metabolic enzymes is an important mechanism used by many organisms to 

control metabolic flux through biosynthetic pathways to ensure that resources are used effectively 

and according to current metabolic requirements. The shikimate pathway is responsible for the 

biosynthesis of key aromatic metabolites, including the aromatic amino acids tryptophan (Trp), 

tyrosine (Tyr) and phenylalanine (Phe), in microorganisms and plants. In the case of Pseudomonas 

aeruginosa, the shikimate pathway end product chorismate serves as the last common precursor for 

the biosynthesis of both primary (such as aromatic amino acids) and secondary (such as pyocyanin) 

aromatic compounds. 

 

The enzyme 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAH7PS) catalyses the first 

committed step of the shikimate pathway: the aldol-like condensation reaction between 

phosphoenolpyruvate (PEP) and erythrose 4-phosphate (E4P) to form 3-deoxy-D-arabino-

heptulosonate 7-phosphate, en route to chorismate. DAH7PSs are classified into three broad 

groupings based on sequence size and sequence characteristics: type Ia, type Ib and type II with less 

than 10% sequence identity between the type I and type II groups. Despite the low sequence identity 

found between members of the type I or type II groups of DAH7PSs, all structurally characterised 

DAH7PSs contain a core (ba)8 catalytic barrel and shared active-site residues with accessory structural 

elements that are associated with the formation of oligomeric interfaces and allosteric functionality. 

 

The DAH7PSs from P. aeruginosa are of interest as P. aeruginosa expresses four distinct DAH7PSs: two 

that are classified as type Ia and two that are classified as type II. The type II DAH7PSs from P. 

aeruginosa are of particular interest due to the genomic context of one of these isoenzymes within 

the phenazine biosynthetic cluster.  
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The studies described in this thesis provide a detailed characterisation of the two type II DAH7PSs 

expressed by P. aeruginosa: PaeDAH7PSPA1901 (encoded by phzC as part of the phzA-G phenazine 

biosynthetic cluster) and PaeDAH7PSPA2843. The structure of PaeDAH7PSPA2843 reveals that subtle 

structural differences in the extra barrel elements, relative to other characterised type II DAH7PSs, 

leads to the formation of a distinct quaternary assembly with consequences for allosteric functionality 

and the control of metabolic flux into branching pathways. Complementary functional studies of 

PaeDAH7PSPA2843 cast light on the complex dynamic communication networks that connect the 

allosteric binding site with the active site. The structure of PaeDAH7PSPA1901 reveals for the first time 

the structure of a type II DAH7PS that is associated with secondary metabolism. The complete omission 

of structural elements involved in the formation of both the minor interface and the Trp allosteric 

binding site in either PaeDAH7PSPA2843 or MtuDAH7PS results in the formation of an alternative 

solution-state structure for PaeDAH7PSPA1901, with oligomeric interfaces that have previously not been 

characterised, which directly affect allosteric functionality. 

 

The structural and functional studies of the type II DAH7PSs from P. aeruginosa provide insight into 

the more varied evolutionary trajectories for the type II DAH7PSs than data previously supported. 

These data indicate that the type II DAH7PSs may have diverged to deliver two groups of type II 

DAH7PSs that are suited to function either within primary or within secondary metabolism. The 

significant differences between these two type II DAH7PS groups, in terms of sequence characteristics, 

structure and functionality suggest that the type II DAH7PSs be reclassified as two distinct groups of 

type II enzymes. 
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1.1 Pseudomonas aeruginosa 

 

Throughout the 19th century, ‘blue pus’ was commonly reported as being associated with wounds that 

required long periods of care. While the cause of this phenomenon was still unknown, the pigment 

responsible for the blue appearance of the pus was first isolated by Fordos in 1859.1,2 The pigment was 

named pyocyanin (PYO) from the Greek words πύο, meaning pus, and κυανό meaning cyan 

presumably describing the compounds origin and distinct colour. 

 

In 1882, the blue pigment PYO was linked for the first time to the presence of the bacterium Bacillus 

pyocyaneus named after its ability to produce the compound PYO. B. pyocyaneus is a Gram negative 

bacillus bacterium that was first isolated by French bacteriologist Carle Gessard in 18823 and was first 

recognised as a human pathogen by Charrin in 1890. Today, B. pyocyaneus is known as Pseudomonas 

aeruginosa, named from the Greek words ψευδής and μονός meaning false and single respectively 

whereas aeruginosa is from the Latin word for verdigris, or copper-rust.  

 

P. aeruginosa is an opportunistic human pathogen often associated with the chronic infection of the 

gastrointestinal, respiratory tracts, and the lungs of individuals suffering from Cystic Fibrosis (CF).4-7 P. 

aeruginosa infection in CF patients is a significant health issue in New Zealand, and worldwide. In 2014, 

32.7% of CF patients suffered from  P. aeruginosa infection in New Zealand.8 This is comparable with 

the slightly higher rates of P. aeruginosa infection in Australia (48.5%) and in the UK (48.2%) in the 

same time period.9,10  

 

The genome of P. aeruginosa PAO1 was first sequenced in 200011 and contains 6.3 million base pairs—

the largest bacterial genome sequenced at the time. The genome sequence provided insight into the 

intrinsic drug resistance of the bacterium and identified several novel drug efflux systems that were 

yet to be described.  
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The emergence of new and multi-drug resistant P. aeruginosa strains remains of growing concern and 

recently, in 2017, the World Health Organisation (WHO) assigned the bacterium as priority 1 (or 

critical) on a list of ‘priority pathogens’ that pose the greatest risk to human health.12 As such, the 

discovery and characterisation of novel drug targets against this problematic pathogen is required. 

 

1.2 Allosteric Regulation of Enzymes 

 

Protein allostery is defined as the process by which protein function is influenced by the interaction of 

certain effector molecules at distinct binding sites within a protein that are remote from the active, or 

functional, site.13 The concept of protein allostery was first proposed in 196314 and was shortly 

followed by two models to describe protein allostery: the Monod-Wyman-Changeux model,15 and the 

Koshland-Nemethy-Filmer model.16  

 

Allostery is a feature that is seen in metabolic enzymes, where the biological activity of the enzyme 

can be influenced by key metabolites that act as probes to indicate current metabolic status and 

modulate cellular metabolic processes accordingly. Allostery is also a feature of non-enzymatic 

proteins, such as cell receptors, where the presence of certain molecules at one site can influence 

biological function at another, remote site. These molecules, termed allosteric effectors, influence 

protein conformation and/or dynamics, resulting in an altered rate of enzymatic catalysis or protein 

function. 
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1.2.1 Monod-Wyman-Changeux (MWC) Model of Enzyme Allostery 

 

The first model proposed to describe the allosteric behaviour of proteins was proposed by Monod, 

Wyman and Changeux in 1965 and is commonly referred to as the MWC model of enzyme allostery.15 

This model states that in the absence of an effector molecule, an oligomeric protein exists in 

equilibrium between two states: a tense state (T) and a relaxed state (R) (Figure 1.1). The interaction 

of an effector molecule at an allosteric site of one subunit of the oligomeric protein influences the 

position of this equilibrium to favour the state that has the highest affinity for the effector molecule 

and subsequently influences the function of the protein at a remote site.  

 

 

Figure 1.1: A schematic representation of the MWC model to describe protein allostery where the binding of an 
effector molecule influences the position of an equilibrium between T (red) and R (blue) states in a concerted 
fashion.  
 

The MWC model assumes that the binding of an effector molecule to one subunit of the oligomeric 

protein influences the position of the equilibrium between R and T states in all of the subunits in the 

protein and hence is often referred to as the concerted model of protein allostery. 

 

1.2.2 Koshland-Nemethy-Filmer (KNF) Model of Enzyme Allostery 

 

Shortly after the MWC model was proposed, an alternative model, the KNF model of protein allostery, 

was proposed by Koshland, Nemethy, and Filmer.16 This model is based on the induced-fit theory 

where the binding of an effector molecule induces a conformational change to accommodate the 
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effector molecule. When an effector molecule binds to a site on a particular subunit of the oligomeric 

protein, the resultant change in subunit conformation can influence the binding of the effector 

molecule at second and subsequent subunits (Figure 1.2).  

 

 

Figure 1.2 A schematic representation of the KNF model to describe protein allostery where the binding of an 
effector molecule induces a conformational change to accommodate the effector molecule in a sequential 
fashion. 
 

The KNF model assumes that, in the absence of an effector molecule, each chain of an oligomeric 

protein exists as a single conformation. On effector molecule binding, a second subunit conformation 

will exist which induces changes to subsequent subunits that increases affinity for the effector 

molecule. Unlike the MWC model, the KNF model allows each of the subunits of an oligomeric protein 

to adopt different relative conformations, which allows for both positive and negative homotropic and 

heterotropic events in relation to effector molecule, or substrate, binding.  

 

1.2.3 Dynamic Energy Landscapes 

 

A limitation of both the MWC and KNF models of protein allostery is that they imply a protein 

undergoes distinct conformational changes, or changes in protein shape. In 1984, Cooper and Dryden 

first demonstrated that protein allostery did not require a distinct conformational change17 and could 

be facilitated through dynamic processes based on inevitable thermal fluctuations about a mean 

atomic position. 
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In 1991, this was further developed to include the idea of protein energy landscapes.18 This model of 

protein allostery proposes that a protein exists in an ensemble of conformational states.19-21 The large 

energy landscape may have multiple energy minima22,23 and the protein can sample these minima but 

favours the lower energy states. The binding of an effector molecule to the protein results in changes 

to this energy landscape, which influences the distribution of the protein populations (average 

conformation and/or dynamic properties), which now favours new energy minima, often resulting in 

altered protein function. 

 

1.3 The Shikimate Pathway: Aromatic Compound Biosynthesis 

 

The shikimate pathway is a collection of seven enzyme-mediated biochemical steps that ultimately 

forms chorismate from phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E4P) in plants and 

microorganisms.24,25 Chorismate serves as a branching point and can be directed towards either the 

biosynthesis of tryptophan (Trp), via anthranilate, or towards the biosynthesis of phenylalanine (Phe) 

or tyrosine (Tyr), via prephenate (Figure 1.3). Chorismate also serves as a precursor for several other 

essential metabolites including folic acid, vitamins E and K, and various quinones.24 In the case of 

several phenazine producing microorganisms, including P. aeruginosa, chorismate also acts as a 

precursor for phenazine biosynthesis.26 

 

The disruption of various genes of the shikimate pathway from a wide range of bacterial species has 

resulted in the production of strains with attenuated virulence.27-32 In addition, the absence of enzymes 

of this pathway in higher organisms, including mammals and humans, presents enzymes of the 

shikimate pathway as attractive targets for the development of novel antimicrobial and/or herbicidal 

agents.33  
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Figure 1.3: In seven enzyme-mediated steps, the shikimate pathway leads to the formation of chorismate from 
PEP and E4P. In turn, chorismate is directed either towards the biosynthesis of tryptophan by anthranilate 
synthase, towards phenylalanine or tyrosine by chorismate mutase or towards the biosynthesis of other key 
aromatic metabolites. In the case of Pseudomonas aeruginosa, chorismate may also be directed towards the 
biosynthesis of the aromatic virulence factor, pyocyanin. 
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1.4 Phenazine Metabolism in P. aeruginosa 

 

The phenazine biosynthetic pathway branches from the shikimate pathway where chorismate serves 

as the last common precursor for the biosynthesis of both primary and secondary aromatic 

metabolites (Figure 1.3).26,34,35 Starting from chorismate, the biosynthesis of the core phenazine 

moiety, phenazine-1-carboxylic acid (PCA), is carried out by the enzymes encoded by the phzABDEFG 

operon26,36-45 (Figure 1.4). Subsequently, PCA is modified by a variety of pathways to produce several 

different phenazine-derived secondary metabolites, some of which are species specific. 

 

1.4.1 Biosynthesis of Phenazine-1-Carboxylic Acid 

 

Starting from chorismate, the first step of PCA biosynthesis is catalysed by the enzyme encoded by 

phzE, which converts chorismate into aminodeoxyisochorismate (ACID).44,46 The ACID is subsequently 

hydrolysed to form trans-2,3-dihydro-3-hydroxyanthranilic acid (DHHA) by the enzyme encoded by 

phzD.39 DHHA is the substrate for the isomerase encoded by phzF, which results in the formation of 6-

amino-5-oxocyclohex-2-ene-1-carboxylic acid.40,42,45 In the next step of PCA biosynthesis, the enzyme 

encoded by phzB catalyses a condensation reaction to form the tricyclic precursor of PCA. Interestingly, 

all phenazine producing pseudomonads contain a duplicate gene of phzB (phzA) immediately 

upstream that shares 80% sequence identity with phzB.  

 

All phenazine producing pseudomonads, and several other phenazine producing microorganisms, 

contain the phzC gene. PhzC encodes a putative 3-deoxy-D-arabino-heptulosonate 7-phosphate 

synthase, which catalyses the formation of 3-deoxy-D-arabino-heptulosonate 7-phosphate, en route 

to chorismate. A scheme depicting the steps involved in the biosynthesis of PCA is shown in Figure 1.4. 
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Figure 1.4: Reaction scheme of the biosynthesis of the virulence factor PYO as an additional branch of the 
shikimate pathway where chorismate acts as the last common precursor for the biosynthesis of primary and 
secondary aromatic metabolites. 
 

In some species of phenazine-producing bacteria, for example P. aeruginosa and Streptomyces 

cinnamonensis, the phzA-G operon appears twice in the genome.26,47 Although the two copies of the 

phzA-G operon share approximately 98% DNA sequence identity in P. aeruginosa, the promoter 

regions of the two operons are different which appears to be involved in the differential expression 

and regulation of the two operons, with phzA1-G1 (4,713,795 – 4,720,062 bp, open reading frames 

(ORFs) PA4210 – PA4216) thought to account for the majority of phenazine production.26,48 Although 

many aspects of the complex quorum sensing network of P. aeruginosa are poorly understood, the 
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production of phenazine derived secondary metabolites is dependent on environmental conditions 

including the availability of nutrients and certain small molecules.49,50 For example, the biosynthesis of 

pseudomonas quinolone signal (PQS) is significantly upregulated by high concentrations of Phe and 

Tyr.51,52 In turn, PQS has been implicated in the upregulation of ORFs under the control of the 

transcription factor MvfR, including the ORFs PA4210 – PA4216 (phzA1-G1).53,54 

 

The advantage of duplicated phzA-G operons in P. aeruginosa remains unclear. However, recent gene 

disruption studies show that a cross-regulation exists between these two operons to maintain 

phenazine biosynthesis; when one operon is compromised the other is significantly up-regulated 

presumably to compensate for a decrease in phenazine production capabilities.55  

 

1.4.2 Modification of Phenazine-1-Carboxylic Acid 
 

The genes of the phzA-G operon are often located in close proximity to genes that encode enzymes 

involved in phenazine modification (Figure 1.5). For example, the enzyme encoded by phzH adds the 

1-carboxamide group found in phenazine-1-carboxamide56 whereas the enzyme encoded by phzO is 

responsible for the addition of a 2-hydroxy group to form 2-hydroxyphenazine-1-carboxylic acid.37 In 

P. aeruginosa, PCA is converted into PYO by the enzymes encoded by phzM and phzS.26 

 

PYO is a redox-active secondary metabolite that is responsible for the characteristic blue/green colour 

of Pseudomonas spp. cultures. PYO interferes with several cellular processes,57-68 is an essential 

virulence factor required for pathogenic infection,69 and is involved in bacterial quorum sensing70-72 

and biofilm formation.73-76 Reducing the levels of PYO production, by targeting quorum-sensing 

receptors required for the density-dependent production of PYO, correlates with a decreased infection 

rate in a Caenorhabditis elegans infection model and subsequently an increased rate of C. elegans 
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survival.77 As such, targeting enzymes involved in PCA and/or PYO biosynthesis may be an effective 

way to control P. aeruginosa infection rates. 

 

 

Figure 1.5: Comparison between the phenazine biosynthetic clusters found in various phenazine producing 
microorganisms. The genes for core phenazine biosynthesis are shown in red and those required for phenazine 
modification are shown in green. For Streptomyces cinnamonensis, phzF is located elsewhere in the genome. 
Figure adapted from Mentel.35  
 

1.5 3-Deoxy-D-arabino-Heptulosonate 7-Phosphate Synthase 

 

The enzyme 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAH7PS) catalyses the aldol-

like condensation reaction between PEP and E4P, as the first committed step of the shikimate pathway, 

to form 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAH7P).25 DAH7PSs are metalloenzymes and 

have an absolute requirement for a divalent metal cation that activates the E4P aldehyde functionality. 

This requirement for a divalent metal cation is unlike that of the closely related orthologue, 3-deoxy-

D-manno-octulosonate-8-phosphate synthase (KDO8PS) for which both metal dependent78,79 and 

metal independent examples80,81 have been reported. 
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Based on sequence length and sequence characteristics, DAH7PSs have been classified into three 

broad groups: type Ia, type Ib, or type II.82,83 Type I DAH7PSs are typically smaller in size (~30–40 kDa) 

compared to the type II enzymes (~50 kDa). Despite the low sequence similarity seen between the 

type I and type II classes of DAH7PSs (less than 10%), all structurally characterised DAH7PSs share a 

common (ba)8 catalytic scaffold (with conserved catalytic machinery), indicating an evolutionary 

relationship between the type I and type II groupings. Distinctive accessory structural elements are 

intimately associated with the formation of the quaternary structure and with allosteric functionality 

(Figure 1.6).84-93 

 

1.5.1 Type Ia DAH7PSs  

 

Type Ia DAH7PSs typically have a molecular weight of a ~38 kDa and the most extensively 

characterised examples of type Ia DAH7PSs are those from Escherichia coli (EcoDAH7PS). Three ORFs 

each encoding a distinct type Ia DAH7PS have been identified in the genome of E. coli and each of 

these isoenzymes is selectively sensitive to inhibition by a single aromatic amino acid – either Trp, Tyr, 

or Phe. In comparison, Neisseria meningitidis expresses a single type Ia DAH7PS that is primarily 

sensitive to Phe but also exhibits sensitivity to Trp and Tyr at high ligand concentrations.92 

 

The structure of the Phe-sensitive EcoDAH7PS (aroG) was solved in 1999 (PDB 1QR7)84 and provided 

the first reported structure of a DAH7PS enzyme. This structure showed a (ba)8 triosephosphate 

isomerase (TIM) barrel fold,94-98 enhanced by the addition of several accessory structural elements – 

an N-terminal extension to the core barrel (providing structural elements b0, a0a, and a0b) and an 

extension to loop a5b6 (providing the inserted elements b6a and b6b). These additional structural 

elements form the oligomeric interfaces in the homotetrameric assembly of EcoDAH7PS(Phe) and 

were later implicated in providing the allosteric machinery.85,99,100 Numerous structures of DAH7PSs 
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have now been reported,84-93,101 providing insight into the evolutionary relationships between the 

three broad DAH7PS groups and the intricate relationship between the quaternary assembly and 

allosteric function.102 

 

1.5.1.1 Active site Architecture of Type Ia DAH7PSs 

 

The active site of all structurally characterised DAH7PSs, both type I and type II, is located at the C-

terminal end of the core (ba)8 catalytic barrel, as is common for TIM-barrel enzymes, and consists of 

a metal binding site, PEP binding site, and an E4P binding site (Figure 1.7). 

 

For the type Ia DAH7PSs, the PEP binding site is formed by residues located in loops b2a2 and b4a4, as 

well as residues located in elements b5 (as part of a conserved VGFKNG motif) and b6. The phosphate 

and carboxylate groups of the PEP molecule are coordinated by Arg92, Lys97, Arg165, Lys186 and 

Arg234 (numbering based on EcoDAH7PS(Phe)), and the identity of these residues is highly conserved 

across the three DAH7PS groups. 

 

The likely binding site of the second substrate, E4P, is indicated by a sulfate ion approximately 10 Å 

from carbon C2 of the PEP molecule. The sulfate ion is coordinated by residues Arg99 and Thr100 

(numbered according to EcoDAH7PS(Phe)), which form part of the absolutely conserved KPR(T/S) 

motif across the three DAH7PS groups. 

 

The metal binding site is located in close proximity to the substrate PEP, approximately 5 Å from carbon 

C2. The metal ion is coordinated by residues Cys61, His268, Glu302 and Asp326 (numbering based on 

EcoDAH7PS(Phe), Figure 1.7) and the identity of these residues is conserved between the three 

DAH7PS groupings.  
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Figure 1.6: The structures of type Ia, type Ib, and type II DAH7PSs share a common catalytic scaffold, despite low 
sequence identity between the classes. The common (ba)8 catalytic domain is shown in blue with the extra barrel 
N-terminal extension shown in red and loop extensions shown in yellow. The active site is indicated by the 
divalent metal cation, in structures where a metal ion was present, shown as a magenta sphere. PDB codes, and 
originating organisms for the corresponding structures are indicated. 
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Figure 1.7: A comparison between A: the PEP binding site and B: the metal binding site in the type Ia DAH7PSs 
EcoDAH7PS(Phe) (PDB 1QR7) and SceDAH7PS (Saccharomyces cerevisiae) (PDB 1OAB). EcoDAH7PS is shown in 
green and SceDAH7PS is shown in cyan. The active site metal ion is shown in magenta and the sulfate ion, 
indicating the likely E4P phosphate binding location, is shown in yellow. Polar contacts are indicated by black 
dashed lines. Residue numbering corresponds to EcoDAH7PS and *indicates residue numbering corresponding 
to SceDAH7PS. 
 

 

1.5.1.2 Allosteric Regulation of Type Ia DAH7PSs 

 

Type Ia DAH7PSs are sensitive to feedback inhibition by a single aromatic amino acid. For example, 

the three type Ia isoenzymes from E. coli are each selectively sensitive to either Trp, Tyr, or Phe. The 

structures of EcoDAH7PS(Phe),  and the Tyr sensitive type Ia DAH7PS from Saccharomyces cerevisiae 

(SceDAH7PS(Tyr)), both in complex with their respective allosteric inhibitors, reveal the allosteric 

binding pocket in each enzyme.85,99,100,103 In both cases, the respective allosteric inhibitor binds at a 

similar location at the N-terminal end of the (ba)8 catalytic barrel in a pocket created by the N-terminal 

extension and loop a5b6. 

 

A comparison between the ligand bound and ligand free structures of either EcoDAH7PS(Phe) or 

SceDAH7PS(Tyr) shows that no major changes in enzyme shape occur on allosteric ligand binding. Upon 
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allosteric ligand binding, the allosteric signal is communicated to the active site, which results in subtle 

rearrangements of loop b2a2, responsible for substrate binding.99 This subtle rearrangement at the 

substrate binding loop prevents E4P binding and induces PEP to bind in a flipped, non-catalytic, 

orientation resulting in a loss of DAH7PS activity.99 

 

Sequence analysis of type Ia DAH7PSs shows conserved sequence features that are characteristic of 

either Phe or Tyr sensitivity. All Tyr sensitive type Ia DAH7PSs have a conserved Gly residue located in 

the allosteric binding site (G226 in SceDAH7PS(Tyr)). At the equivalent position, all Phe sensitive type 

Ia DHA7PSs contain a conserved Ser residue (S219 in SceDAH7PS(Phe)). The presence of Ser in this 

position, compared to a Gly, significantly alters the shape of the allosteric binding pocket; 

interchanging these residues through mutagenesis converts SceDAH7PS(Phe) from a Phe sensitive 

enzyme into a Tyr sensitive enzyme without impacting the catalytic properties of the enzyme.85 

 

1.5.2 Type Ib DAH7PSs 

 

Type Ib enzymes typically have a molecular weight of ~30–38 kDa and are perhaps the most diverse of 

the three DAH7PS groups in terms of both the accessory structural elements and the associated 

allosteric inhibitory mechanisms. The first structure of a type Ib DAH7PS was the single DAH7PS from 

Thermotoga maritima (PDB 1RZM)86 solved in 2004. 

 

1.5.2.1 Active site Architecture of Type Ib DAH7PSs 

 

As with all DAH7PSs, the active site of the type Ib DAH7PSs is located at the C-terminal end of the (ba)8 

catalytic barrel and the residues forming the active site are conserved relative the type Ia and type II 

DAH7PSs (Figure 1.8). For the type Ib DAH7PSs, the PEP binding site is formed by residues located in 
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loops b2a2 and b4a4, as well as residues located in elements b5 (as part of a conserved VGFKNG motif) 

and b6, comparable to the active site architecture of the type Ia DAH7PSs. The phosphate and 

carboxylate groups of the PEP molecule are coordinated by Arg126, Lys207, Arg237, and Arg186 

(numbering based on TmaDAH7PS). 

 

The structure of TmaDAH7PS (PDB 1RZM) is currently the only structure of a DAH7PS enzyme, type I 

or type II, where the second substrate, E4P, is bound at the active site, although it is noted that the 

E4P molecule has been captured in a non-catalytic orientation (Figure 1.8).86 However, the E4P binding 

conformation observed in TmaDAH7PS86 in conjunction with the binding conformation of the E4P 

analogue glycerol 3-phosphate (G3P) observed for the type Ia SceDAH7PS103 have been used to model 

a likely E4P binding pose in the type Ib DAH7PS from Pyrococcus furiosus.87 

 

 

Figure 1.8: A comparison between the PEP and E4P binding site in the type Ib DAH7PSs TmaDAH7PS (PDB 1RZM) 
and ApeDAH7PS (PDB 1VS1). TmaDAH7PS is shown in green and ApeDAH7PS is shown in cyan. The active site 
metal ion is shown in magenta and the substrates PEP and E4P are shown in orange. Polar contacts are indicated 
by dashed lines. Residue numbering corresponds to TmaDAH7PS and *indicates residue numbering 
corresponding to ApeDAH7PS. 
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1.4.1.4 Allosteric Regulation of Type Ib DAH7PSs 

 

With the diversity of accessory structural elements found appended to the core catalytic domain of 

the type Ib DAH7PSs comes an array of mechanisms to achieve allosteric regulation. The simplest 

examples, the type Ib enzymes from Aeropyrum pernix (ApeDAH7PS) and P. furiosus (PfuDAH7PS), 

contain only the core (ba)8 catalytic domain without any additional structural elements and are 

therefore not subject to allosteric inhibition by aromatic amino acids.89,104  

 

An N-terminal, covalently linked, chorismate mutase domain is appended to type Ib enzymes including 

the enzymes from Geobacillus spp. or Bacillus subtilis, where both the DAH7PS and CM domains exhibit 

independent catalytic activities.93,105 The binding of the allosteric ligand prephenate to the appended 

CM domain modulates the DAH7PSs activity.  

 

Figure 1.9: The large structural rearrangements of the type Ib DAH7PS from T. maritima on Tyr binding leads to 
a reduction in enzymatic activity. PDB 1RZM (open form, left) and 3PG9 (closed form, right). 
 

 

A similar allosteric transition, albeit a more dramatic structural rearrangement on ligand binding, is 

observed in TmaDAH7PS. The binding of Tyr to the N-terminal ACT domain106 influences the position 
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of the equilibrium between the open (active) and closed (inactive) forms of the enzyme so the protein 

population predominantly persists in the closed, inactive form (Figure 1.9).86,107,108 

 

1.5.3 Type II DAH7PSs 

 

Type II DAH7PSs are typically larger relative to their type I counterparts with a molecular weight of 

~50–55 kDa. The type II DAH7PSs were originally identified in plants and may function in both primary 

and secondary aromatic compound biosynthesis.35,109,110 This class of DAH7PSs has received less 

attention relative to the type I enzymes with only limited structural and functional information 

available. Presently, only two structures of type II DAH7PSs have been reported: the enzyme from 

Mycobacterium tuberculosis (MtuDAH7PS, PDB 2B7O) and more recently the enzyme from 

Corynebacterium glutamicum (CglDAH7PS, PDB 5HUE),101 although in the latter structure, key parts of 

the N-terminal extension are unresolved. 

 

Type II DAH7PSs are typically characterised by both an N-terminal extension (providing the structural 

elements b0, a0a, a0b, and a0c) and an extension to loop a2b3 (typically providing the additional 

structural elements a2a, and a2b) (Figure. 1.6). These extra barrel elements are associated with the 

formation of the quaternary assembly as well as providing the allosteric machinery required for 

allosteric functionality.  

 

1.5.3.1 Active site Architecture of Type II DAH7PSs 

 

For the type II DAH7PSs, the binding site for the substrate PEP is formed primarily by residues located 

on loop b4a4 as well as residues located in elements b2, b5, and loop b6a6 (Figure 1.10). Hydrogen 

bonding and salt-bridge interactions are formed between the PEP carboxylate and phosphate groups 
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and charged residues of the PEP binding site, primarily Arg or Lys. The identity of the PEP binding 

residues is highly conserved among DAH7PSs, both type I and type II enzymes. 

 

 

Figure 1.10: A comparison between A: the PEP binding site and B: the metal binding site in the type II DAH7PSs 
MtuDAH7PS (PDB 2B7O) and CglDAH7PS (PDB 5HUE). MtuDAH7PS is shown in cyan and CglDAH7PS is shown in 
magenta. Polar contacts are indicated by dashed lines. *indicates residue numbering corresponding to 
MtuDAH7PS and ^indicates residue numbering corresponding to CglDAH7PS. 
 

1.5.3.2 Allosteric Regulation of Type II DAH7PSs 

 

Unlike the type Ib DAH7PSs, where the binding of an allosteric effector is typically associated with a 

large change in enzyme shape that delivers altered enzymatic function, inhibition for the type II 

DAH7PSs is typically achieved through dynamically driven processes in the absence of distinct changes 

in enzyme shape.111,112 Molecular dynamics simulations show that the β2α2 loop in MtuDAH7PS, which 

binds the substrate E4P, increases in flexibility to a greater degree in the presence of the binary 

combination of Trp and Phe, relative to the binding of a single aromatic amino acid.111 This increase in 

flexibility of the E4P binding loop likely entropically disfavours E4P binding leading to the disruption of 

catalytic activity.113 
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1.5.4 M. tuberculosis DAH7PS 

 

M. tuberculosis expresses a single type II DAH7PS enzyme (MtuDAH7PS)114 that has been extensively 

characterised, both structurally and functionally. MtuDAH7PS remains the only example of an 

extensively characterised type II DAH7PS enzyme where the molecular details of the complex allosteric 

mechanism have been elucidated.111,112 The crystal structure of MtuDAH7PS (PDB 2B7O), the first 

example of a structurally characterised type II DAH7PS, was solved in 200588 and revealed that a 

common catalytic scaffold is shared between the type I and type II classes, despite the observed low 

sequence identity. This indicated, for the first time, an evolutionary relationship between the type I 

and type II groups of DAH7PSs. 

 

As is the case for the type I DAH7PSs, the structure of MtuDAH7PS features a core (ba)8-barrel, with 

key extensions to the catalytic domain that are characteristic of type II DAH7PS enzymes. An N-

terminal extension (residues 1-79) provides the additional structural elements b0, a0a, a0b, and a0c 

whereas an extension to loop a2b3 (residues 190 – 242) provides a 4-turn helix, a2a, and a 5-turn helix, 

a2b. Initially, it appeared that the primary role of the N-terminal extension was in the formation of a 

tight dimer interface, assembling a homodimeric solution-state structure,88 with the N termini forming 

‘linked arms’ with the neighbouring molecule (Figure 1.11). Region b0 self-associates across the dimer 

interface, forming 6 hydrogen bonds in a zip-like fashion, contributing to the stability of the dimer 

interface. 
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Figure 1.11: The structure of MtuDAH7PS (PDB 2B7O). A, a single chain of MtuDAH7PS features a (ba)8 catalytic 
domain with an N-terminal extension (residues 1-79, shown in red) and an extension to loop a2b3 (residues 190 
– 242, shown in yellow). B, the dimer interface (indicated by the black dashed line) is formed, in part, by helix a2 
and the N-terminal extension, in particular b0. 
 

 

In 2010, 5 years after the solution of the initial MtuDAH7PS structure, three further crystal structures 

were solved in complex with either Trp (PDB 3NUE), Phe (PDB 3NV8) or Trp + Phe (PDB 3KGF).113 These 

structures illuminated the integral role of both the a2a and a2b helices and the N-terminal extension in 

the formation of not only the oligomeric interfaces, but also a single Trp allosteric binding site and two 

distinct Phe allosteric binding sites per DAH7PS chain, revealing that in fact MtuDAH7PS forms a 

homotetrameric quaternary assembly (Figure 1.12).113 The allosteric function of these individual 

aromatic amino acid binding sites was found to be individually poor; however binary combinations of 

aromatic amino acids that included Trp reduced DAH7PS activity in a synergistic fashion. 

In 2013, the complexity of the allosteric mechanism of MtuDAH7PS was further realised with the 

solution of a further structure (PDB 2YPP) that showed Tyr binding at both of the previously identified 

Phe sites (PDB 3NV8). Supporting functional and biophysical studies determined that one of the 

previously noted Phe sites was in fact a Tyr site, and that the ternary combination of aromatic amino 

acids (Trp, Phe, Tyr) almost completely abolished MtuDAH7PS activity.115  

 



 23 

The complex and sophisticated allosteric functionality of MtuDAH7PS is further extended by the 

formation of a non-covalent complex with the M. tuberculosis AroQd subclass chorismate mutase 

(MtuCM).116 The formation of this MtuDAH7PS:MtuCM non-covalent complex results not only in an 

increase in MtuCM activity by more than two orders of magnitude but also allows MtuCM to access 

and utilise the allosteric machinery located on MtuDAH7PS.117 

 

Figure 1.12: The Structure of MtuDAH7PS (PDB 5CKV) in complex with the allosteric inhibitors Trp, Phe, Tyr. A, a 
single chain of MtuDAH7PS. B, the tetrameric assembly of MtuDAH7PS. The dimer interface is indicated by the 
black dashed line, the tetramer interface is indicated by the cyan dashed line. The allosteric inhibitors Trp, Phe 
or Tyr are shown as green spheres. The active site Mn2+ ion is shown as a magenta sphere. 
 

 

1.5.5 P. aeruginosa DAH7PS 

 

Rather unusually, the genome of P. aeruginosa (PAO1) contains five open ORFs (PA1750, PA1901, 

PA2843, PA2943, and PA4212) encoding four putative DAH7PSs (PaeDAH7PSPA1750, PaeDAH7PSPA1901, 

PaeDAH7PSPA2843, PaeDAH7PSPA2943).11 Interestingly, two of these ORFs, PA1901 and PA4212 (which 

share 99.9% DNA sequence identity), are located in the duplicated phzA-G phenazine biosynthetic 

operon, associated with the biosynthesis of PCA, and subsequently PYO, and hence the single protein 
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is encoded by two genes (phzC1 and phzC2). The location of this enzyme within the phenazine 

biosynthetic cluster indicates a role in secondary metabolism and may hint at an explanation for the 

presence of multiple PaeDAH7PSs. 

 

Sequence alignment between these four putative PaeDAH7PSs and other well characterised DAH7PSs 

identifies sequence sassociated with features resembling either the type I or type II classes of DAH7PSs 

and hence classification of each of these PaeDAH7PSs as either type Ia, type Ib, or type II.  

 

1.5.6 Type Ia PaeDAH7PS Isozymes 

 

The ORFs PA1750 and PA2943 encode two putative type Ia PaeDAH7PS enzymes (PaeDAH7PSPA1750 

and PaeDAH7PSPA2943 respectively). PaeDAH7PSPA1750 is composed of 358 amino acid residues whereas 

PaeDAH7PSPA2843 is composed of 364 amino acids. Sequence alignment between these PaeDAH7PS 

isozymes and the type Ia DAH7PSs from E. coli (EcoDAH7PS), Neisseria meningitidis (NmeDAH7PS), 

and S. cerevisiae (SceDAH7PS) shows that each of the type Ia PaeDAH7PSs proteins are predicted to 

contain sequence characteristics and extra barrel structural elements that are consistent with the type 

Ia DAH7PS family (Figure 1.13). 



 25 

 

Figure 1.13: A structure-based sequence alignment between type Ia DAH7PS enzymes shows that two DAH7PS 
isozymes from P. aeruginosa (PA1750, PA2943) have extra barrel structural features that are characteristic of 
type Ia DAH7PS enzymes. The structural elements indicated above the sequence correspond to those identified 
in the Phe sensitive EcoDAH7PS (PDB 1KFL). Eco: Escherichia coli; Nme: Neisseria meningitidis; Sce: 
Saccharomyces cerevisiae; Pae: Pseudomonas aeruginosa. The sequence alignment figure was formatted using 
the ENDscript server.118 
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1.5.7 Type II PaeDAH7PS Isozymes 

 

The ORFs PA2843 and PA1901/PA4212 (these two ORFs produce identical proteins) encode two 

putative type II DAH7PSs (PaeDAH7PSPA2843 and PaeDAH7PSPA1901 respectively). PaeDAH7PSPA2843 is 

composed of 448 amino acid residues whereas PaeDAH7PSPA1901 is composed of 405 amino acids, 43 

amino acids shorter in length. A sequence alignment between these two type II PaeDAH7PSs and the 

type II DAH7PSs from M. tuberculosis (MtuDAH7PS), C. glutamicum (CglDAH7PS), and Helicobacter 

pylori (HpyDAH7PS) shows that each protein is predicted to have extra barrel structural elements that 

are consistent with the type II DAH7PS family (Figure 1.14). An alignment between type I and type II 

DAH7PSs is presented in appendix A.  

 

1.5.7.1 PaeDAH7PSPA2843 

 

The primary structure of PaeDAH7PSPA2843 resembles that of MtuDAH7PS (50% sequence identity) and 

shows the same extra barrel structural elements that are associated with the formation of quaternary 

structure and allosteric function in MtuDAH7PS (Figure 1.14). PaeDAH7PSPA2843 is predicted to contain 

both an N-terminal extension and an extension to loop a2b3, as seen in MtuDAH7PS. Notably, the N-

terminal extension in PaeDAH7PSPA2843 is predicted to be 19 residues shorter than that of MtuDAH7PS 

and suggests the omission of the b-strand b0 apparent in MtuDAH7PS. The structural and functional 

implications of this omission in PaeDAH7PSPA2843 are revealed in the functional and structural studies 

on PaeDAH7PSPA2843 presented in this thesis. 

 

1.5.7.2 PaeDAH7PSPA1901 (PhzC) 

 

The primary structure of PaeDAH7PSPA1901 (encoded by phzC) resembles MtuDAH7PS (38% sequence 

identity), but shares even less sequence identity with PaeDAH7PSPA2843 (34% sequence identity). 



 27 

PaeDAH7PSPA1901 is predicted to contain an N-terminal extension but omits much of the sequence that 

corresponds to the inserted helices a2a and a2b in MtuDAH7PS (Figure 1.14). The N-terminal extension 

of PaeDAH7PSPA1901 is 23 amino acid residues shorter than the equivalent region in MtuDAH7PS and, 

like PaeDAH7PSPA2843, is predicted to omit the corresponding structural element, b0. The association of 

the inserted helices a2a and a2b with allosteric function and the formation of the quaternary assembly 

in MtuDAH7PS or CglDAH7PS suggests that the absence of these inserted helices in PaeDAH7PSPA1901 

may have consequences for allosteric function and for the formation of the quaternary assembly.  
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Figure 1.14: A structure based sequence alignment between type II DAH7PS enzymes shows that two DAH7PS 
isozymes from P. aeruginosa (PA2843, PA1901) have amino acid sequence corresponding to extra barrel 
structural features that are characteristic of type II DAH7PS enzymes. The structural elements indicated above 
the sequence correspond to structural elements identified in MtuDAH7PS (PDB 27BO). Mtu: Mycobacterium 
tuberculosis, Cgl: Corynebacterium glutamicum, Hpy: Helicobacter pylori; Pae: Pseudomonas aeruginosa. The 
sequence alignment figure was formatted using the ENDscript server.118 
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1.6 Thesis Outline 

 

The overall aim of this thesis is to characterise the type II DAH7PSs from P. aeruginosa and, in 

combination with gene disruption studies, to provide insight into the physiological roles of each 

enzyme within primary and/or secondary metabolism. This information is important to further the 

understanding of the gateway to aromatic compound biosynthesis in P. aeruginosa where multiple 

DAH7PSs function to deliver a range of primary and secondary aromatic compounds and may assist in 

the development of a strategy to target these enzymes in order to reduce P. aeruginosa pathogenicity 

to fight infection.  

 

Chapter two discusses the phenotypic consequences of the disruption of the ORFs PA2843 and 

PA4212. This work aims to begin to understand whether defined physiological roles of the multiple 

PaeDAH7PSs exist within primary or secondary metabolism or whether there is functional redundancy 

between these multiple PaeDAH7PSs. 

 

Chapter three provides a comprehensive analysis of the allostery and quaternary structure of 

PaeDAH7PSPA2843 and furthers our understanding of the type II DAH7PSs. The intimate relationship 

between the extra barrel structural elements, the formation of a precise quaternary assembly and 

allosteric functionality in the type II DAH7PSs is described.  

 

Chapter four provides a comprehensive analysis of PaeDAH7PSPA1901 revealing for the first time the 

structure of a short-form type II DAH7PS that is involved in phenazine metabolism. Novel oligomeric 

interfaces are described that have direct consequences for both the formation of the quaternary 

assembly and for allosteric functionality. 
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Chapter 2 

Investigating the Phenotypic 

Consequences of 

Pseudomonas aeruginosa 

PAO1 Dtype II DAH7PS 
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2.1 Introduction 

 

The genome of P. aeruginosa PAO1 was first sequenced in 2000,11 revealing a high degree of genetic 

complexity and a large number of predicted ORFs (5,570), which together are thought to relate to the 

bacterium’s ability to thrive under a wide range of environmental conditions. Within this large and 

complex genome are five ORFs that correspond to four putative DAH7PSs; two that are classified as 

type Ia (PA1750 and PA2943) and two that are classified as type II (PA1901/PA4212 and PA2843). 

 

The presence of five ORFs that encode four DAH7PSs in a single organism is unlike that found in other 

organisms and presents as an unusual and interesting strategy to deliver chorismate to support the 

biosynthesis of aromatic metabolites. The role of chorismate as the last common precursor for the 

biosynthesis of both primary aromatic metabolites (including Trp, Tyr, Phe) and secondary aromatic 

metabolites (including PCA and PYO) in P. aeruginosa may account for the apparent requirement for 

multiple, quite distinct DAH7PSs with varying genomic contexts. 

 

The genomic context of the type II PaeDAH7PSs provides insight into their roles within aromatic 

metabolism. The enzyme encoded by the ORFs PA1901 or PA4212 (phzC) is found as part of the 

duplicated phzABCDEFG operon that is required for the biosynthesis of PCA and its derivatives, 

including PYO. Each of these phzC ORFs produces identical proteins.26 In comparison, the enzyme 

encoded by the ORF PA2843 is located independently, remote from either of the two phzA-G operons 

and is not found as part of a biosynthetic gene cluster.  

 

Studies, where the entire phzA1-G1 or phzA2-G2 operons were knocked out, have verified the 

requirement of these operons for the biosynthesis of PCA55 and have also identified a cross-regulation 

between the two operons that is thought to maintain the biosynthesis of PCA derivatives if one copy 
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of the operon becomes compromised. However, investigations into the function and requirement for 

the multiple DAH7PSs present in P. aeruginosa are yet to be reported. 

 

2.2 Chapter Aims 

 

The aim of the work described in this chapter is to design, create, and characterise knockout strains of 

P. aeruginosa PAO1 that are deficient in each of the ORFs encoding a type II DAH7PS (PA1901, PA2843, 

and PA4212) to provide information regarding the function of each of the type II DAH7PSs within 

primary or secondary aromatic metabolism. Further to this, the work in this chapter aims to determine 

whether each enzyme functions exclusively within primary or secondary metabolism or whether 

functional redundancy exists between the type II DAH7PSs. 

 

The design and construction of the P. aeruginosa PAO1 strains discussed in this chapter were carried 

out in collaboration with Dr. Monica Gerth, then at the University of Otago and now at Victoria 

University of Wellington. 

 

2.3 Knockout Strain Design 

2.3.1 Design of knockout plasmids 

 

Primers were designed to amplify 500 – 1200 bp regions flanking the gene of interest (the gene to be 

deleted from the PAO1 genome) and ligate them together by overlap extension PCR.119,120 The 

resultant fragments were then cloned into the suicide vector pUIC3121 for the generation of unmarked 

P. aeruginosa PAO1 knockout strains (Figure 2.1). This vector contains an R6K origin of replication and 
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requires a l-pir host strain for replication. The vector pUIC3 also contains a tetR and ampR cassette for 

selection of positive clones and lacZY for the use in blue/white selection. 

 

 

Figure 2.1: A schematic representation of the general strategy used to prepare the suicide plasmids for the 
generation of P. aeruginosa knockout strains. 
 

2.3.1.1 Design of pUIC3-DPA2843 

 

The ORF PA2843 encodes the enzyme PaeDAH7PSPA2843 (which is discussed in Chapter 3). PA2843 is 

1346 bp in sequence length and is found between 3,197,642–3,198,988 bp in the PAO1 genome and 

is not found as part of a biosynthetic operon. A deletion construct was designed to incorporate 791 bp 

upstream, 793 bp downstream of the ORF, a 5’ BamHI endonuclease recognition site, and a 3’ SpeI 

endonuclease recognition site for directional cloning into the pUIC3 destination vector. 
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2.3.1.2 Design of pUIC3-DPA1901 and DPA4212 

 

The ORFs PA1901 and PA4212 (phzC1 and phzC2) encode a single type II DAH7PS, PaeDAH7PSPA1901 

(discussed in Chapter 4), and these ORFs are found as part of the duplicated operon system 

(phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2) that is associated with the biosynthesis of PCA and 

its derivatives including the virulence factor PYO (Figure 2.2).26,36-45 As these two ORFs are located 

within a duplicated biosynthetic operon, which share approximately 98% DNA sequence identity, a 

high degree of sequence identity exists between these two phzC ORFs, and flanking regions, presenting 

a challenge to selectively manipulate one ORF while preserving the second. 

 

 

Figure 2.2: The structure of the duplicated phz operon in P. aeruginosa. A: phzA1B1C1D1E1F1G1 (4,713,795 – 
4,720,062bp). B: phzA2B2C2D2E2F2G2 (2,070,685 – 2,076,985 bp). 
 

 

Despite the high level of sequence identity observed between the phzA1-G1 and phzA2-G2 operons, 

an alignment between the DNA sequences of these operons reveals a small (~60 – 90 bp) region of 

sequence diversity between the two operons upstream of the phzC gene (4,714,306 – 4,714,368 bp 

for phzA1-G1, 2,071,174 – 2,071,263 bp for phzA2-G2). This small region of sequence diversity was 

exploited for the design of knockout constructs to create P. aeruginosa strains that were selectively 

deficient of either phzC1 or phzC2. In addition, the start codon for the neighbouring phzD ORF overlaps 

with the stop codon of the phzC ORF and preservation of the phzD start codon is required. 
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The designed deletion construct to create PAO1 DPA4212 contains 544 bp upstream and 1206 bp 

downstream of the PA4212 ORF. The designed deletion construct to create PAO1 DPA1901 contains 

550 bp upstream and 1206 bp downstream of the PA1901 ORF. The downstream fragments used for 

both PA4212 and PA1901 share 100% DNA sequence identity. 

 

2.4 Preparation of Knockout Strains 

2.4.1 Preparation of Knockout Plasmids 

 

The upstream and downstream regions (~500 – 1200 bp) flanking the gene of interest were amplified 

individually using the appropriate primers, as described in Section 6.2.1.2. The resultant fragments 

were fused together in a second OE – PCR reaction to produce the final construct of 1400 – 1700 bp 

that incorporated both the upstream and downstream region flanking the gene of interest. 

 

The prepared deletion construct was ligated, using T4 DNA ligase, into the suicide vector pUIC3 and 

transformed into DH5a-lpir cells for propagation. Plasmids were verified by sequencing (Macrogen) 

before being used for the preparation of the corresponding knockout strain. 

 

2.4.2 Preparation and Validation of Knockout Strains 
 

The strains listed in Table 2.1 were prepared by tri-parental mating, as described in section 6.2.2. 

 

Table 2.1: The P. aeruginosa PAO1 knockout strains prepared in this study. 

Strain name Genotype 

PAO1 DPA2843 Does not contain PaeDAH7PSPA2843 

PAO1 DPA4212 Does not contain PaeDAH7PSPA4212 (phzC) 
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A two-fold strain validation process was carried out to confirm the successful creation of the desired 

knockout strain and to confirm that the flanking regions of the gene of interest (including any flanking 

ORFs) were unchanged by the genetic engineering process. Firstly, primers were designed to amplify 

a region of the gDNA remote from the regions used for the construction of the knockout plasmids 

(described in Section 2.3.1) to ensure that the resultant PCR product relied upon the gDNA as a 

template rather than any residual DNA that may be left over from the designed suicide construct. The 

gDNA of the prepared knockout strains was used as a template for a PCR reaction to amplify the region 

surrounding the deleted gene, using primers Seq_Fwd and Seq_Rev (Figure 2.3, Table 6.2). The gDNA 

of the wild type PAO1 strain was used as a control. 

 

 

Figure 2.3: Representative DNA gel obtained during the validation process of PAO1 DPA2843. A-C: gDNA 
obtained from three candidate PAO1 DPA2843 strains using DPA2843_Seq primers. The red rectangle indicates 
a faint band. D: control using wild type PAO1 gDNA as a template and DPA2843_Seq primers. E: control using 
wild type PAO1 gDNA as a template and DPA1901_Seq primers. F: control using wild type PAO1 gDNA as a 
template and DPA4212_Seq primers. Primer sequences are tabulated in Table 6.2. 
 

 

Analysis of the DNA gel obtained during the validation of the PAO1 DPA2843 strain revealed a faint, 

single band of approximately 2000 bp in size (Figure 2.3). This is consistent with the expected size of 
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1800 bp to be obtained from a strain deficient in the ORF PA2843. In comparison, single bands of 

approximately 3000 bp, 4000 bp and 3000 bp were observed using PAO1 wild type gDNA as a template 

for PCR and either DPA2843_Seq, DPA1901_Seq, or DPA4212_Seq primers respectively. These control 

fragment sizes represent expected fragment sizes for an unsuccessful deletion event (Table 2.2). 

 

The ~2000 bp fragment produced using the candidate PAO1 DPA2843 gDNA as a template was gel 

extracted and analysed by DNA sequencing. However, DNA sequencing results showed that this band 

likely consisted of multiple DNA species of similar sizes. In order to produce a sample of DNA that 

contained a single species, suitable for analysis by DNA sequencing, a second PCR reaction was carried 

out. In the second PCR reaction, the mixed species DNA sample (extracted from the gel in Figure 2.3) 

was used as a template for PCR using the primers DPA2843_PF1 and DPA2843_PR2 (primer sequences 

are presented in Table 6.2). This second PCR reaction resulted in a single band of approximately 1500 

bp in size, consistent with the expected size of a successful PAO1 DPA2843 knockout using these 

DPA2843_PF1 and DPA2843_PR2 primers. DNA sequencing of the 1500 bp product revealed a single 

species and confirmed the successful deletion of the PA2843 ORF. Analysis of the DNA sequence in the 

regions flanking the deleted PA2843 ORF in the prepared PAO1 DPA2843 strain showed that no 

unintended mutations or other changes had been incorporated into the flanking ORFs and therefore 

any changes in phenotype could be attributed to the deletion of the PA2843 ORF. A similar process 

was carried out for the candidate PAO1 DPA1901 and PAO1 DPA4212 strains. Despite several attempts, 

a PAO1 DPA1901 was not successfully created. The PAO1 DPA4212 was successfully created and 

validated, with no unintended mutations or changes added to the flanking ORFs. To validate the 

selective deletion of PA4212, while PA1901 remains unchanged, DNA sequencing was also carried out 

across the PA1901 region in the candidate PAO1 DPA4212 strain, which was unchained by the genetic 

manipulations. The start codon for ORF PA4213 (phzD), which overlaps with the stop codon of PA4212 

remains intact in the PAO1 DPA4212 strain and therefore any changes in phenotype observed for the 
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PAO1 DPA4212 strain can be attributed to the absence of the PA4212 ORF. A summary of the fragment 

sizes obtained during the validation studies for each PAO1 knockout strain is presented in Table 2.2. 

 

Table 2.2: Summary of the fragment sizes observed during knockout strain validation trials. 

Template gDNA Forward Primer Reverse Primer WT size Deletion size Approximate Observed 

Size 

 

PAO1 DPA2843 

DPA2843 Seq_Fwd DPA2843 Seq_Rev 3140 1800 2000 

DPA2843 PF1 DPA2843 PF2 2900 1500 1500 

 

PAO1 DPA1901 

DPA1901 Seq_Fwd DPA1901 Seq_Rev 3700 2500 4000 

DPA1901 PF1 DPA1901 PF2 3600 2400 3500 

DPA4212 Seq_Fwd DPA4212 Seq_Rev 4600 3400 4500 

DPA4212 PF2 DPA4212 PF2 3000 1800 3000 

 

PAO1 DPA4212 

DPA4212 Seq_Fwd DPA4212 Seq_Rev 4600 3400 3000 

DPA4212 PF2 DPA4212 PF2 3000 1800 2000 

DPA1901 Seq_Fwd DPA1901 Seq_Rev 3700 2500 4000 

DPA1901 PF1 DPA1901 PF2 3600 2400 4000 

 

 

2.5 Characterisation of Knockout Strains 

 

The successful deletion of a single ORF encoding a type II DAH7PS, either PA2843 or PA4212, was found 

to be non-lethal (when grown in either LB or M9 mineral salts medium) and hence it appears that no 

single type II DAH7PS is essential for P. aeruginosa viability.  

 

2.5.1 Growth Curves 

 

The growth of each prepared PAO1 knock out strain was monitored over time and compared to that 

of the wild type strain. Cultures were grown in LB, as described in Section 6.2.3, with samples taken at 



 39 

the indicated time intervals. Cell density was determined by monitoring the optical density of each 

sample at 600 nm (OD600) (Figure 2.4). 

 

A  

 

B 

 

Figure 2.4: Growth curves determined for the PAO1 knockout strains PAO1 DPA2843 and PAO1 DPA4212 (in LB 
broth) over A: 8 hours from inoculation and B: 72 hours after inoculation. Error bars represent the standard 
deviation of biological quadruplets. Where error bars are not visible, they are contained within the symbol.  
 

 

The resultant growth curves show that the deletion of a single type II DAH7PS gene (either PAO1 

DPA2843 or PAO1 DPA4212) did not significantly affect the ability of the strain to propagate such as 

the observed growth rates for the knockout strains are similar to those observed for the wild type. 

 

2.5.2 Phenazine Derived Pigment Production in P. aeruginosa Knockout Strains 

 

To investigate the metabolic consequences that the deletion of a single type II PaeDAH7PS gene has 

on the ability of each P. aeruginosa knockout strain to produce phenazine derived compounds, and 

hence to provide insight into the physiological function of PaeDAH7PSPA2843 and PaeDAH7PSPA4212 in 

primary or secondary metabolism, the amount PCA and PYO present in the supernatant of the 

appropriate culture was monitored over time. 

 



 40 

A distinct, qualitative, difference was observed between the colouration of the cultures of the PAO1 

wild type (or PAO1 DPA2843) and the PAO1 DPA4212 mutant. The cultures containing the wild type 

and the PAO1 DPA2843 strain acquired a distinct blue/green colour after ~23 hours of cell growth. In 

contrast, the cultures containing the PAO1 DPA4212 strain remained significantly lighter in colour 

(Figure 2.5) indicating that some differences in the ability of each strain to produce phenazine derived 

pigments exist. 

 

A

 

B

 

C

 

                                       D 

 

Figure 2.5: Representative images showing the qualitative differences in observed pigment production, after 23 
h of incubation, in the prepared PAO1 knock out strains. A: PAO1 wild type. B: PAO1 DPA2843. C: PAO1 DPA4212. 
D: Side by side comparison of PAO1 wild type (left four flasks) and PAO1 DPA4212 (right four flasks). 
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2.5.2.1 Phenazine-1-Carboxylic Acid Production in P. aeruginosa Knockout Strains 

 

As PCA is the ultimate end product of the seven gene phzA-G operon, in which the ORF PA4212 is 

found, the amount of PCA present in the supernatant of spent culture media was monitored over time 

to determine the impact the deletion of a single type II DAH7PS has on phenazine production. PCA was 

extracted from the spent media, as described in Section 6.2.3.3 and quantified by HPLC (Figure 2.6). 

The limit of detection (LOD) for the HPLC analysis of PCA was 1.05 µg mL-1. 

 

 

Figure 2.6: The amount of PCA produced by the three P. aeruginosa strains (either PAO1 wild type, PAO1 
DPA2843, or PAO1 DPA4212) at various time points over a 72-hour period (PAO1 wild type, black; PAO1 
DPA2843, red; PAO1 DPA4212, blue). The LOD is indicated by the black dashed line. Error bars represent the 
standard error of biological triplicate measurements. Where error bars are not visible, they are contained within 
the symbol. 
 

 

The amount of PCA present in the spent culture media was generally small for each of the three P. 

aeruginosa strains tested, presumably due to the conversion of PCA into various other phenazine 

derived secondary metabolites. The PAO1 DPA2843 knockout strain produced levels of PCA that are 

remarkably similar compared to the levels of PCA produced by the PAO1 wild type strain (P > 0.05 for 

each time point tested). This observation shows that the deletion of the ORF PA2843, which encodes 

PaeDAH7PSPA2843, does not have any significant impact on the ability P. aeruginosa to produce PCA, 
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consistent with the genomic context of the ORF and the primary involvement of PaeDAH7PSPA2843 

within primary metabolism. 

 

Interestingly, the levels of PCA present in the spent culture media of the PAO1 DPA4212 strain were 

significantly lower relative to that observed for the PAO1 wild type strain (P < 0.05 for t = 23, t = 34, t 

= 59, and t = 72). On average, the PAO1 DPA4212 strain produced 66% less PCA compared to the PAO1 

wild type strain, with the greatest difference in PCA production at t = 23 where PCA production is 

reduced by 70% relative to the PAO1 wild type strain; although it is noted that for the majority of time 

points, PCA was observable but not quantifiable for the PAO1 DPA4212 strain. Despite the deletion of 

a single phzC ORF, PCA was still produced by the PAO1 DPA4212 strain, albeit in significantly lesser 

amounts relative to the wild type strain. The ability of the PAO1 DPA4212 strain to produce PCA 

indicates that the enzyme encoded by the ORF PA4212 is not absolutely required to deliver the 

chemistry associated with PCA formation and that other DAH7PSs (for example PaeDAH7PSPA1901) can 

partially support the biosynthesis of chorismate for use within secondary metabolism. 

 

Assuming that each of the phzA-G operons from P. aeruginosa was equally functional and 

comparatively expressed and regulated and that the only source of chorismate for phenazine 

biosynthesis required phzC, one would expect the amounts of PCA produced to reduce by 50% upon 

the deletion of a single phzC gene. However, this is not the case. The >50% reduction in PCA production 

observed when a single phzC ORF is deleted suggests that the loss of one phzC gene can be at least 

partially compensated for by the presence of the second phzC gene or that chorismate can be provided 

from an alternative source (other than utilising phzC) to support secondary metabolism.26,122,123 
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2.5.2.2 Pyocyanin production 

 

PCA is converted into PYO (phzM, phzS) which functions as a virulence factor. The amount of PYO 

produced by each knockout strain, relative to that produced by the wild type strain, was assessed at 

approximately 12 hour intervals over a 72-hour period to determine whether the deletion of a single 

type II DAH7PS affected the virulence of the bacterium. PYO was extracted from the spent media, as 

described in Section 6.2.3.4 and quantified by HPLC (Figure 2.7). The LOD for the HPLC analysis of PYO 

was determined to be 0.90 µg mL-1. 

 

The levels of PYO produced by each strain are significantly higher compared to the levels of PCA 

produced by the same strains (section 2.5.2.1) due to PYO being an end product, rather than serving 

as a precursor for several secondary metabolites, as is the case for PCA. The levels of PYO observed for 

each of the three PAO1 strains tested follows the same general pattern as observed for the levels of 

PCA produced by the same three strains.  

 

 

Figure 2.7: The amount of PYO produced by the three P. aeruginosa strains (either PAO1 wild type, PAO1 
DPA2843, or PAO1 DPA4212) at various time points over a 72-hour period (PAO1 wild type, black; PAO1 
DPA2843, red; PAO1 DPA4212, blue). Error bars represent the standard error of biological triplicate 
measurements. Where error bars are not visible, they are contained within the symbol. 
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The amounts of PYO produced by the PAO1 DPA2843 strain were comparable to that observed for the 

wild type strain (P > 0.05 for each time point tested). This observation further supports the primary 

role of PaeDAH7PSPA2843 within primary aromatic compound biosynthesis. The deletion of the ORF 

PA4212 leads to a reduction in PYO biosynthesis in the PAO1 DPA4212 strain, relative to the wild type 

strain. Interestingly, the reduction in PYO production observed for the PAO1 DPA4212 strain is less 

pronounced relative to the reduction observed in PCA biosynthesis for the same strain, with on 

average a 30% reduction in PYO biosynthesis. This observed reduction in PYO biosynthesis for the PAO1 

DPA4212 further supports a role for the enzyme encoded by this ORF within phenazine metabolism. 

The smaller reduction in PYO production suggests that PCA may be preferentially converted to PYO in 

the PAO1 DPA4212 strain. Assuming that the deletion of PA4212 results in a preferential conversion 

of PCA into PYO, rather than into other PCA derived secondary metabolites, this observation may 

indicate a complex regulatory network that ensures the maintenance of PYO production under 

conditions of low PCA availability.  

 

2.5.3 Requirement for Aromatic Amino Acid Supplementation 

 

To determine whether the prepared PAO1 knockout strains was capable of producing aromatic amino 

acids, and hence whether or not either of the type II DAH7PSs are absolutely required for primary 

metabolism, the growth of each strain was monitored over time in M9 mineral media in the presence 

or absence of a 1 mM supplement of each of Trp, Tyr, and Phe (Figure 2.8), as described in Section 

6.2.3.2. 

 

Each of the prepared knockout strains were capable of growth in M9 mineral media in the absence of 

aromatic amino acids. Further to this, each of the knockout strains tested had an observable growth 

rate in M9 mineral media that is comparable to that of the wild type strain. These observations show 
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that the enzymes encoded by the ORFs PA2843 or PA4212 are not essential for primary metabolism 

suggesting that redundancy within primary metabolism exists between the multiple DAH7PSs found in 

P. aeruginosa. 

 

 

Figure 2.8: Growth curves determined, in M9 mineral media, for the three P. aeruginosa strains (either PAO1 
wild type, PAO1 DPA2843, or PAO1 DPA4212) over a 72-hour period in the presence (dashed lines) or absence 
(solid lines) of 1 mM of each of Trp, Tyr, and Phe. Error bars represent the standard deviation of biological 
triplicate measurements. Where error bars are not visible, they are contained within the symbol. 
 

 

The presence of 1 mM of each of Trp, Tyr, and Phe supports a higher maximal cell density relative to 

that observed in the absence of aromatic amino acid supplementation. Despite the higher cell 

densities, each of the knockout strains was found to grow at similar rates as compared to the wild type 

strain in the presence of 1 mM of each of the aromatic amino acids.  
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2.5.4 Effect of Aromatic Amino Acids of Phenazine Production 

2.5.4.1 Phenazine-1-Carboxylic Acid 

 

The amount of PCA produced by each of the prepared knockout strains was monitored over a 72-hour 

period in M9 mineral media in the presence or absence of 1 mM of each of Trp, Tyr, and Phe (Figure 

2.9). In the absence of aromatic amino acids, each strain produced low levels of PCA, similar to the 

amounts produced when grown in LB (Figure 2.6). When each strain is grown in M9 mineral media 

supplemented with 1 mM of each of Trp, Tyr, and Phe, a dramatic increase in PCA production is 

observed (Figure 2.9). Rather interestingly, the levels of PCA produced by PAO1 DPA2843 and PAO1 

DPA4212 are similar to that produced by the wild type, in contrast to the results obtained when grown 

in LB media, where a marked reduction in PCA biosynthesis is observed for PAO1 DPA4212 (Section 

2.5.2.1). 

 

 

Figure 2.9: The amount of PCA produced by the three P. aeruginosa strains (either PAO1 wild type, PAO1 
DPA2843, or PAO1 DPA4212) at various time points over a 72-hour period. A: in M9 mineral media in the absence 
of aromatic amino acid supplementation (PAO1 wild type, black; PAO1 DPA2843, red; PAO1 DPA4212, blue). B: 
in M9 mineral media in the presence of 1 mM of each of Trp, Tyr, and Phe (PAO1 wild type, black dash; PAO1 
DPA2843, red dash; PAO1 DPA4212, blue dash). Error bars represent the standard error of biological triplicate 
measurements. Where error bars are not visible, they are contained within the symbol. 
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The results observed here indicate that a priority exists to maintain the biosynthesis of primary 

aromatic metabolites, over secondary aromatic metabolites, under conditions of limiting resources 

(e.g. in M9 mineral media). The presence of high concentrations of aromatic amino acids appears to 

act as an indicator to divert the flux of chorismate away from primary metabolism and towards the 

biosynthesis of PCA and its derivatives. In this case, it appears that the flux of chorismate entering 

secondary metabolism in PAO1 DPA4212 is similar to that of the wild type strain, as evidenced by the 

observed similar levels of PCA being produced by each strain. Assuming that the DAH7PSs involved 

primarily with primary metabolism are at least partially inhibited by high levels of aromatic amino 

acids, this observation indicates that a single copy of phzC (i.e. PA1901 in this case) is sufficient to 

support PCA biosynthesis in the presence of high aromatic amino acid concentrations. In addition, the 

observations of Cui et al55 indicate that a cross-regulation exists between the two phzA-G operons 

present in the genome of P. aeruginosa where the expression of one copy of the operon is upregulated 

in the absence of the second copy (and vice-versa). While it is not known how much damage to a single 

phzA-G operon is required to elicit the cross-regulation that is described by Cui et. al, it is noted that 

an upregulation phzA-G2, which in PAO1 DPA4212 contains phzC2, could account for the similar levels 

of PCA production observed in PAO1 DPA4212 relative to the wild type strain. 

 

2.5.4.2 Pyocyanin Production 

 

PYO production in M9 mineral media (in the presence or absence of 1 mM of each of Trp, Tyr, and Phe) 

was also monitored at various time points over 72 hours (Figure 2.10).  

 

In the absence of an aromatic amino acid supplement, each of the three strains produced small 

amounts of PYO, in line with the relatively low levels of PCA produced in the absence of aromatic amino 

acids (Section 2.5.4.1). While PYO was observable in the M9 mineral culture media absence of aromatic 

amino acids, the low levels of PYO production presented in Figure 2.10A are at or below the LOD and 
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are therefore not quantifiable. Whereas the observed low amounts of PCA correlates with relatively 

high PYO quantities when P. aeruginosa is grown in LB media, this was not the case in M9 mineral 

media. In M9 mineral media, in the absence of aromatic amino acids, low amounts of both PCA and 

PYO were observed. 

 
 

Figure 2.10: The amount of PYO produced by the three P. aeruginosa strains (either PAO1 wild type, PAO1 
DPA2843, or PAO1 DPA4212) at various time points over a 72-hour period. A: in M9 mineral media in the absence 
of aromatic amino acid supplementation (PAO1 wild type, black; PAO1 DPA2843, red; PAO1 DPA4212, blue). B: 
in M9 mineral media in the presence of 1 mM of each of Trp, Tyr, and Phe (PAO1 wild type, black dash; PAO1 
DPA2843, red dash; PAO1 DPA4212, blue dash). Error bars represent the standard error of biological triplicate 
measurements. Where error bars are not visible, they are contained within the symbol. 
 

 

In the presence of 1 mM of each of Trp, Tyr, and Phe, PYO production by each of the three strains is 

observed after 35 hours. The observed delay in the commencement of PYO production in M9 mineral 

media in the presence of Trp, Tyr, and Phe, relative to when PYO production is observed when P. 

aeruginosa is grown in LB medium (Figure 2.7), may indicate that the flux of PCA is being utilised for 

the biosynthesis of other PCA derived secondary metabolites for t < 35 h. 
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2.6 Chapter Summary  

 

The knockout strains PAO1 DPA2843 and PAO1 DPA4212 were successfully constructed and validated 

by a combination of PCR and DNA sequencing. While it was not known at the commencement of these 

studies the level of sequence variation required to selectively delete one copy of phzC while leaving 

the second intact, the selective deletion of a single copy of phzC (PA4212) was achieved by exploiting 

subtle differences in gDNA sequence upstream of the respective ORFs. The deletion of a single type II 

DAH7PS was found to be non-fatal in P. aeruginosa PAO1 and did not compromise growth in M9 

mineral media indicating that redundancy exists between the multiple DAH7PSs found in the genome 

of P. aeruginosa for the maintenance of primary metabolism. 

 

While a functional redundancy was found to exist between the multiple DAH7PSs for primary 

metabolism where the deletion of a single type II DAH7PS does not significantly reduce the ability of 

the bacterium to grow, a similar redundancy within secondary metabolism is not observed. While PCA 

and PYO are still produced when the ORF PA4212 is deleted, a marked reduction in the amounts of 

each compound that is produced is observed in LB media. The ability of PAO1 DPA4212 to produce 

phenazine derivatives indicates that while the DAH7PS chemistry is not exclusively carried out by the 

enzyme encoded by PA4212, other DAH7PSs cannot fully substitute for the absence of PA4212 as 

observed by the reduction in phenazine biosynthesis. A likely explanation to account for this 

observation is the intricate genetic level regulation that controls aromatic compound biosynthesis in 

P. aeruginosa. The genomic context of either PaeDAH7PSPA1750, PaeDAH7PSPA2843, or PaeDAH7PSPA2943 

is remote from either of the phzA-G biosynthetic operons and hence the expression of the protein 

products of the phzA-G is independent from the expression of either PaeDAH7PSPA1750, 

PaeDAH7PSPA2843, or PaeDAH7PSPA2943. Further to this, under conditions required for PCA biosynthesis, 

Trp, Tyr, and Phe levels are likely to be high and therefore at these high concentrations, these primary 
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metabolites are likely to inhibit the PaeDAH7PSs that are directly involved with primary metabolism 

to varying degrees. The presence of a DAH7PS, that lacks sequence corresponding to regions 

associated with allosteric regulation, within the phzA-G operon, allows for expression of this 

unregulated (at the protein level) DAH7PS in tandem with proteins required for PCA biosynthesis which 

has an apparent increase in the efficiency of delivering PCA and hence PYO. 
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Chapter 3 

Characterisation of 

PaeDAH7PSPA2843: a Protein 

Associated with Primary 

Metabolism 
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3.1 Introduction 

While many examples of type I DAH7PSs have been characterised, both structurally and functionally, 

prior to the commencement of these studies relatively limited structural information was available for 

the type II DAH7PSs, providing limited insight into the evolutionary trajectory for the type II DAH7PSs. 

The structures of MtuDAH7PS (PDB 2B7O),88 along with complexes with aromatic amino acids (PDB 

3NUE, 3NUD, and 2YPP)113,115 and in complex with MtuCM (PDB 2W19)116 were the only example of a 

structurally characterised type II DAH7PS prior to these studies. However, very recently, the structure 

of CglDAH7PS in complex with Trp (PDB 5HUE) or in complex with CglCM (PDB 5HUD)101 has been 

reported. 

 

Crystal structures of MtuDAH7PS, in complex with various different combinations of allosteric ligands, 

have revealed three distinct aromatic amino acid allosteric binding sites, on the single enzyme, that 

are selective each for either Trp, Phe or Tyr. The Trp and Phe sites, located at the tetramer and dimer 

interfaces respectively, are formed by the accessory extra barrel structural elements and are created 

only upon the formation of the quaternary assembly.102 

 

Previous work carried out in the Parker group has provided an extensive characterisation of the type 

II MtuDAH7PS. These works have demonstrated that MtuDAH7PS is subject to complex ternary 

synergistic allosteric control,111-113,115 by binary or ternary combinations of aromatic amino acids that 

includes Trp, providing the only reported example of ternary synergistic allosteric control of a 

metabolic enzyme known to date. The sophisticated allosteric functionality of MtuDAH7PS is further 

extended by the formation of a heterooctameric non-covalent complex with MtuCM. The formation 

of this non-covalent complex not only activates MtuCM activity by more than two orders of magnitude 

but also allows MtuCM to access and utilise the allosteric machinery located on MtuDAH7PS to direct 

the shikimate pathway end produce, chorismate, towards either Trp or Phe/Tyr biosynthesis according 

to precise metabolic requirements.117 
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A sequence alignment between the putative type II DAH7PS enzyme from P. aeruginosa, encoded by 

the ORF PA2843 (PaeDAH7PSPA2843), and MtuDAH7PS shows that PaeDAH7PSPA2843 highly resembles 

MtuDAH7PS in terms of sequence conservation and structural elements (50% sequence identity, 67% 

sequence similarity). However, one notable difference between the two sequences is that 

PaeDAH7PSPA2843 omits the sequence corresponding to the region b0 in MtuDAH7PS and subsequently 

the N-terminal extension observed in PaeDAH7PSPA2843 is 19 residues shorter when compared to the 

equivalent region of MtuDAH7PS.  

 

3.2 Chapter Aims 

 

The aim of the work described in this chapter is to provide structural data (in terms of crystal 

structures, small angle X-ray scattering and analytical ultra-centrifugation data) and functional data (in 

terms of Michaelis constants, turn over number, and inhibition data) for PaeDAH7PSPA2843 to extend 

the availability of such information for the type II DAH7PSs. The determination of the crystal structure 

of PaeDAH7PSPA2843 is of particular focus in this chapter to determine if the extra barrel structural 

elements play a critical role in the formation of both the allosteric machinery and the quaternary 

structure assembly, analogous to that described for MtuDAH7PS and hence provide new insight into 

the evolutionary trajectory of the type II DAH7PSs. 

 

Parts of the work described in this chapter have been published in the following publication. A copy of 

this publication is provided in Appendix B for reference. 

 

Sterritt, O. W., Kessans, S. A., Jameson, G. B., Parker, E. J. A Pseudoisostructural Type II DAH7PS 

Enzymes from Pseudomonas aeruginosa: alternative evolutionary strategies to control shikimate 

pathway flux. Biochemistry. 2018, 57, 2667–2678.  
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3.3 Cloning, Expression, and Purification 

3.3.1 Cloning of PaeDAH7PSPA2843 

 

Primers were designed to amplify the ORF encoding PaeDAH7PSPA2843 and insert it into the expression 

vector pET-28a(+). This vector contains a kanamycin resistance gene for the selection of positive 

clones, a T7 promoter for inducible protein expression by the addition of IPTG, and an N-terminal 

thrombin cleavable His6 purification tag. In this case, primers were designed to engineer a tobacco 

etch virus protease (TEV) recognition site downstream of the thrombin site, resulting in the production 

of protein with a TEV cleavable N-terminal His6 purification tag.  

 

Complete plasmids were transformed into commercially competent E. coli Stellar cells and colonies 

were selected based on kanamycin resistance. Colony PCR and restriction endonuclease digestion of 

the resultant plasmids were used to verify positive clones before the final construct was verified by 

DNA sequencing (Macrogen).  

 

3.3.2 Expression and Purification of PaeDAH7PSPA2843 

 

The verified expression plasmids were transformed into the expression host E. coli BL21 (DE3). The 

expression of PaeDAH7PSPA2843 was achieved as detailed in Section 6.3.2. The expression of soluble 

protein was confirmed using SDS-PAGE and the crude cell lysate was tested for DAH7PS activity.  

 

Cells were resuspended in lysis buffer and lysed, on ice, by sonication. Cellular debris were removed 

by centrifugation before the purification process. A four-step protein purification protocol was 

developed, based on the methods previously used by Dr. Nicola Blackmore (UC) to purify 

MtuDAH7PS.124 
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The protein was purified from the soluble fraction of the cell lysate, as described in Section 6.3.3, using 

immobilised nickel(II) affinity chromatography and size exclusion chromatography (SEC). The purity of 

the protein sample was monitored by SDS-PAGE (Figure 3.1) and mass spectrometry confirmed the 

mass of the protein as 49,990.4 Da, compared to the theoretical mass of 49,992.3 Da (ProtParam125). 

 

 

Figure 3.1: A typical purification of PaeDAH7PSPA2843. A: a typical chromatogram obtained for the isolation of 
PaeDAH7PSPA2843 from the soluble fraction of the cell lysate using a His-trap column. The % of buffer B is indicated 
by the red line. The sample was injected after 50 mL equilibration period, followed by 70 mL wash to remove 
contaminating proteins before elution in ~50% elution buffer. B: a typical SEC chromatogram obtained for 
PaeDAH7PSPA2843 using a HiLoadTM 26/60 SuperdexTM 200 column. The sample was injected after 320 mL column 
equilibration period and eluted ~170 mL after injection. C: SDS-PAGE gel showing the purification of 
PaeDAH7PSPS2843 from cell lysate. 1: soluble fraction of cell lysate, 2: insoluble fraction of cell lysate, 3: after initial 
IMAC column, 4: after TEV treatment to remove His6 purification tag (TEV removed), 5: after SEC column. The 
single protein band observed at ~50 kDa is attributed to PaeDAH7PSPA2843. 
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3.4 Biophysical Characterisation 

3.4.1 Differential Scanning Fluorimetry (DSF) 

 

Differential scanning fluorimetry (DSF) experiments measured the melting temperature of 

PaeDAH7PSPA2843 in the presence or absence of various potential ligands. The protein sample is pre-

equilibrated with a dye that fluoresces on binding hydrophobic residues, often buried in the core of 

the protein. The temperature of the sample is gradually increased and as the protein begins to 

denature, more hydrophobic residues are exposed and the fluorescence of the dye increases. The 

melting temperature of the sample (Tm) is defined as the maximum increase in fluorescence, as 

determined by the maximum in the first derivative of the melt curve.  

 

Ligand binding to a protein can often result in changes in Tm and as such Tm measurements show 

whether or not a particular ligand is likely to bind to a particular protein.  

 

 

Figure 3.2: Melting temperatures determined for PaeDAH7PSPA2843 in the presence or absence of various 
combinations of aromatic amino acids Trp, Phe, and Tyr. Each single letter code represents 200 µM of the 
corresponding amino acid. Error bars represent the standard deviation of triplicate measurements. 
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In the presence of 200 µM Trp, an increase in thermal stability of 6.1 ± 0.2 °C was observed. This is in 

contrast to measurements made in the presence of either 200 µM Phe or 200 µM Tyr where similar 

changes in the thermal stability of PaeDAH7PSPA2843 were not observed (Figure 3.2). Binary or ternary 

combinations of aromatic amino acids that include Trp each produced an increase in thermal stability 

similar to that observed for Trp alone. 

 

3.4.2 Isothermal Titration Calorimetry  

 

Isothermal titration calorimetry (ITC) is a technique used to measure the affinity a protein has for 

binding a particular ligand under given conditions, often expressed as a dissociation constant, Kd. This 

technique relies on measuring the small changes in heat that occur during ligand binding events in 

solution. A solution of the ligand of interest is sequentially injected over time into a cell containing the 

protein of interest. As each injection is made, changes in heat (that occur on ligand binding) are 

measured relative to a reference cell.  

 

Isothermal titration calorimetry experiments were carried out to measure the binding affinity of 

aromatic amino acids to PaeDAH7PSPA2843. ITC experiments were carried out at pH 7.5, 25 °C with 200 

rpm stirring (Figure 3.3). 

 

3.4.2.1 Characterisation of Trp Binding 

 

ITC experiments show that Trp binds to PaeDAH7PSPA2843 with a Kd = 3.6 ± 0.8 µM (DG = −31.0 kJ/mol, 

DH = -28.0 ± 1 kJ/mol, DS = 11.8 J/mol K) comparable to that previously determined for MtuDAH7PS.124 

The stoichiometry of this binding event was determined to be 0.92 indicating that one molecule of Trp 

binds per chain of this enzyme, with a total of 4 binding sites per tetrameric enzyme. 
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3.4.2.2 Characterisation of Tyr Binding 

 

Tyr binds to PaeDAH7PSPA2843 an order of magnitude less tightly relative to Trp. The dissociation 

constant, Kd, for Tyr binding was 23 ± 1 µM (DG = -26.5 kJ/mol, DH = -4.0 ± 1 kJ/mol, DS = 75.8 J/mol 

K), comparable to that observed for MtuDAH7PS in the absence of Phe or Trp.124 The stoichiometry of 

this binding event was found to be 1.07, indicating that one Tyr molecule binds per DAH7PS chain or 4 

Tyr molecules per tetrameric enzyme.  

 

 

A                                                                                     B 

  

 

Figure 3.3: ITC experiments were carried out to assess ligand binding to PaeDAH7PSPA2843. A: titration of Trp (600 
µM) against a solution of PaeDAH7PSPA2843 of concentration 176 µM. B: titration of Tyr (2 mM) against a solution 
of PaeDAH7PSPA2843 of concentration 100 µM. Ligands were titrated over a series of 20 injections (1 x 1.0 µL and 
19 x 2.5 µL) at pH 7.5, 298 K, with 200 rpm stirring. 
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3.4.3 Analytical Ultracentrifugation  

 

Sedimentation velocity experiments were carried out to characterise the oligomeric state of 

PaeDAH7PSPA2843 in solution. During the experiment, the sample is spun at a high velocity causing the 

macromolecules to be separated based on their size and shape. The movement of the boundaries 

created by this process can be monitored by UV absorbance and the rate of movement is used to 

calculate the sedimentation coefficient(s) of the macromolecules present in the sample. The 

sedimentation coefficient can subsequently be used to estimate the molecular weight of the 

corresponding native macromolecule, and hence provide information regarding the quaternary 

structure of the solution-state species. Analytical ultracentrifugation data were collected in 

collaboration with Dr. Sarah Kessans (University of Canterbury). 

 

Data were collected for PaeDAH7PSPA2843 at three enzyme concentrations: 1 mg mL-1, 0.5 mg mL-1, 0.25 

mg mL-1 at 35,000 rpm and fitted to a continuous sedimentation coefficient [c(s)] model126 using the 

program SEDFIT (Figure 3.4).  

 

At all three concentrations tested, the sedimentation coefficient for PaeDAH7PSPA2843 was found to be 

9.1 S corresponding to a calculated molecular mass of 202 kDa. This is consistent with the expected 

molecular weight of 199.7 kDa for the PaeDAH7PSPA2843 tetramer, and therefore PaeDAH7PSPA2843 

adopts a tetrameric solution-state structure at all concentrations tested. A small peak observed at ~4 

S is attributed to an impurity, rather than dimeric or monomeric PaeDAH7PSPA2843 as its height relative 

to the peak at 9.1 S did not decrease on dilution.  
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Figure 3.4: Sedimentation velocity data collected for PaeDAH7PSPA2843 shows the distribution of the solution-
state species. The single peak observed at a sedimentation coefficient of 9.1 S corresponds to a calculated 
molecular weight of 202 kDa. Data were collected at 35,000 rpm at a temperature of 20 °C using protein 
concentrations of 0.25 (black), 0.5 (red) and 1.0 mg mL-1 (blue). 
 

 

Comparison to AUC data previously collected by Dr. Nicola Blackmore for MtuDAH7PS124 reveals 

differences in the solution behaviour between PaeDAH7PSPA2843 and MtuDAH7PS. MtuDAH7PS exists 

as a tetramer at a concentration of 1.0 mg mL-1, showing a single peak at ~8.8 S corresponding to a 

calculated molecular mass of 199 kDa compared to 204 Da for the MtuDAH7PS tetramer. However, at 

a lower enzyme concentration of 0.2 mg mL-1, in the absence of aromatic amino acids, a second peak 

at ~5.7 S was also evident that corresponds to a calculated molecular mass of 81 kDa, smaller than the 

expected mass of the 102 kDa MtuDAH7PS dimer. These findings show the presence of an equilibrium 

between tetrameric and dimeric states of MtuDAH7PS where the presence of individual aromatic 

amino acids, or combinations thereof, influences the position of the equilibrium to favour the 

tetrameric MtuDAH7PS species. A similar tetramer-dimer equilibrium was not observed for 

PaeDAH7PSPA2843 in the absence of aromatic amino acids. 
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3.4.4 Functional Characterisation 

3.4.4.1 Optimal pH 

 

Kinetic measurements for PaeDAH7PSPA2843 were carried out over a range from pH 6.0 to 8.5. 

PaeDAH7PSPA2843 exhibited maximal activity at a pH of 7.5 (Figure 3.5). Subsequently, all activity assays 

for this enzyme were carried out at pH 7.5.  

 

 

 

Figure 3.5: The measured pH profile determined for PaeDAH7PSPA2843 indicates that the optimal pH for the 
activity of this enzyme is pH 7.5. Substrate concentrations were held at 150 µM each for PEP and E4P. Error bars 
represent the standard deviation of triplicate measurements. The line is for visual reference only. 
 

3.4.4.2 Metal Dependency 

 

As with all other DAH7PS enzymes characterised to date, PaeDAH7PSPA2843 requires a divalent metal 

cation to exhibit catalytic activity. Incubation of PaeDAH7PSPA2843 with the divalent metal ion chelator 

EDTA for 2 hours reduced DAH7PS activity to ~3% of that observed in the presence of the most 

activating divalent metal cation. Enzymatic activity could be restored by the addition of a variety of 

different divalent metal cations to the reaction mixture (Figure 3.6). Reactions were carried out using 
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buffer and substrate solutions that were pre-treated with Chelex overnight to reduce the amount of 

pre-existing metal ions in assay solutions. The addition of 100 µM Co2+ restored DAH7PS activity better 

than any other metal tested, as is the case for other type II DAH7PSs.88,127 As such, Co2+ was 

incorporated into all subsequent kinetic assays. 

 

 

Figure 3.6: The effects of different metal ions on the activity PaeDAH7PSPA2843. After incubation with EDTA, 
maximal DAH7PS activity was observed in the presence of 100 µM Co2+.  
 

3.4.4.3 Kinetic Parameters 

 

Kinetic parameters were determined for PaeDAH7PSPA2843 by monitoring the consumption of PEP at 

232 nm, based on assays previously developed.88 Assays were carried out in 50 mM BTP pH 7.5, in the 

presence of the divalent metal cation Co2+ (100 µM) at 37 °C. The Michaelis constants determined for 

PaeDAH7PSPA2843 are in line with those previously established for other type II DAH7PSs with apparent 

KM values for PEP and E4P of 28 ± 1 µM and 18 ± 1 µM respectively (Figure 3.7, Table 3.1). However, 

the turnover number, kcat, for PaeDAH7PSPA2843 was an order of magnitude higher compared to other 

characterised type II DAH7PS enzymes (kcat = 40 ± 0.7 s-1). It is noted that Co2+ was also found to restore 

maximal DAH7PS activity for MtuDAH7PS and HpyDAH7PS. However, the reported kinetic parameters 
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have been determined in the presence of Mn2+ to allow for comparison to the type Ia enzymes, despite 

the lower levels of activation by Mn2+ relative to Co2+.128 Further to this, maximal MtuDAH7PS activity 

occurs at pH 6.4 whereas functional characterisation has been carried out at pH 7.5 to allow for the 

comparison to kinetic parameters of other type II DAH7PS enzymes.128 These differences may, at least 

partially, account for the observed differences in Kcat between these three enzymes. 

 

    A       B 

 

Figure 3.7: Michaelis-Menten plots of kinetic data obtained for PaeDAH7PSPA2843 A: for PEP or B: for E4P. 
Reactions were carried out by fixing one substrate at a concentration of 150 µM and varying the concentration 
of the other substrate for which kM was to be determined. Error bars represent the standard deviation of 
triplicate measurements. Where error bars are not visible, they are contained within the symbol.  
 

 

Table 3.1: Comparison of the kinetic parameters determined for PaeDAH7PSPA2843with those previously reported 

for other type II DAH7PS enzymes. 

Enzyme Metal Ion KME4P 

(µM) 

KMPEP 

(µM) 

kcat 

(s-1) 

kcat/ KME4P 

(s-1 µM-1) 

kcat/ KMPEP 

(s-1 µM-1) 

PaeDAH7PSPA2843 Co2+ 18 ± 1 28 ± 1 40.0 ± 0.7 2.20 ± 0.20 1.40 ± 0.10 

MtuDAH7PS88 Mn2+ 25 ± 1 37 ± 3 3.10 ± 0.10 0.12 ± 0.09 0.08 ± 0.01 

HpyDAH7PS127 Mn2+ 6 ± 1 3 ± 1 3.3 ± 0.3 0.55 ± 0.20 1.1 ± 0.7 
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3.4.4.4 Feedback Inhibition by Aromatic Amino Acids 

 

The activity of PaeDAH7PSPA2843 was monitored in the presence of increasing concentrations of the 

aromatic amino acids Trp, Phe, and Tyr, as described in Section 6.3.5.4. At concentrations up to 200 

µM Phe or Tyr, minimal change in DAH7PS activity was observed. However, in the presence of Trp, a 

decrease in enzymatic activity was observed, to ~75% of that observed in the absence of Trp (Figure 

3.8).  

 

Binary or ternary combinations of the aromatic amino acids appear to have no additional inhibitory 

effect on PaeDAH7PSPA2843 with inhibition levels similar to that in the presence of Trp alone when Trp 

was present, or for the case of Tyr + Phe, uninhibited activity. This is in contrast to the inhibition 

described for MtuDAH7PS where any combination of the aromatic amino acids that includes Trp has 

been shown to synergistically inhibit the enzyme. The absence of a response to either Phe or Tyr, or 

combinations of aromatic amino acids, in PaeDAH7PSPA2843 suggests that there may only be a single 

functional aromatic amino acid binding site in PaeDAH7PSPA2843. 
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Figure 3.8: The functional response of PaeDAH7PSPA2843 in the presence of up to 200 µM of A: individual aromatic 
amino acids: Trp (blue) Tyr (red) and Phe (green). B: binary and ternary combinations of aromatic amino acids. 
Each single letter code represents 200 µM of the corresponding amino acid. PEP and E4P concentrations were 
held constant for all measurements at 150 µM each. Error bars represent the standard deviation of triplicate 
measurements and where error bars are not visible are contained within the symbol. 
 

3.5 Structural Characterisation of PaeDAH7PSPA2843 

3.5.1 Determination of Crystal Structure 

 

Crystallisation trials were carried out using a Mosquito® crystallisation robot and 96-well sitting drop 

plates (Hampton Research). Conditions were initially screened from Molecular Dimensions Clear 

StrategyTM Screens I and II using protein concentrations between 6 and 18 mg mL-1 (final concentration 

3 – 9 mg mL-1). Many conditions produced small crystals after overnight incubation at 20 °C. Initial 

diffraction screening efforts showed that crystals grown in 0.8 M sodium formate, 0.1 M sodium 

acetate, 25% PEG 2000 MME, pH 6.5 produced good quality diffraction. Further manual screening of 

pH, buffer concentrations, PEG concentration, and temperature in 24-well plates, and the addition of 

key small molecules, led to the growth of the best diffracting crystals in a condition containing 0.8 M 

sodium formate, 0.1 M sodium acetate, 1 mM cobalt chloride, 1 mM phosphoenolpyruvate, 26% PEG 

2000 MME, pH 5.5 after incubation at 5 °C for approximately 7 days.  
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The crystal structure of PaeDAH7PSPA2843 was determined in complex with either Trp, Tyr, or with no 

allosteric ligand bound. For the structures containing an allosteric ligand, crystals were grown in the 

same condition as described above with the addition of either 2 mM Trp or 3 mM Tyr to the 

crystallisation reservoir, prior to the addition of protein. Crystals were also grown in the presence of 3 

mM Phe. However, electron density attributable to an allosteric Phe ligand was not observed, 

consistent with the results of the functional studies that show Phe is not an allosteric inhibitor of 

PaeDAH7PSPA2843 (section 3.4). 

 

X-ray diffraction data were collected using the MX1 or MX2 beamlines at the Australian Synchrotron, 

as described in Section 6.3.6.4. Crystals were transferred from the crystallisation condition and soaked 

in cryoprotectant solution containing mother liquor and 25% PEG 300. Crystals were flash frozen in 

liquid nitrogen prior to the collection of X-ray diffraction data at 100 K. Data were collected at 13,000 

keV (0.9537 Å) with data collection over 0.5° rotations over 360°. The space group was found to be 

I222 with unit cell dimensions for the allosteric ligand free enzyme (PDB 5UXO) a = 80.24 Å, b = 100.12 

Å, c = 115.60 Å. The binding of either Trp or Tyr did not significantly affect the conformation of 

PaeDAH7PSPA2843 such that the unit cell dimensions were similar for all three structures. 

 

 For all structures, PaeDAH7PSPA2843 crystallised in the space group I222, with a single DAH7PS chain 

present in the asymmetric unit. The final model for the Trp-bound structure (PDB 5UXM) contains one 

Trp ligand with well-defined electron density, the Tyr-bound structure (PDB 5UXN) contains one Tyr 

ligand, and the allosteric ligand free structure (PDB 5UXO) contains one acetate ion bound at the 

allosteric binding site. All three structures contain one well-defined PEP molecule modelled into the 

active site of the enzyme along with one Co2+ ion, coordinating a single water molecule, modelled at 

partial occupancy (~0.8). Data collection and refinement statistics are shown in Table 3.2. 
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3.5.2 The Monomeric Unit of PaeDAH7PSPA2843 

 

As with all DAH7PS structures, PaeDAH7PSPA2843 features a core (ba)8 triose phosphate isomerase fold, 

with extensions to the barrel that place it in the type II DAH7PS family (Figure 3.9). Residues 1 – 59 

form an N-terminal extension to the core (ba)8-barrel catalytic domain, providing an additional three 

helices (a0a, a0b, and a0c). Residues 179 – 225 form an extension to loop a2b3, providing a 1-turn helix, 

a2a, and a 6-turn helix, a2b. 

 

Table 3.2: Data collection and refinement statistics for the crystal structures obtained for PaeDAH7PSPA2843 

 Ligand Free Trp-bound Tyr-bound 
PDB Code 5UXO 5UXM 5UXN 
Space Group I222 I222 I222 
Data collection and processing statistics    
Unit Cell Dimensions (Å)    
a   80.24   81.68   81.27 
b 100.12 100.37 100.54 
c 115.60 115.60 115.55 
Resolution range (outer shell) (Å)  57.80 – 2.35 (2.43 – 2.35) 57.80 – 1.54 (1.57 – 1.54) 57.63 – 2.20 (2.27 – 2.20) 
Wavelength (Å) 0.9537 0.9537 0.9537 
Total measurements 139,908 (13,875) 491,613 (24,675) 173,797 (15,185) 
Unique reflections 19,777 (1,924) 70,122 (3,437) 24,329 (2,093) 
Completeness (%) 100.00 (100.00) 99.60 (99.80) 100.00 (100.00) 
Redundancy 7.1 (7.2) 7.0 (7.2) 7.1 (7.3) 
I/s 9.9 (4.2) 9.3 (1.5) 10.5 (6.4) 
Rmerge 0.139 (0.392) 0.106 (1.122) 0.139 (0.326) 
Rpim 0.056 (0.156) 0.044 (0.452) 0.056 (0.130) 
CC1/2 0.992 (0.962) 0.995 (0.702) 0.992 (0.936) 
Refinement resolution (Å) 2.35 (2.43 – 2.35) 1.54 (1.58 – 1.54) 2.20 (2.27 – 2.20) 
Refinement statistics    
R factor 0.204 0.185 0.184 
Rfree (5%) 0.259 0.210 0.225 
Number of non-hydrogen atoms    

Protein atoms 3382 3566 3452 
Water atoms 126 340 181 
Ligand atoms 20 38 35 

Wilson B value (Å2) 14.1 13.2 13.3 
Mean B value (Å2)    
All Atoms 33.0 20.0 19.8 

Protein atoms 33.4 20.2 24.8 
Ligand atoms 29.3 20.8 22.1 
Water atoms 28.2 28.9 23.3 

Root mean square-deviations from ideality    
Bond lengths (Å) 0.015 0.010 0.023 
Bond angles (degrees) 1.9 1.4 1.6 
Residues in the most favoured region of 
Ramachandran plot (%) 

99.0 98.0 97.0 

Residues in forbidden region of Ramachandran 
plot (%) 

0.00 0.25a 0.23b 

aLeu218, bThr421 
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Figure 3.9: A: the structure of a single chain of PaeDAH7PSPA2843 in complex with the allosteric inhibitor Trp (PDB 
5UXM). The N-terminal extension (residues 1–59) is shown in red, the extension to loop a2b3 (residues 179–225) 
is shown in yellow, the Trp ligand is shown in green, and the active site cobalt ion is shown in magenta. B: the 
more extensive dimer interface (indicated by the black dashed line) is formed, in part, by helices a0c and a2 
whereas the less extensive tetramer interface (indicated by the cyan dashed line) is formed, in part, by helices 
a2a and a2b. 
 

3.5.3 Interface Analysis 

 

The application of two two-fold crystallographic symmetry operations generates two significant 

interfaces between molecules of neighbouring asymmetric units, assembling a homotetramer. The 

most extensive (dimer) interface is formed through interactions between chains A and B, whereas the 

less extensive (tetramer) interface is formed through interactions between chains A and D (and chains 

B and C) (Figure 3.9B). 

 

3.5.3.1 Analysis of the Dimer Interface 

 

The dimer interface is formed by residues located in helices a0c and a2 (Figure 3.10). A total of 40 

residues from each chain are involved in the formation of this interface, including five residues that 
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are involved in hydrogen bond formation and a buried interface area of 1202 Å2 (7.0% of the surface 

area of each chain; DG = -8.3 kcal/mol). Three pairs of equivalent hydrogen bonds are formed between 

chain A atoms Leu40_O, Thr162_OG1, Arg169_NE and chain B atoms Asn166_ND2, Thr162_OG1, 

Asn166_OD1 respectively. In addition, Glu226_OE1 shares a proton with its crystallographic equivalent 

across the dimer interface. Glu226 may adopt an alternative, non-interacting, conformation at pH 7.5 

(the pH at which solution experiments were carried out). However, this dimer interface is 

predominantly formed by hydrophobic interactions and the effect of the difference in pH between the 

crystallisation condition and solution experiments on the quaternary structure is likely negligible. Upon 

binding of the allosteric ligand Trp, there are no significant changes to hydrogen-bonding 

arrangements at the dimer interface. 

 

Comparison between the dimer interfaces in PaeDAH7PSPA2843 and MtuDAH7PS (Figure 3.11) reveals 

differences in the interface footprints of both enzymes. The additional 20 residues found at the N-

terminal extension of MtuDAH7PS, relative to that of PaeDAH7PSPA2843, form region b0 (residues 4 – 

21) and this region plays a substantial role in the formation of the dimer interface in MtuDAH7PS. 

However, the lack of this structural element in PaeDAH7PSPA2843 and the alternative N-terminal 

extension seemingly contributes towards the formation of a distinct quaternary structure in 

PaeDAH7PSPA2843. 
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   A 

                                              

B      C 

 

 

Figure 3.10: The residues identified by PISA129 that form the dimer interface of PaeDAH7PSPA2843 are shown in 
cyan. Helix a2 plays a key role in the formation of the dimer interface, along with helix a0c. The active site is 
indicated by the magenta Co2+ ion. A: monomeric view. B: dimeric side view.  C: dimeric top view. 
 

 

Specifically, two salt bridges between the backbone carbonyl group of residue Asp6 and the sidechain 

of residue Arg171 (atoms NH1 and NH2) were observed only at the dimer interface of MtuDAH7PS. 

These salt bridged likely contribute, in addition to region b0 which forms a two-stranded b sheet with 

itself across the dimer interface, towards the formation of a more stable MtuDAH7PS dimer interface 

(DG =-11.4– -16.0 kcal/mol) relative to that observed in PaeDAH7PSPA2843. 
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Figure 3.11: A comparison between the dimer interfaces of PaeDAH7PSPA2843 (PDB 5UXM) and MtuDAH7PS (PDB 
2B7O). For both figures, the surface area buried at the dimer interface is highlighted in magenta. The location of 
key structural elements is indicated. 
 

3.5.3.2 Analysis of the Tetramer Interface 

 

The tetramer interface is formed through interaction between chains A and D (or chains B and C) 

involving residues primarily located in helices a2a and a2b (Figure 3.12). A total of 24 residues and a 

buried interface area of 915 Å2 (5.3% for each chain; DG = -9.7 kcal/mol) contribute towards the 

formation of the tetramer interface. Five residues are involved in the formation of hydrogen bonds 

and two residues are involved in the formation of salt bridges across the tetramer interface. For the 

ligand free structure (PDB 5UXO), hydrogen bonds are formed between chain A atoms Arg205_NH1, 

Glu208_OE1, Thr209_OG1 of helix a2b and chain D atoms Glu208_OE1, Arg205_NH1, Thr209_OG1 of 

helix a2b respectively. On binding Trp, these contact distances all increase, especially the 

Thr209_OG1…OG1_Thr209 contact, which increases by more than 0.7 Å. 
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While the tetramer interface is extensive in terms of buried surface area, the calculated free energy 

gain on the formation of the tetramer interface (DG = -9.0– -10.2 kcal/mol) suggests that this interface 

is more thermodynamically stable in comparison with the dimer interface. 

 

Comparison between the tetramer interface in PaeDAH7PSPA2843 relative to that of MtuDAH7PS shows 

similar interface footprints (Figure 3.13). However, on closer inspection of the tetrameric crystal 

structures of both enzymes, some more obvious differences in overall enzyme shape are evident. The 

most obvious, perhaps, is the angle at which helices a2b of opposing chains intersect across the 

tetramer interface. In MtuDAH7PS (or ClgDAH7PS), this angle of intersect is ~60 °, whereas in 

PaeDAH7PSPA2843 this angle is closer to 90 ° (Figure 3.14).  

 

This larger angle of intersect for helices a2b across the tetramer interface in PaeDAH7PSPA2843 results in 

residues Arg205 and Glu208* being in a suitable orientation, relative to each other, to form an 

equivalent pair of salt bridges across the tetramer interface in PaeDAH7PSPA2843 (Figure 3.15A). In 

comparison, the distance between the corresponding residues in MtuDAH7PS (Glu220 and Arg223) is 

too large (4.4 Å) to support the formation of an equivalent salt bridge (Figure 3.15B). A salt bridge is 

also not observed to form between Glu220 and Arg223 for MtuDAH7PS in the presence of allosteric 

ligands, PDB 3NUE or PDB 5CKV, with inter-atom distances of 4.8 Å or 4.9 Å respectively. 

 

The consequence of the described differences at the dimer interface in PaeDAH7PSPA2843 relative to in 

MtuDAH7PS (Section 3.5.3.1), in combination with the differences in the angle of intersect of helices 

a2b across the tetramer interface, is the formation of a distinct quaternary assembly in 

PaeDAH7PSPA2843. An apparent tetrahedral twisting of the AB dimer, relative to the CD dimer leads to 

obvious differences in the shape of PaeDAH7PSPA2843 compared to either MtuDAH7PS or CglDAH7PS. 

If these described differences in enzyme shape and quaternary assembly were observable in solution, 
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they may account for the diminished allosteric regulation of PaeDAH7PSPA2843 and hence may account 

for the allosteric functional response described in Section 3.4.4.4. 

 

 

 

 

 

 

 

 

Figure 3.12: Residues involved in the formation of the tetramer interface of PaeDAH7PSPA2843, as identified by 
PISA.129 Regions associated with the formation of the interface are highlighted in cyan whereas regions that are 
not associated with the interface are shown in grey. The active site metal ion is indicated in magenta.  
 

A 

B C 
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Figure 3.13: Comparison between the tetramer interface between PaeDAH7PSPA2843 (PDB 5UXM) and 
MtuDAH7PS (PDB 2B7O). For both figures, the surface area buried at the dimer interface is highlighted in cyan. 
The location of key structural elements is indicated. 
 

 

 

Figure 3.14: Comparison between the orientation of tetramer interface helix a2b in PaeDAH7PSPA2843 (PDB 5UXM) 
relative to MtuDAH7PS (PDB 2B7O) and CglDAH7PS (PDB 5HUE). PaeDAH7PSPA2843 is shown in blue with helix a2b 
highlighted in cyan. MtuDAH7PS is shown in green, with helix a2b highlighted in magenta. CglDAH7PS is shown 
in grey. 
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Figure 3.15: Schematic representation of residues involved in the formation of salt bridges across the tetramer 
interface in either PaeDAH7PSPA2843 or MtuDAH7PS. A: PaeDAH7PSPA2843 (PDB 5UXM). Salt bridges are indicated 
as black dashed lines. The length of each salt bridge is 2.6 Å. B: MtuDAH7PS (PDB 2B7O). The inter-chain distance 
between the equivalent residues in MtuDAH7PS is 4.4 Å (red dashed line), too long to form a salt bridge 
interaction. The core (ba)8 barrel is shown in blue, the N-terminal extension is shown in red, and the extension 
to loop a2b3 is shown in yellow. 
 

3.5.4 Active Site Architectures 

3.5.4.1 Metal Binding Site 

 

The metal binding site is located approximately 3.9 Å from the PEP binding site (defined by atom 

PEP_O2) and approximately 9.2 Å from the probable E4P binding site (as indicated by the presence of 

a phosphate ion). The metal ion is coordinated by four protein residues, Cys69, His252, Glu394 and 

Asp424, and one water molecule. Residue Cys69 coordinates the metal ion at partial occupancy (0.75, 

PDB 5UXM or 0.8, PDB 5UXO), with an alternative rotamer evident (occupancy 0.25, PDB 5UXM or 0.2, 
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PDB 5UXO) where a rotation about Cα-Cβ leads to the formation of a disulfide bond with residue 

Cys423. Cys69 interacts with the metal ion at full occupancy in the Tyr-bound structure (PDB 5UXN). 

 

3.5.4.2 PEP Binding Site  

 

The residues that bind the substrate PEP are highly conserved among DAH7PSs, both type I and type 

II. The substrate PEP binds PaeDAH7PSPA2843 at a site analogous to that found in both MtuDAH7PS (PDB 

2B7O) and CglDAH7PS (PDB 5HUC). In PaeDAH7PSPA2843 (PDB 5UXM) the PEP phosphate group is 

coordinated by atoms Asp266_N, Arg267_NH1, Lys289_NZ, Arg320_NE, and Arg320_NH2. The 

carboxylate group of PEP is coordinated by the atoms Arg108_NH1 (and Arg108_NH2) and Lys289_NZ 

(Figure 3.16A). 

 

From the electron density attributed to the PEP ligand, methylene carbon C3 and the carboxylate 

group of PEP are coplanar (Figure 3.16B). This PEP binding mode in PaeDAH7PSPA2843 is unlike that 

modelled in either MtuDAH7PS (PDB 2B7O, 2.3 Å resolution) or CglDAH7PS (PDB 5HUE, 2.65 Å 

resolution), where methylene carbon C3 and the carboxylate group of PEP are not coplanar, although 

it is noted that these structures are at a lower resolution and differences in the modelled PEP 

conformation may only be of marginal significance. However, this planar PEP conformation may 

account for the altered reactivity observed for PaeDAH7PSPA2843 relative to MtuDAH7PS. 
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Figure 3.16: A: the active site of PaeDAH7PSPA2843 (PDB 5UXM) showing the binding mode of the substrate PEP. 
The 2|Fo|-|Fc| electron density omit map is contoured at 1s, hydrogen bonds are shown in black, the active site 
metal ion, Co2+, is shown in magenta, and the nucleophilic water is shown in red. B: overlay between the PEP 
binding sites of PaeDAH7PSPA2843 (green), MtuDAH7PS (cyan) and CglDAH7PS (magenta). Residue numbering 
corresponds to PaeDAH7PSPA2843, * indicates residue numbering corresponding to MtuDAH7PS, and ^ indicates 
residue numbering corresponding to CglDAH7PS. 
 

3.5.4.3 Probable E4P Binding Site 

 

A phosphate ion binds at a site ~10 Å from the PEP molecule. This phosphate ion indicates the likely 

binding location of the phosphate group of the second substrate, E4P. This phosphate ion interacts 

with protein residues Arg117, Ser118, Lys357, and Lys363. The probable E4P binding location in 

PaeDAH7PSPA2843 is located in a similar position relative to that observed for MtuDAH7PS, indicated by 

the presence of a sulfate ion (Figure 3.16B). Whereas either a phosphate or sulfate ion is not present 

at an intuitive E4P binding location in the structure of CglDAH7PS (PDB 5HUC or 5HUE).  

 

3.5.5 The Binding Modes of Trp and Tyr at One Allosteric Binding Site 

 

All liganded structures of PaeDAH7PSPA2843 crystallised in an orthorhombic space group (I222) and the 

addition of ligand did not significantly affect crystal packing of the protein so that the unit cell 

dimensions for each data set remain similar (Table 3.2). 
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When co-crystallised with either 2 mM Trp or 3 mM Tyr, Trp or Tyr were found to bind at a similar 

allosteric binding site despite the observable differences in allosteric sensitivity and enzyme thermal 

stability when Trp is bound in place of Tyr (Section 3.4). Both Trp and Tyr were observed to bind, at 

the tetramer interface, ~28 Å from the active site. The allosteric binding pocket is a deep hydrophobic 

pocket nestled between helices a1 and a2b. The pocket is formed through interaction between chains 

A and D with 156 Å2 (0.9%) and 52 Å2 (0.7%) of surface area of each chain respectively involved in 

ligand binding. 

 

Trp makes several hydrogen bonding interactions (Figure 3.17A), predominantly with backbone 

carbonyl groups. Hydrogen bonds are formed between chain A atoms Ala177_O, Gln223_O and 

Glu226_O and atoms NE1, N, and N of the Trp ligand respectively. Two stabilising salt bridges are 

formed between chain A atom Lys105_NZ and atoms O and OXT of the Trp ligand. A pi-cation 

interaction occurs between Lys105 and the Trp indole ring. In addition, hydrophobic interactions occur 

between the indole ring of the Trp ligand and the side chains of residues Leu89, Val93, Leu179, Trp185 

and Thr227_CB of chain A and residues Phe212 and Cys216 of chain D.  

 

Instead of adopting a binding mode similar to that reported for MtuDAH7PS (at the dimer interface), 

Tyr binds PaeDAH7PSPA2843 at the same allosteric binding site as Trp (Figure 3.17C). However, the Tyr 

ligand does not form a salt bridge interaction with Lys105 and five additional water molecules also 

occupy the allosteric binding pocket. Apart from these differences, there are no obvious structural 

differences between Trp-bound and Tyr-bound proteins at the allosteric site that would account for 

the observed functional differences of Trp versus Tyr binding. When the active sites of Trp-bound, Tyr-

bound, and allosteric ligand free structures are compared, there are no clear structural differences at 

the active sites that can account for the differences in activity of these protein states. Thus, it appears 

that, as is predicted for MtuDAH7PS,111 dynamic differences may drive the different catalytic activities 

in the presence of Trp or Tyr and while these ligands may not lead to average conformational 
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differences, they may alter dynamic signal communication between the active and allosteric sites. 

While Tyr can bind at the allosteric site, it would appear that it cannot activate the same dynamic 

communication network as Trp. In this regard, it should also be noted that there are differences in the 

thermodynamics of ligand binding; Trp binding is largely enthalpically favoured (DG = -31.0 kJ/mol, DH 

= -28.0 ± 1 kJ/mol, DS = 11.8 J/mol K) and Tyr binding is predominantly entropically favoured (DG = -

26.5 kJ/mol, DH = -4.0 ± 1 kJ/mol, DS = 75.8 J/mol K). These differences may relate to the altered 

functional response to Tyr compared to Trp binding. 

 

 

 

Figure 3.17: The allosteric binding site in PaeDAH7PSPA2843. A: the binding mode of Trp in PaeDAH7PSPA2843 (PDB 
5UXM). The 2|Fo|-|Fc| omit map is contoured at 1s (black mesh). B: Overlay between the Trp binding sites of 
PaeDAH7PSPA2843 (PBD 5UXM), MtuDAH7PS (PDB 3NUE), and CglDAH7PS (PDB 5HUE) shows similar Trp binding 
mode in the three enzymes. PaeDAH7PSPA2843 is shown in green, MtuDAH7PS is shown in cyan, and CglDAH7PS 
is shown in magenta. Residues are numbered according to PaeDAH7PSPA2843. * indicates residue numbering 
corresponding to MtuDAH7PS, and ^ indicates residue numbering corresponding to CglDAH7PS. C: the binding 
mode of Tyr in PaeDAH7PSPA2843 (PDB 5UXN). The 2|Fo|-|Fc| omit map is contoured at 1 s (black mesh). 
 

3.5.6 Identification of a Putative Binding Site  

 

Despite observing only a single aromatic amino acid allosteric binding site, a second substantial cavity 

is evident in the crystal structure of PaeDAH7PSPA2843 (Figure 3.18). This second cavity is located in close 

proximity to both the dimer and tetramer interfaces as well as to the Trp allosteric binding site. In the 

presence of Trp, this second cavity becomes significantly enlarged and elongated. The functional 
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significance of this pocket is yet to be determined but the biosynthesis of PYO from the end product 

of the shikimate pathway, chorismate, is noted.  

 

 

 

Figure 3.18: The second substantial cavity observed in the structure of PaeDAH7PSPA2843 A: in the absence (PDB 
5UXO) or B: in the presence (PDB 5UXM) of the allosteric inhibitor Trp. 
 

 

3.5.7 Allosteric Ligand Binding Does Not Significantly Influence Enzyme Shape 

 

A comparison between the ligand bound (PDB 5UXM, or 5UXN) and the allosteric ligand free (PDB 

5UXO) crystal structures of PaeDAH7PSPA2843 shows that no large changes in enzyme structure are 

evident on ligand binding (Figure 3.19). Subtle differences are observed in the threading of loop a2aa2b 

(residues 215 – 220) on Trp binding. The RMSD for the alignment between the Trp bound structure 

(PDB 5UXM) and the ligand free structure (PDB 5UXO) was found to be 0.256 Å for the alignment 

between the Ca atoms and the RMSD for the alignment between the Tyr bond structure (PDB 5UXN) 

and the ligand free structure was 0.248 Å for the alignment between the Ca atoms. 
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Figure 3.19: Root mean square deviation plot for the alignment of Ca atoms for all residues comparing ligand 
bound PaeDAH7PSPA2843 (either Trp bound (PDB 5UXM, red) or with Tyr bound (PDB 5UXN, blue)) with the ligand 
free structure (PDB 5UXO). 
 

 

3.6 Comparison Between Regions Associated with Allosteric Ligand 

Binding in Type II Structures 

 

It is well established that MtuDAH7PS has three distinct aromatic amino acid allosteric binding sites, 

each preferentially binding a given aromatic amino acid.111,113,115,124,130 Crystal structures of 

MtuDAH7PS in complex with various combinations of aromatic amino acids have revealed the binding 

locations and binding modes for each of Trp, Phe, and Tyr.111,115,130 The binding site for Phe is located 

at the dimer interface, whereas that of Trp is located at the tetramer interface and these binding sites 

are intimately associated with the formation of the quaternary assembly. As such, the importance of 

quaternary structure in the complex mechanism of allosteric regulation of MtuDAH7PS has recently 

been investigated.102 
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While the Trp binding site and binding mode in PaeDAH7PSPA2843 are comparable to those modelled 

for MtuDAH7PS or ClgDAH7PS, comparison between two further regions associated with either Phe or 

Tyr binding in MtuDAH7PS with equivalent regions in PaeDAH7PSPA2843 provides molecular reasoning 

for the diminished allosteric functionality observed for PaeDAH7PSPA2843, described above in Section 

3.4.4.4. 

 

3.6.1 Comparison Between Regions Associated with Phe Binding in MtuDAH7PS 

 

In MtuDAH7PS, the Phe binding region is a deep pocket nestled between helices a2 of opposing chains, 

across the dimer interface, some 24 Å from the active site. Structural element b0, of the N-terminal 

extension, appears to act as a ‘cap’ to complete the Phe binding pocket (Figure 3.20A).  

 

While helix a2 and the identity and spatial arrangement of some key residues associated with Phe 

binding in MtuDAH7PS are comparable at an equivalent region in PaeDAH7PSPA2843, Phe does not elicit 

a functional response, or to bind to PaeDAH7PSPA2843. On closer inspection of the equivalent region in 

PaeDAH7PSPA2843, the side chains of residues Tyr37, Phe76, and His159 seem to alter the size and shape 

of this region in PaeDAH7PSPA2843 in such a way that Phe binding is disrupted. 

 

In addition to the varied binding pocket size and shape, a difference in the length of the N-terminal 

extension between the two enzymes also contributes towards precluding Phe binding in 

PaeDAH7PSPA2843. Residues 1 – 78 form the N-terminal extension in MtuDAH7PS, resulting in the 

formation of structural elements b0, a0a, a0b, and a0c, with element b0 self-associating across the dimer 

interface. However, the N-terminal extension in PaeDAH7PSPA2843 is formed by residues 1 – 59; 19 

residues shorter when compared to that of MtuDAH7PS. The less extensive N-terminal extension in 

PaeDAH7PSPA2843 is insufficient to form an equivalent b0, resulting in the formation of structural 
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elements a0a, a0b, and a0c only. As a result, the Phe binding site ‘cap’, as formed by the self-association 

of element b0 across the dimer interface in MtuDAH7PS, cannot be formed in PaeDAH7PSPA2843 and 

hence Phe is unable to bind at this equivalent location (Figure 3.20B). Based on this observation, one 

might speculate as to the importance of the additional 19 residues found in the N-terminal extension 

of MtuDAH7PS, and hence the importance of structural element b0, in facilitating Phe binding at the 

MtuDAH7PS Phe binding site. 

 

 

 

Figure 3.20: Surface comparisons of the region associated with Phe binding in MtuDAH7PS (PDB 2YPO) and the 
equivalent region in PaeDAH7PSPA2843 (PDB 5UXM). A: a pair of b strands b0 (residues 3 – 11, light pink) 
contributes towards the formation of a deep Phe binding pocket in MtuDAH7PS (chain A shown in magenta, 
chain B shown in purple, Phe ligand shown in green). B: the less extensive N-terminal region found in 
PaeDAH7PSPA2843 leads to a shallow area that is unable to support Phe binding (chain A shown in cyan, chain B 
shown in blue, the equivalent MtuDAH7PS Phe region is indicated by the red box).  
 

3.6.2 Comparison Between Regions Associated with Tyr Binding in MtuDAH7PS 

 

In MtuDAH7PS, the Tyr binding site is unique in that it is not located directly at either the dimer or 

tetramer interfaces where the Phe or Trp sites are located respectively. Instead, the Tyr binding site is 

found in close proximity to the dimer interface, some 26 Å from the active site, nestled between helices 

a0a and a0b and loop b0a0a of the N-terminal extension.  
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Analysis of the equivalent region in PaeDAH7PSPA2843 shows that the structural differences at the N-

terminal extension of PaeDAH7PSPA2843 (as outlined above in Section 3.6.1) also provides a molecular 

level reasoning to account for Tyr being unable to bind in this region in PaeDAH7PSPA2843. For the 

MtuDAH7PS Tyr binding region, loop b0a0a seemingly acts as a ‘cap’ to create a binding pocket suitable 

for supporting the binding of a Tyr ligand, in a similar way as the region b0 acts as a ‘cap’ in the 

formation of the Phe binding site. 

 

The role of b-strand b0 in the complex allosteric mechanism previously described for MtuDAH7PS115 is 

further highlighted by its apparent critical role in the formation of not only the Phe binding site but 

also the Tyr binding site (Figure 3.21A). The reduced length of the N-terminal extension in 

PaeDAH7PSPA2843 leads to the formation of a residual crevice that is insufficient to support the binding 

of Tyr (Figure 3.21B).  

 

 

 

Figure 3.21: Surface comparisons of the region associated with Tyr binding in MtuDAH7PS (PDB 2YPP) and the 
equivalent region in PaeDAH7PSPA2843 (PDB 5UXM). A: the MtuDAH7PS Tyr binding region, formed, in part, by 
loop b0a0a (residues 10 – 18) is found in the N-terminal region of the enzyme (chain A shown in magenta, chain 
B shown in purple, Tyr ligand shown in green). B: the equivalent MtuDAH7PS Tyr binding region in 
PaeDAH7PSPA2843 is shallow due to the abbreviated N-terminal region and is unable to support Tyr binding (chain 
A shown in cyan, chain B shown in blue, the equivalent MtuDAH7PS Tyr binding region is indicated by the red 
box). 
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3.7 Small Angle X-ray Scattering Supports Differences in Tetramer 

Conformation  

 

The solution-state structure of PaeDAH7PSPA2843 was examined using small angle X-ray scattering data 

collected immediately after elution from a size exclusion column (SEC-SAXS). SEC-SAXS data were 

collected at the Australian Synchrotron, as described in Section 6.3.6.2, in the presence or absence of 

1 mM Trp. SEC-SAXS data were analysed using programs from the ATSAS suite for the analysis of 

biological small angle scattering data, in particular, PRIMUS131, GNOM132, and CRYSOL133. 

 

Comparison between the experimental profiles obtained in the presence or absence of 1 mM Trp 

(Figure 3.22A) indicates that, while there are some subtle differences between the scattering profiles 

in the mid q range (q = 0.08 – 0.14 Å-1), no major changes in enzyme shape occur on Trp binding. 

However, a decrease in the flexibility of the enzyme is evident on Trp binding, as seen in the Kratky 

plot (Figure 3.22C) and a slightly sharper P(r) versus r plot (Figure 3.22D). 

 

The dmax value, determined from the pair wise distribution analysis, of 125 Å more closely agrees with 

the value of 130 Å estimated from the PaeDAH7PSPA2843 tetrameric crystal structure, rather than the 

value of 84 Å estimated for a PaeDAH7PSPA2843 dimer. The molecular weight estimate from SAXS 

MoW,134 which is typically accurate within +/- 10%, (219.9 kDa) is also in close agreement with the 

solution-state structure of PaeDAH7PSPA2843 being tetrameric (199.7 kDa) under the assayed conditions 

(Table 3.3), consistent with the observations made during the AUC studies (Section 3.4.3).  
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Table 3.3: SEC-SAXS parameters determined for PaeDAH7PSPA2843 in the presence or absence of the allosteric 

inhibitor Trp. 

PaeDAH7PSPA2843 Ligand Free + Trp 
Guinier Analysis   
Rg (Å) 42.38 40.47 
I(0) (cm-1) 0.135 ± 0.001 0.130 ± 0.001 
qmin 0.010 0.010 
Correlation coefficient, r2 0.999 0.999 
Pair Wise Distribution Analysis   
Rg (Å) 41.40 ± 0.6 41.0 ± 0.2 
I(0) (cm-1) 0.130 0.130 
dmax (Å) 125.0 133.0 
Vp (Å3) 299,900 294,700 
q range (Å-1) 0.010 – 0.0258 0.010 – 0.0258 
MW Estimate (SAXS MoW)   
MW (Da) 219,880 213,270 
Number of Subunits 4 4 

 

 

SEC-SAXS data were also compared to the theoretical scattering profiles calculated from either the 

tetrameric crystal structures of PaeDAH7PSPA2843 (PDB 5UXM, 5UXN, or 5UXO) or calculated from the 

tetrameric crystal structures of MtuDAH7PS (PDB 2B7O, 3NUE or 5CKV). Theoretical scattering profiles 

were calculated using CRYSOL.133 The fits of the theoretical scattering profiles calculated from the 

tetrameric crystal structures of PaeDAH7PSPA2843 to the experimental scattering data collected in the 

presence or absence of Trp (Figure 3.23) indicate that the solution-state structure of PaeDAH7PSPA2843 

is similar to the quaternary assembly seen in the crystal structure. However, fits of the theoretical 

scattering profiles calculated from the tetrameric crystal structures of MtuDAH7PS (Figure 3.23) are 

suggestive of some variation in overall shape between the two enzymes, consistent with observations 

made in the single-crystal X-ray diffraction results. 

 



 87 

 

Figure 3.22: Analysis of SEC-SAXS data obtained for PaeDAH7PSPA2843 in the presence (blue circles) and absence 
(red squares) of the allosteric inhibitor Trp. A: log I(q) versus q, 1s error bars are indicated in grey, with the 
theoretical scattering profile calculated from the tetrameric Trp bound structure (PDB 5UXM) overlaid (black 
line). B: Guinier plot (ln(I) versus q2). C: Kratky plot (q2×I(q) versus q) for the data in (A). D: P(r) versus r profiles 
for the data in (A). Where error bars are not visible, they are contained within the symbol. 
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Figure 3.23: The crysol fits of the theoretical scattering profiles calculated from the tetrameric crystal structures 
of either PaeDAH7PSPA2843 (PDB 5UXO, 5UXN, or 5UXM) or MtuDAH7PS (PDB 2B7O, 3NUE, or 5CKV) to the 
experimental SEC-SAXS data obtained for PaeDAH7PSPA2843 in the presence (blue circles) or absence (red squares) 
of the allosteric inhibitor Trp. The calculated theoretical scattering profile for the corresponding tetrameric 
crystal structure is shown as a black line.  
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3.8 PaeDAH7PSPA2843 Has One Aromatic Amino Acid Binding Site 

 

To confirm observations made from the crystal structures that PaeDAH7PSPA2843 has a single aromatic 

amino acid allosteric binding site, a mutant enzyme was constructed to incorporate a single amino acid 

residue substitution at the Trp binding site to disrupt ligand binding at this site. Analysis of the residues 

involved in Trp binding revealed residue Leu179 as a candidate residue for mutation to disrupt Trp 

binding at this particular binding site. As such, mutagenic primers were designed to construct the 

mutant enzyme L179D to disrupt the extensive stabilising hydrophobic interactions made between 

Leu179 and the Trp ligand (Section 3.5.5). 

 

3.8.1 Cloning, Expression and Purification of PaeDAH7PSPA2843 L179D 

 

Mutagenic primers were designed, using SnapGene, and synthesised by Integrated DNA Technologies, 

to incorporate the mutation L179D into the previously constructed wild type expression system, as 

described in Section 6.3.7. Resultant mutant plasmids were confirmed by DNA sequencing (Macrogen).  

 

PaeDAH7PSPA2843 L179D was expressed and purified following the same methods as previously 

described for PaeDAH7PSPA2843 WT (Sections 6.3.2 and 6.3.3).  

 

3.8.2 PaeDAH7PSPA2843 L179D is Insensitive to Tryptophan 

 

DSF experiments show that the L179D substitution has not significantly altered the thermal stability of 

the enzyme such that the Tm remains similar for the mutant protein and the wild type protein in the 

absence of aromatic amino acids. In the presence of aromatic amino acids, at concentrations up to 200 

µM Phe, Trp, or Tyr, no significant changes in thermal stability were observed, suggestive of 
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augmented Trp binding capabilities relative to the wild type enzyme where an increase in Tm of 6.1 ± 

0.2 °C was observed in the presence of 200 µM Trp (Section 3.4.1). 

 

Binary or ternary combinations of aromatic amino acids also appear to have little influence on the 

thermal stability of PaeDAH7PSPA2843 L179D which is consistent with the disruption of Trp binding due 

to the L179D substitution. 

 

 

 

Figure 3.24: Melting temperatures determined for PaeDAH7PSPA2843 L179D, compared to those determined for 
the wild type enzyme, in the presence and absence of various combinations of aromatic amino acids Phe, Tyr, 
and Trp. Each single letter code represents 200 µM of the corresponding amino acid. Data for the wild type 
enzyme are shown in blue and data for the L179D mutant enzyme are shown in red. Error bars represent the 
standard deviation of triplicate measurements. 
 

 

The Michaelis constants determined for PaeDAH7PSPA2843 L179D (KM(E4P) = 23 ± 3 µM, KM(PEP) = 37 ± 3 

µM, kcat = 26.6 ± 0.8 s-1) were similar to those determined for the wild type enzyme (Section 3.4.4.3) 

under the same conditions, indicating that the L179D mutation has not significantly affected the 

catalytic abilities of the resultant enzyme (Figure 3.25).  
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The activity of PaeDAH7PSPA2843 L179D was monitored in the presence of increasing concentrations of 

Trp. At concentrations up to 200 µM Trp, no inhibition of the L179D mutant enzyme was observed 

(Figure 3.25C). This suggests that either Trp is no longer able to bind at the identified Trp binding site, 

and hence confirms that PaeDAH7PSPA2843 has only one functional aromatic amino acid allosteric 

binding site, or that Trp can still bind at this site but the L179D substitution has disrupted the allosteric 

communication pathway and hence an allosteric response can no longer be observed. 

 

 

 

Figure 3.25: Kinetic parameters determined for the mutant enzyme PaeDAH7PSPA2843 L179D. A: Michaelis-
Menten plot used to determine KM(E4P). B: Michaelis-Menten plot used to determine KM(PEP). C: the response of 
PaeDAH7PSPA2843 L179D to the presence of up to 200 µM Trp as compared to that determined for the wild type 
enzyme. PaeDAH7PSPA2843 L179D is shown in red and PaeDAH7PSPA2843 WT is shown in blue. PEP or E4P 
concentrations were held at 150 µM, except when determining the respective KM value. Error bars represent the 
standard deviation of triplicate measurements, where error bars are not visible, they are contained within the 
symbol. 
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3.8.3 PaeDAH7PSPA2843 L179D Does Not Support Trp Binding 

 

To investigate further the mechanism by which the allosteric response to Trp has been disrupted by 

the L179D mutation, ITC experiments were carried out to determine whether an enthalpic binding 

event can be detected between PaeDAH7PSPA2843 L179D and a Trp ligand. At a final cell concentration 

of up to 1.6 mM Trp, a binding event was not evident (Figure 3.26). This result further supports the 

ablation of Trp binding, rather than a disruption to the allosteric communication network, by the L179D 

substitution. 

 

 

Figure 3.26: ITC experiments were carried out to assess Trp binding to PaeDAH7PSPA2843 L179D. A solution of 10 
mM Trp was titrated against a solution of PaeDAH7PSPA2843 L179D (100 µM) at pH 7.5, 298 K, with 200 rpm 
stirring. 
 

3.8.4 L179D Substitution Does Not Disrupt Quaternary Structure 

 

To verify that the L179D substitution had not significantly disrupted the quaternary structure, and 

hence to determine that the observed disrupted allosteric response to Trp was not due to an absence 

of appropriate quaternary structure, SEC-SAXS experiments were carried out to assess the solution-

state structure of PaeDAH7PSPA2843 L179D relative to that of the wild type enzyme (Figure 3.27, Table 

3.4). 
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A comparison of the SEC-SAXS data obtained for the mutant PaeDAH7PSPA2843 L179D and that obtained 

from the PaeDAH7PSPA2843 WT enzyme show that the experimental scattering profiles, and calculated 

SAXS parameters, are similar for both enzymes. In addition, the SAXS MoW134 estimates for the 

molecular weight of each enzyme are consistent with both PaeDAH7PSPA2843 L179D and 

PaeDAH7PSPA2843 WT adopting a tetrameric solution-state structure (estimated MW = 201.0 kDa and 

201.5 kDa respectively compared to the expected molecular weight of 199.7 kDa for the 

PaeDAH7PSPA2843 tetrameric assembly). This shows that the L179D substitution did not significantly 

disrupt the quaternary structure of the enzyme and that the reduction in allosteric response to Trp in 

PaeDAH7PSPA2843 L179D is unlikely to be caused due to the disruption of quaternary structure. 

 

 

 

Figure 3.27: Analysis of SEC-SAXS data for PaeDAH7PSPA2843 L179D (blue circles) and PaeDAH7PSPA2843 WT (red 
squares) in the absence of Trp. A: log I(q) versus q, 1s error bars are indicated in grey. B: Guinier Plot (ln(I) versus 
q2). C: Kratky plot (q2×I(q) versus q) for the data in (A). D: P(r) versus r profiles for the data in (A). Where error 
bars are not visible, they are contained within the symbol. 
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Table 3.4: SAXS parameters determined for PaeDAH7PSPA2843 L179D and PaeDAH7PSPA2843 WT in the absence of 

Trp. 

PaeDAH7PSPA2843 WT L179D 
Guinier Analysis   
Rg (Å) 41.0 ± 0.2 41.0 ± 0.2 
I(0) (cm-1) 0.34 ± 0.00 0.34 ± 0.00 
qmin 0.010 0.010 
Correlation coefficient, r2 0.999 0.999 
Pair Wise Distribution Analysis   
Rg (Å) 41.5 41.0 
I(0) (cm-1) 0.34 0.34 
dmax (Å) 125.9 125.6 
Vp (Å-3) 296,000 300,000 
q range (Å-1) 0.010 – 0.321 0.010 – 0.321 
MW Estimate (SAXS MoW)   
MW (Da) 200,989 201,531 
Number of Subunits 4 4 

 

 

3.9 Towards New Active Site Inhibitors Against PaeDAH7PSs 

 

Compounds from the ZINC database135 of lead-like or drug-like compound libraries were virtually 

screened against the active site of PaeDAH7PSPA2843, by Dr. Wanting Jiao (then at UC, now at VUW), to 

identify compounds that are potentially capable of interacting with the active site of PaeDAH7PSPA2843. 

While screening was only carried out against the active site of PaeDAH7PSPA2843, the structural 

similarities between the active sites of type I and type II DAH7PSs suggest that the identified 

compounds may likely interact with the active sites of the other PaeDAH7PSs (PaeDAH7PSPA1750, 

PaeDAH7PSPA1901, and PaeDAH7PSPA2943). Of the resultant hit compounds, the binding poses of the top 

36 compounds, by docking score, were analysed by the author. Compounds were then selected for 

experimental testing on the basis of docking score, docking pose, and commercial availability. 

Compounds ZINC14720642 (OWS1), ZINC04521632 (OWS2), and ZINC31898402 (OWS3) were selected 

for experimental testing.  
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3.9.1 Analysis of Predicted Binding Poses for Selected Compounds 

 

Each of the three selected compounds is predicted to make similar interactions in the active site of 

PaeDAH7PSPA2843 as the substrate PEP, albeit less extensive (Figure 3.28). For compound OWS1, the 

two carboxylate groups are predicted to be present in a similar orientation and position compared to 

the carboxylate and phosphate groups of the substrate PEP. However, OWS1, as modelled from the 

virtual screening, forms alternative contacts with residues Trp 263, Gln112 and Glu234 for which PEP 

does not interact. Compound OWS1 also makes several interactions within the probable E4P binding 

site including with residues Ser118 and Lys357. pi-Cation interactions are also observed between 

residues Arg117, Arg267 and the aromatic ring of compound OWS1.  

 

Compound OWS2 is much smaller relative to compound OWS1 and seems to fit relatively poorly into 

the active site of PaeDAH7PSPA2843 both in terms of size and the number of potential interactions made 

within the active site. Compound OWS2 is predicted to make only 4 contacts that are comparable to 

those made by the substrate PEP; with residues Arg108, Arg267, and Lys289. In addition, three 

alternative interactions are possible with residues Gln112, Pro116, and Glu234. Due to the small size 

of compound OWS2, this compound, in the binding pose identified from virtual screening, does not 

make any interactions with the probable E4P binding site. 

 

Compound OWS3 is predicted to fit into the PEP binding site remarkably well, with the two phosphate 

groups adopting a similar binding pose relative to the carboxylate and phosphate groups of PEP, 

analogous to the predicted binding mode of compound OWS1. Extra contacts are made with residues 

Gln112, Glu234, and Trp263, for which PEP does not interact. Further contacts are made with Pro116 

and two pi-cation interactions with residues Arg267 and Lys363 (the only predicted interaction to be 

made with the probable E4P binding site). 
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Figure 3.28: Predicted binding poses for the three selected inhibitors at the active site of PaeDAH7PSPA2843 (PDB 
5UXM). A: the predicted binding pose for compound OWS1. B: the predicted binding pose for compound OWS2. 
C: the predicted binding pose for compound OWS3. For all figures, the active site residues of PaeDAH7PSPA2843 
are shown in green, the identified potential inhibitor is shown in magenta, and polar contacts between the active 
site of the enzyme and the potential inhibitor are indicated as black dashes. 
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3.9.2 Validation of Selected Compounds 
 

In order to validate the selected three hit compounds, the activity of PaeDAH7PSPA2843 was monitored 

in the presences of various concentrations of each potential inhibitor compound and at various 

concentrations of each substrate, PEP and E4P. These measurements were used to calculate the 

apparent inhibition constant, Ki, for each compound (Figures 3.29 – 3.31, Table 3.5). 

 

The results obtained from the kinetic assays in the presence of each potential inhibitor show that each 

of the three compounds is capable of modestly inhibiting PaeDAH7PSPA2843 to varying degrees. 

Inhibition constants for the selected three compounds were determined to range between 110 ± 30 

and 650 ± 50 µM and therefore each compound requires further design to optimise the binding of the 

compound to the protein and hence increase inhibitor potency.  

 

Table 3.5 Summary of kinetic parameters determined for each inhibitor selected for experimental analysis 

ZINC ID Inhibitor Inhibition 
Model 

Substrate Ki (µM) r2 

14720642 

 
OWS1 

 

Competitive PEP 110 ± 30 0.998 

 Mixed E4P 230 ± 13 0.980 

04521632 

 
OWS2 

 

Competitive PEP 650 ± 50 0.997 

 Mixed E4P 400 ± 30 0.993 

31898402 

 
OWS3 

 

Mixed PEP 422 ± 2 0.994 

 Competitive E4P 471 ± 8 0.989 
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Figure 3.29: Kinetic data obtained for the inhibition of PaeDAH7PSPA2843 by each of the selected potential 
inhibitors. A + B: Inhibition by compound OWS3 with respect to PEP or E4P (the PEP data is fitted to a mixed 
model of inhibition, the E4P data is fitted to a competitive model of inhibition). C + D: Inhibition by compound 
OWS2 with respect to PEP or E4P (the PEP data is fitted to a competitive model of inhibition, the E4P data is 
fitted to a mixed model of inhibition). E + F: Inhibition by compound OWS1 with respect to PEP or E4P (the PEP 
data is fitted to a competitive model of inhibition, the E4P data is fitted to a mixed model of inhibition). 
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Figure 3.30: Lineweaver-Burke plots for the kinetic data obtained for the inhibition of PaeDAH7PSPA2843 by each 
of the selected potential inhibitors. A + B: Inhibition by compound OWS3 with respect to PEP and E4P (the PEP 
data is fitted to a mixed model of inhibition, the E4P data is fitted to a competitive model of inhibition). C + D: 
Inhibition by compound OWS2 with respect to PEP or E4P (the PEP data is fitted to a competitive model of 
inhibition, the E4P data is fitted to a mixed model of inhibition). E + F: Inhibition by compound OWS1 with respect 
to PEP or E4P (the PEP data is fitted to a competitive model of inhibition, the E4P data is fitted to a mixed model 
of inhibition). 
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Figure 3.31: Comparison between the docking pose of inhibitor OWS1 (magenta) and inhibitor OWS3 (cyan). The 
active site residues of PaeDAH7PSPA2843 are shown in green. 
 

 

3.10 Towards Engineering Synergistic Allostery 

 

The crystal structures of MtuDAH7PS and PaeDAH7PSPA2843, along with complementary biophysical and 

functional information, indicate a key role of the structural element b0 in the formation of the Phe and 

Tyr allosteric binding sites in MtuDAH7PS. In order to further investigate the role of b0 in the formation 

of the Phe and Tyr binding sites, a chimeric protein was theoretically designed where the b0 region 

from MtuDAH7PS was transferred to the N-terminal region of PaeDAH7PSPA2843 that otherwise 

contains an abbreviated N-terminal extension, relative to that of MtuDAH7PS. 

 

3.10.1 Design of MtuNterm-PaeDAH7PSPA2843 

 

An alignment between the crystal structures of MtuDAH7PS (PDB 3NUE) and PaeDAH7PSPA2843 (PDB 

5UXM) was used to aid the design of the chimeric MtuNterm-PaeDAH7PSPA2843 protein. Based on this 

alignment, residues 1–32 from MtuDAH7PS were identified as suitable to transfer to PaeDAH7PSPA2843 

to potentially reconstruct the Phe and Tyr binding sites in PaeDAH7PSPA2843 (Figure 3.32). 
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Figure 3.32: Design of the theoretical chimeric MtuNterm-PaeDAH7PSPA2843 protein. A: structural alignment 
between PaeDAH7PSPA2843 (PDB 5UXM) and MtuDAH7PS (PDB 3NUE) used to design the chimeric MtuNterm-
PaeDAH7PSPA2843 protein. The black arrow indicates the position where the extended N-terminus of MtuDAH7PS 
was transferred to PaeDAH7PSPA2843. B: schematic representation of the design of the chimeric MtuNterm-
PaeDAH7PSPA2843 protein. C: residues of the Phe site that required mutation. D: residues of the Tyr site that 
required mutation. For all figures, The N-terminal extension of MtuDAH7PS is shown in red and that of 
PaeDAH7PSPA2843 is shown in green. The (ba)8 catalytic barrel is shown in blue or cyan for MtuDAH7PS and 
PaeDAH7PSPA2843 respectively.  
 

 

In addition, a total of 6 mutations were made to theoretically reconstruct the Phe and Tyr binding sites 

in PaeDAH7PSPA2843.The mutations Y37V, Q156R, H159A and Q160N, were required to reconstruct the 

Phe site (residue numbering based on PaeDAH7PSPA2843 WT). For PaeDAH7PSPA2843, Tyr37 projects 

directly into the residual Phe region, which contributed towards preventing Phe binding. In 

comparison, in MtuDAH7PS there is a Val located at this equivalent position. The mutation Y37V was 

incorporated into the chimeric MtuNterm-PaeDAH7PSPA2843 protein to avoid a steric clash between 
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Tyr37 and a potential Phe ligand. Residues His159 and Gln160 for PaeDAH7PSPA2843 are bulky compared 

to the residues at the equivalent position in MtuDAH7PS and therefore have the potential to influence 

the size and shape of a reconstructed Phe pocket in the chimeric protein. The mutations H159A and 

Q160N were made to avoid a potential steric clash with a Phe ligand and to allow for the formation of 

polar contacts between the chimeric MtuNterm-PaeDAH7PSPA2843 protein and a Phe ligand, as 

observed for MtuDAH7PS. Residue Gln156 for PaeDAH7PSPA2843 is smaller and has different properties 

compared to the Arg found at the equivalent position in MtuDAH7PS. The mutation Q156R was 

incorporated to account for this difference. 

 

The mutations E242R and W254L were required to reconstruct the Tyr site (residue numbering based 

on PaeDAH7PSPA2843 WT). Residue Glu242 for PaeDAH7PSPA2843 is of opposite charge compared to the 

Arg found at the equivalent position in MtuDAH7PS and may therefore negatively affect the potential 

binding of a Tyr ligand at this reconstructed Tyr site. The mutation E242R was incorporated in order to 

preserve polar contacts with the carboxylate group of a Tyr ligand. Residue Trp254 influences the 

shape of the reconstructed Tyr region as Trp is significantly bulkier compared to the Leu found at the 

equivalent position in MtuDAH7PS. Therefore, the mutation W254L was made in the chimeric protein. 

 

3.10.2 Homology Modelling of MtuNterm-PaeDAH7PSPA2843 

 

A homology model for MtuNterm-PaeDAH7PSPA2843 was generated using the SWISS-model server136,137 

using MtuDAH7PS as a template (PDB 2YPO) (Figure 3.33). Phe and Tyr ligands were subsequently 

modelled into the reconstructed putative binding pockets of the resultant homology model based on 

the binding pose of these ligands observed for MtuDAH7PS (PDB 2YPO or 2YPP). 
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Figure 3.33: Homology model of the chimeric MtuNterm-PaeDAH7PSPA2843 protein generated using MtuDAH7PS 
as a template (PDB 2YPO). A: a single chain. B: a homotetrameric assembly. For all figures, the (ba)8-barrel is 
shown in blue, the N-terminal extension (residues 1 – 80) is shown in red, the extension to loop a2b3 (residues 
194 – 246) is shown in yellow, and the active site cation is shown in magenta. 
 

 

The resultant homology model contains the transferred partial N-terminal region modelled as a b-

strand that is self-interacting across the dimeric interface, analogous to that observed for 

MtuDAH7PS.88 Comparison between the regions associated with either Phe or Tyr binding in 

MtuDAH7PS with the equivalent regions of the homology model of MtuNterm-PaeDAH7PSPA2843 

indicates a reconstruction of the Phe or Tyr sites (Figure 3.34). 

 

For MtuNterm-PaeDAH7PSPA2843, the shape of the Phe binding region appears to be only partially 

reconstructed relative to the shape of the Phe binding region in MtuDAH7PS. However, it is noted that 

the exact structural nature of this region in the resultant protein may vary from this homology model, 

in particular, due to the varying quaternary assemblies observed for PaeDAH7PSPA2843 versus 

MtuDAH7PS. The apparent inability to completely reconstruct the shape of the Phe binding region by 

simply transferring the additional N-terminal residues observed in MtuDAH7PS to the abbreviated N-

terminus of PaeDAH7PSPA2843 suggests that information to form the Phe site may not be exclusively 

contained within the extended N-terminal region of MtuDAH7PS.  
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The reconstruction of the Tyr binding region in MtuNterm-PaeDAH7PSPA2843 homology model appears 

to have been more successful relative to that of the Phe binding region (Figure 3.34). Comparison 

between the Tyr binding region in MtuDAH7PS with that of the homology model of MtuNterm-

PaeDAH7PSPA2843 indicates that the shape of the reconstructed Tyr binding region in MtuNterm-

PaeDAH7PSPA2843 resembles that observed for MtuDAH7PS. This would suggest that information 

relating to the formation of this reconstructed Tyr site may exist with the (ba)8-barrel of 

PaeDAH7PSPA2843 and that the abbreviated N-terminal extension for PaeDAH7PSPA2843, relative to that 

of MtuDAH7PS, contributes directly towards the structural disruption of this equivalent region in 

PaeDAH7PSPA2843. 

 

The apparent partial reconstruction of either the Phe or Tyr sites in MtuNterm-PaeDAH7PSPA2843 may 

not necessarily translate into an observable allosteric response to either Phe or Tyr. Assuming that the 

reconstructed Phe or Tyr sites in MtuNterm-PaeDAH7PSPA2843 are capable of binding the respective 

aromatic amino acids, in a similar way to that described for MtuDAH7PS,115 these aromatic amino acids 

would need to activate the dynamic communication networks that translate the binding of an allosteric 

effector into an observable allosteric response at the active site. In this regard it should be noted that 

the binding of Tyr to the reconstructed Tyr site in MtuNterm-PaeDAH7PSPA2843 would likely be in 

competition with Tyr binding at the Trp site, where Tyr is observed to bind in the wild type enzyme but 

fails to elucidate a similar allosteric response as compared to Trp binding at the same allosteric site 

(Section 3.5.5).138 If either Phe or Tyr were to bind to their reconstructed sites in MtuNterm-

PaeDAH7PSPA2843 and fail to activate an allosteric response, in a similar way to Tyr binding at the Trp 

site, this would imply that critical information regarding this dynamic communication network is 

encoded within the (ba)8-barrel itself and that the acquisition of allosteric functionality is more 

complex than the simple acquisition of ligand binding capabilities for the type II DAH7PSs. 
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Figure 3.34: Surface comparisons of the regions associated with either Phe or Tyr binding in MtuDAH7PS (PDB 
2YPO or 2YPP) with the equivalent regions in the homology model of MtuNterm-PaeDAH7PSPA2843. A: the 
MtuDAH7PS Phe binding pocket. B: the predicted MtuNterm-PaeDAH7PSPA2843 Phe binding pocket. C: the 
MtuDAH7PS Tyr binding pocket. D: the predicted MtuNterm-PaeDAH7PSPA2843 Tyr binding pocket. For the 
MtuDAH7PS figures, chain A is shown in magenta, chain B is shown in purple and residues 1 – 32 of the N-terminal 
extension are highlighted in light pink. For the MtuNterm-PaeDAH7PSPA2843 figures, chain A is shown in cyan, 
chain B is shown in blue and residues 1 – 32 of the N-terminal extension are highlighted in purple. For all figures, 
the Phe or Tyr ligand is shown in green. 
 

 

3.11 Evolutionary Implications 

 

The structural commonalities shared by the structural elements inserted into the core (ba)8-barrel of 

PaeDAH7PSPA2843, MtuDAH7PS and CglDAH7PS suggest a common origin for these elements in the type 

II DAH7PSs. Assuming that the acquisition of the extensions to the N-terminus was not an iterative, 
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piecemeal event and that this extension was obtained by gene fusion events, it appears that 

PaeDAH7PSPA2843 may have lost the highly complex allosteric regulation that is seen in MtuDAH7PS. In 

addition, the move towards genetic level control for the DAH7PSs from P. aeruginosa appears to be 

more consistent with the piecemeal loss of the b0 region in PaeDAH7PSPA2843 rather than a piecemeal 

gain in MtuDAH7PS. 

 

Whereas M tuberculosis has evolved a single DAH7PS under synergistic allosteric control by 

combinations of aromatic amino acids that include Trp, and shares its allosteric sites with MtuCM for 

more advanced pathway control, P. aeruginosa has taken an alternative evolutionary trajectory for 

controlling entry into the shikimate pathway. Given that PaeDAH7PSPA2843 is not the sole DAH7PS for 

P. aeruginosa, genetic level control may be more appropriate; especially as the DAH7PSs, in this case, 

function to deliver primary metabolites to support protein synthesis as well as the secondary 

metabolite PYO. 

 

3.12 Chapter Summary 

 

The cloning and expression of the protein encoded by the P. aeruginosa (PAO1) ORF PA2843 resulted 

in the production of an enzyme that exhibits DAH7PS activity. Investigations into the biophysical 

properties of PaeDAH7PSPA2843 showed marked differences in the properties of this enzyme in 

comparison to MtuDAH7PS, despite the high levels of sequence similarity between the two enzymes. 

 

The functional response of PaeDAH7PSPA2843 to the presence of various combinations of aromatic 

amino acids provided the first glimpse of evidence that a single functional aromatic amino acid 

allosteric binding site exists on this enzyme. This single aromatic amino acid allosteric binding site is 

responsive to Trp selectively and therefore, in contrast to MtuDAH7PS, PaeDAH7PSPA2843 is selectively 
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sensitive to Trp. Characterisation of the Trp allosteric binding site mutant, PaeDAH7PSPA2843 L179D, 

supports the observation that there is a single functional aromatic amino acid allosteric binding site, 

as determined by the complete loss of sensitivity to Trp by this single amino acid substitution, despite 

the conservation of quaternary structure and enzymatic activity. 

 

The solution of the crystal structure of PaeDAH7PSPA2843 in complex with either Trp or Tyr and 

comparison to those previously available for MtuDAH7PS provided insight, at the molecular level, into 

the reasoning for the observed altered allosteric functionality of PaeDAH7PSPA2843 relative to 

MtuDAH7PS. Subtle structural differences in the N-terminal extension, in combination with the spatial 

positioning of residues Tyr37, Phe76, and His159, were found to significantly alter the shape of the 

equivalent region in PaeDAH7PSPA2843 that is associated with the Phe binding site in MtuDAH7PS. 

Further to this, the abbreviated N-terminal extension observed in PaeDAH7PSPA2843 relative to that 

observed in MtuDAH7PS results in the formation of an equivalent area that is shallow and unable to 

support Phe binding in PaeDAH7PSPA2843. 

 

For the region associated with Tyr binding in MtuDAH7PS, the abbreviated N-terminal extension in 

PaeDAH7PSPA2843 was also found to contribute towards preventing Tyr binding at the equivalent region 

in PaeDAH7PSPA2843. This observation highlights the significance of this structural element in the 

formation of the Phe and Tyr binding sites in MtuDAH7PS and hence a role in the sophisticated 

allosteric mechanism.  

 

Crystallographic studies of PaeDAH7PSPA2843 have revealed a significant tetrahedral twist, across the 

tetramer interface, forming a quaternary assembly that is remarkably different in comparison to that 

of MtuDAH7PS or CglDAH7PS, despite the resemblance of the oligomeric interfaces between these 

three enzymes. In solution SEC-SAXS studies have confirmed that a variation in enzyme shape exists 

between PaeDAH7PSPA2843 and MtuDAH7PS likely due to the exaggerated tetrahedral twist observed 
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in PaeDAH7PSPA2843. It has been previously suggested that b-strand b0 may be involved in a subtle 

structural rearrangement on ligand binding in MtuDAH7PS that is associated with a slight twisting 

across the tetramer interface.124 Comparison between the theoretical scattering profiles calculated 

from the tetrameric ligand free or ligand bound MtuDAH7PS crystals structures and experimental 

scattering profiles obtained for PaeDAH7PSPA2843 supports a variation in enzyme shape in 

PaeDAH7PSPA2843 relative to either ligand free or ligand bound MtuDAH7PS proteins. 

 

The transfer of the extended N-terminal extension of MtuDAH7PS to PaeDAH7PSPA2843, and subsequent 

homology modelling, results in an apparent partial reconstruction of the Phe and Tyr binding regions 

in the chimeric MtuNterm-PaeDAH7PSPA2843 protein. Investigating further the involvement of b-strand 

b0 in the formation of the quaternary assembly and the formation of the Phe or Tyr allosteric sites in 

MtuDAH7PS, may provide insight into the importance of this region for the sophisticated synergistic 

allosteric mechanism of MtuDAH7PS and the dynamic communication network that translates 

allosteric ligand binding into an allosteric response. 
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Chapter 4 

Characterisation of 

PaeDAH7PSPA1901 (encoded by 

phzC): a Protein Associated 

with Phenazine Production  
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4.1 Introduction 

 

Previous work on the type II DAH7PSs has focused primarily on a group of type II enzymes that contain 

both an N-terminal extension to the core (ba)8-barrel (typically providing elements b0, a0a, a0b, and 

a0c) and an extension to loop a2b3 (typically providing elements a2a and a2b). These enzymes are often 

subject to feedback inhibition by aromatic amino acids. MtuDAH7PS and PaeDAH7PSPA2843 are 

members of this group (PaeDAH7PSPA2843 is discussed in Chapter 3).111,113,115,138,139 However, based on 

primary structure alignments, there appears to be a second distinct group of type II DAH7PSs.127 

 

Clustering of type II DAH7PSs based on pairwise sequence similarity, carried out by Dr. Eric Lang,140 

reveals two well-defined clusters of type II DAH7PSs (Figure 4.1). The main cluster contains sequences 

corresponding to full-length type II DAH7PSs (including PaeDAH7PSPA2843, MtuDAH7PS, CglDAH7PS, 

and HpyDAH7PS) that contain both an N-terminal extension and the a2a and a2b inserted helices. 

However, a second distinct cluster of sequences, which are distant from the main cluster, is also 

evident. Sequences from this second cluster of type II DAH7PSs (of which PaeDAH7PSPA1901 is a 

member) are shorter in sequence length, relative to those found in the main type II DAH7PS cluster, 

due to the omission of the sequence corresponding to the a2a and a2b helices. Although there is high 

sequence similarity among members of each type II DAH7PS cluster (for example, PaeDAH7PSPA2843 

and MtuDAH7PS share 50% sequence identity and 67% sequence similarity), a comparison between 

sequences from the main cluster with those from the second cluster reveals increased sequence 

diversity between the two type II DAH7PS groupings. For example, PaeDAH7PSPA1901 and MtuDAH7PS 

share only 38.5% sequence identity and 50.0% sequence similarity, and PaeDAH7PSPA1901 and 

PaeDAH7PSPA2843 share 38.4% sequence identity and 52.0% sequence similarity (Figure 4.2). Does this 

difference in sequence characteristics translate to altered structural and/or functional properties for 
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this second uncharacterised group of type II DAH7PSs, analogous to those observed for the type Ia 

versus type Ib DAH7PSs?  

 

Despite the predicted role of the enzymes of the second group of type II DAH7PSs in secondary 

metabolism and the curiosity of the unknown structural and functional consequences for the apparent 

absence of the inserted a2a and a2b helices, enzymes from this second group of type II DAH7PS group 

remained uncharacterised prior to the works described in this chapter. 

 

 

 

 

 

Figure 4.1: Cluster analysis for type II DAH7PS sequences. Each dot represents a type II DAH7PS sequence. The 
main group of type II DAH7PS clusters is indicated by the red dots and the second group of type II DAH7PSs is 
indicated by the blue dots. The enzymes PaeDAH7PSPA1901, PaeDAH7PSPA2843, MtuDAH7PS, CglDAH7PS and 
HpyDAH7PS are indicated as (a), (b), (c), (d) and (e) respectively. Figure adapted from Lang.140 
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4.2 Chapter Aims 

 

The overall aim of the work described in this chapter is to provide the first insights into the 

characteristics of enzymes from the second, uncharacterised, cluster of type II DAH7PSs using 

PaeDAH7PSPA1901 as an example. The crystal structure, solution-state structure, kinetic parameters and 

information about allosteric function were sought to provide insights into the function of 

PaeDAH7PSPA1901 in relation to its role within secondary metabolism. The crystal structure of 

PaeDAH7PSPA1901 is of particular interest to confirm (or otherwise) the omission of the inserted a2a and 

a2b helices and how any structural consequences relate to the allosteric functionality and the 

quaternary assembly of the enzyme. 

 

Parts of the work described in this chapter have been published in the following publication. A copy of 

this publication is provided in Appendix C for reference. 

 

Sterritt, O. W., Lang, E. J. M., Kessans, S. A., Ryan, T. M., Demeler, B., Jameson, G. B., Parker, E. J. 

Structural and functional characterisation of the entry point to pyocyanin biosynthesis in Pseudomonas 

aeruginosa defines a new 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase subclass. Bioscience 

Reports. 2018, 38. 

 

 

 



 113 

 



 114 

 

Figure 4.2: Sequence Alignment among the type II DAH7PSs, indicating the relative positions of b strands and a 
helices based on MtuDAH7PS (PBD 2B7O). Mtu, Mycobacterium tuberculosis; Pae_PA2843, Pseudomonas 
aeruginosa; Pae_PA1901, Pseudomonas aeruginosa; Sac, Streptomyces achromogens; Pch, Pseudomonas 
chlororaphis; Sfu_SFUL3326, Streptomyces fulvissimus; Sfu_SFUL5264, Streptomyces fulvissimus. 
 

 

4.3 Cloning, Expression, and Purification 

4.3.1 Cloning of PaeDAH7PSPA1901 

 

Primers were designed to amplify the ORF encoding PaeDAH7PSPA1901 (phzC) and ligate it into the 

expression vector pET-28a(+). This vector contains a kanamycin resistance gene for the selection of 

positive clones, a T7 promoter for inducible protein expression by the addition of IPTG, and an N-

terminal thrombin cleavable His6 purification tag. In this case, primers were designed to engineer a 

tobacco etch virus protease (TEV) recognition site downstream of the thrombin site. 

 

Complete plasmids were transformed into commercially competent E. coli Stellar cells and colonies 

were selected based on kanamycin resistance. Colony PCR and restriction endonuclease digestion of 

the resultant plasmids were used to verify positive clones before the final construct was verified by 

DNA sequencing (Macrogen). 
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4.3.2 Expression and Purification of PaeDAH7PSPA1901 

 

The verified expression plasmids were transformed into the expression host E. coli BL21(DE3) and co-

expressed with the with chaperonins pGroES and pGroEL. The expression of PaeDAH7PSPA1901 was 

achieved, as for PaeDAH7PSPA2843, as detailed in Section 6.3.2. The expression of soluble protein was 

confirmed using SDS-PAGE and activity testing of the crude cell lysate for DAH7PS activity.  

 

Cells were resuspended in lysis buffer and lysed, on ice, by sonication. Cellular debris were removed 

by centrifugation before the purification process. A four-step protein purification protocol was 

developed, based on the methods used to purify PaeDAH7PSPA2843 (Section 3.3.2). 

 

PaeDAH7PSPA1901 was purified from the soluble fraction of the cell lysate, as described in Section 6.4.2, 

using immobilised cobalt(II) affinity chromatography and size exclusion chromatography (SEC). The 

purity of the protein sample was monitored by SDS-PAGE (Figure 4.3) and mass spectrometry was used 

to confirm the mass of the protein as 44,470 Da, compared to the expected mass of 44,468 Da 

(ProtParam).125 
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Figure 4.3: A typical purification of PaeDAH7PSPA1901. A: a typical chromatogram obtained for the isolation of 
PaeDAH7PSPA1901 from the soluble fraction of the cell lysate using a talon column. The % of buffer B is indicated 
by the red line. B: a typical SEC chromatogram obtained for PaeDAH7PSPA1901 using a HiLoadTM 26/60 
SuperdexTM 200 column. C: SDS-PAGE gel showing the purification process of PaeDAH7PSPA1901. 1: soluble 
fraction of the cell lysate, 2: insoluble fraction of the cell lysate, 3: after first IMAC column, 4: after second IMAC 
column 5: after TEV treatment to cleave the His6 purification tag, 6: TEV removed, 7: after SEC column. The single 
band of ~50 kDa is attributed to PaeDAH7PSPA1901. 
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4.4 Biophysical Characterisation  

4.4.1 Differential Scanning Fluorimetry  

 

Differential scanning fluorimetry (DSF) experiments were carried out to determine the melting 

temperature of the enzyme in the presence or absence of aromatic amino acids to identify any 

potential binding events (Figure 4.4).  

 

The melting temperature of PaeDAH7PSPA1901 (in the absence of aromatic amino acids) was determined 

to be 58 ± 5 °C, higher than that of PaeDAH7PSPA2843 (47 ± 0.1 °C, Section 3.4.1). 

 

The presence of 200 µM of either Phe, Trp, or Tyr had no effect on the thermal stability of 

PaeDAH7PSPA1901 indicating that these aromatic amino acids may not interact with PaeDAH7PSPA1901 

under the conditions assayed, or that any interaction between aromatic amino acids and 

PaeDAH7PSPA1901 does not lead to any observable changes in the thermal stability of the protein. This 

is in contrast to observations made for PaeDAH7PSPA2843 where an increase in thermal stability of 6.1 

± 0.2 °C was observed in the presence of 200 µM Trp (Section 3.4.1). Binary and ternary combinations 

of the aromatic amino acids also had no effect on the thermal stability of PaeDAH7PSPA1901.  
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Figure 4.4: Melting temperatures determined for PaeDAH7PSPA1901 in the presence and absence of various 
combinations of the aromatic amino acids Phe, Trp, and Tyr. Each single letter code represents 200 µM of the 
corresponding amino acid.  
 

 

4.4.2 Functional Characterisation  

4.4.2.1 Optimal Temperature 

 

The optimal temperature for PaeDAH7PSPA1901 activity was determined by monitoring enzyme activity 

at various temperatures between 35 °C and 50 °C. Unlike PaeDAH7PSPA2843, where maximal activity 

occurs at 37 °C, PaeDAH7PSPA1901 is active across the entire range of temperatures tested, with maximal 

activity occurring at 45 °C. In order to provide a comparison with other characterised type II DAH7PSs, 

including PaeDAH7PSPA2843, the activity of PaeDAH7PSPA1901 was subsequently monitored at 37 °C. 

 

4.4.2.2 Optimal pH 

 

The activity of PaeDAH7PSPA1901 was monitored over a range of pH from pH 6.5–8.5 as described in 

Section 6.4.4 (Figure 4.5). PaeDAH7PSPA1901 exhibited maximal activity over a range of pH from pH 6.5–
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7.5, in contrast to that observed for PaeDAH7PSPA2843 where maximal enzyme activity occurs strictly at 

pH 7.5 (Section 3.4.4.1). The ability of PaeDAH7PSPA1901 to function over a wide range of pH may be 

associated with the ability of P. aeruginosa to grow in a wide range of environments. In order to 

provide the best comparison to other characterised type II DAH7PSs, subsequent assays were carried 

out at pH 7.5. 

 

 

Figure 4.5: The activity of PaeDAH7PSPA1901 determined over a range of pH at 37 °C in the presence of 100 µM 
Co2+. Substrate concentrations were held at 150 µM each for PEP and E4P. Error bars represent the standard 
deviation of triplicate measurements. The line is for visual reference only. 
 

 

4.4.2.3 Metal Dependency 

 

Metal ion preference was investigated by monitoring the activity of PaeDAH7PSPA1901 in the presence 

of various divalent metal cations. As with all DAH7PSs, the activity of PaeDAH7PSPA1901 is dependent 

on the presence of a divalent metal cation. Pre-incubation of the enzyme with EDTA for 2 hours 

resulted in DAH7PS activity of approximately 5% of that observed in the presence of the most 

activating metal cation. The presence of 100 µM Mn2+ resulted in maximal DAH7PS activity relative to 

any other metal ion tested (Figure 4.6). However, to provide a comparison to PaeDAH7PSPA2843, where 
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maximal DAH7PS activity is observed in the presence of Co2+ (Section 3.4.4.2), subsequent functional 

assays were carried out in the presence of 100 µM Co2+. 

 

 

Figure 4.6: The effects of different metal ions on the activity of PaeDAH7PSPA1901. After incubation with EDTA, 
maximal DAH7PS activity was observed in the presence of 100 μM Mn2+. 
 

4.4.2.4 Kinetic Parameters 

 

Kinetic parameters were determined for PaeDAH7PSPA1901 by monitoring the consumption of the 

substrate PEP at 232 nm, based on assays previously developed.88 Assays were carried out in 50 mM 

BTP pH 7.5 at 37 °C, in the presence of the divalent metal cation Co2+ (100 µM). The Michaelis constants 

determined for PaeDAH7PSPA1901 are in line with those previously established for other type II enzymes 

with apparent KM values for PEP and E4P of 17 ± 1 µM and 16 ± 3 µM respectively (Figure 4.7, Table 

4.1). It is noted that the KM(PEP) value determined for PaeDAH7PSPA1901 is lower relative to that 

determined for PaeDAH7PSPA2843 or MtuDAH7PS and may provide a functional benefit to maintain the 

biosynthesis of phenazine derivatives under conditions of limiting PEP availability. The turnover 
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number, Kcat, for PaeDAH7PSPA1901 was 19.8 ± 0.4 s-1, which is in line with that determined for 

PaeDAH7PSPA2843 (Section 3.4.4.3). 

 

A      B 

 

Figure 4.7: Michaelis-Menten plots of kinetic data obtained for PaeDAH7PSPA1901 for either A: E4P or B: PEP. 
Reactions were carried out by fixing one substrate at a concentration of 150 µM and varying the concentration 
of the second substrate. Error bars represent the standard deviation of triplicate measurements. Where error 
bars are not visible they are contained within the symbol. 
 

 

Table 4.1: Kinetic parameters determined for PaeDAH7PSPA1901 at pH 7.5, 37 °C and comparison to those 

previously reported for either PaeDAH7PSPA2843 or MtuDAH7PS. 

enzyme metal KM
E4P 

(µM) 
KM

PEP 

(µM) 
kcat 

(s-1) 
kcat/ KM

E4P 

(s-1 µM-1) 
kcat/ KM

PEP 

(s-1 µM-1) 
PaeDAH7PSPA1901 Co2+ 16 ± 3 17 ± 1 19.8 ± 0.4 1.24 ± 0.15 1.16 ± 0.10 

138PaeDAH7PSPA2843 Co2+ 18 ± 1 28 ± 1 40.0 ± 0.7 2.20 ± 0.20 1.40 ± 0.10 

88MtuDAH7PS Mn2+ 25 ± 1 37 ± 3 3.10 ± 0.10 0.12 ± 0.10 0.08 ± 0.01 

 

4.4.2.5 Feedback Inhibition 

 

The activity of PaeDAH7PSPA1901 was monitored in the presence of increasing concentrations of the 

aromatic amino acids Trp, Phe, and Tyr, or Phenazine derivatives, as described in Section 6.4.4. At 
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concentrations up to 200 µM Trp, Phe, Tyr, phenazine, or PCA, no change in DAH7PS activity was 

observed (Figure 4.8). Attempts were made to assess possible inhibition of PaeDAH7PSPA1901 by PYO. 

However, PYO interfered with the kinetic assay and these measurements were therefore not pursued. 

Binary or ternary combinations of the aromatic amino acids appear to have no inhibitory effect on 

PaeDAH7PSPA1901 with inhibition levels similar to that in the absence of aromatic amino acids. This is in 

contrast to the inhibition described for either PaeDAH7PSPA2843 (Section 3.4.4.4),138 where diminished 

inhibition by Trp is observed, or for MtuDAH7PS where any combination of the aromatic amino acids 

that includes Trp has been shown to synergistically inhibit the enzyme.111,113,115 The apparent absence 

of allosteric sensitivity to aromatic amino acids or secondary metabolites, either individually or in 

combinations, relates to the enzyme’s role in phenazine metabolism where regulation at the enzyme 

level may be superfluous when regulation is achieved at the genetic level54 as part of the expression 

of the phzA-G operon as a whole. 

 

 

Figure 4.8: The activity of PaeDAH7PSPA1901 in the presence of A: up to 200 µM of individual aromatic amino acids 
or secondary metabolites (Trp, green; Tyr, blue; Phe, red; phenazine, purple; PCA, cyan) or B: binary or ternary 
combinations of aromatic amino acids relative to activity in the absence of aromatic amino acids. Each single 
letter code corresponds to 100 µM of the corresponding amino acid. PEP and E4P concentrations were held 
constant for all measurements at 150 µM each. Measurements were carried out at pH 7.5, 37 °C in the presence 
of 100 µM Co2+. Error bars represent the standard deviation of triplicate measurements. 
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4.5 Structural Characterisation  

4.5.1 Determination of Crystal Structure 

 

Crystallisation trials were carried out using a Mosquito® crystallisation robot and 96-well sitting drop 

plates (Hampton Research). Conditions were initially screened from Molecular Dimensions Clear 

StrategyTM Screen I and II using protein concentrations between 6 and 10 mg mL-1. Incubation at 20 °C 

overnight resulted in many small crystals in several conditions from both screens. JCSG+ and PACT 

screens, also incubated overnight at 20 °C, produced similar small crystals in a large number of drops.  

 

Initial diffraction screening of the resultant crystals gave poor quality diffraction to a resolution of ~6–

9 Å. Condition E1 from the PACT screen (0.2 M sodium fluoride, 20% PEG 3350) produced the best 

diffracting crystals. This condition was further optimised to include key small molecules, including PEP 

and Co2+. The short incubation period required to produce the crystals was noted and a strategy to 

increase the incubation period, and hence slow down the rate of crystal growth and/or reduce the rate 

of nucleation, was investigated to improve crystal, and hence diffraction, quality. Microbatch 

crystallisation,141,142 using a 1:1 mixture of silicon and paraffin oils (Al’s oil),143,144 sufficiently slowed the 

rate of crystal growth and/or the rate of nucleation such that the crystal size was increased. These 

larger crystals produced diffraction of a significantly improved quality and resolution compared to the 

smaller crystals that were initially obtained. The final optimised crystallisation condition was 0.3 M 

sodium fluoride, 17% PEG 3350, 1 mM PEP, 1 mM CoCl2 under 500 µL of Al’s oil. Plates were incubated 

at 5 °C for up to 5 days.  

 

X-ray diffraction data were collected using the MX2 beamline at the Australian Synchrotron, equipped 

with an Eiger 16 M detector, as described in Section 6.4.5.3. Crystals were transferred from the 

crystallisation condition and soaked in cryoprotectant solution containing mother liquor and 25% 
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glycerol. Crystals were flash frozen in liquid nitrogen prior to the collection of X-ray diffraction data at 

100 K. Data were collected at 13.002 keV (0.9536 Å) with data collection through every 0.1 ° rotation 

over 360 ° (3600 images). The space group for PaeDAH7PSPA1901 was C2221 with unit cell dimensions a 

= 53.76 Å, b = 169.72 Å, c = 170.55 Å.  

 

The final model of PaeDAH7PSPA1901 was refined to a resolution of 2.70 Å (Rfree = 0.28) and contains two 

DAH7PS chains in the asymmetric unit, with one molecule of PEP and one Co2+ ion (per chain), and 

attached water molecule, modelled into the active site at full occupancy. Chain A residues 119–123, 

172–177 and 389–405, and chain B residues 121–123, 170–177 and 389–405 are not resolved in this 

structure and were therefore not included in the final model. Data collection and refinement statistics 

are presented in Table 4.2.  
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Table 4.2: Data collection and refinement statistics for the crystal structure obtained for PaeDAH7PSPA1901 

 Ligand Free 
PDB Code 6BMC 
Space Group C2221 
Data collection and processing statistics  
Unit cell dimensions (Å)  
a 53.76   
b 169.72 
c 170.55 
Resolution range (outer shell) (Å)  49.08 – 2.70 (2.83 – 2.70) 
Wavelength (Å) 0.9536 
Total measurements 206,662 (28,728) 
Unique reflections 21,959 (2,879) 
Completeness (%) 99.90 (100.00) 
Redundancy 9.4 (10.0) 
I/s 10.6 (0.8) 
Rmerge 0.128 (2.619) 
Rpim 0.064 (1.280) 
Cc1/2 0.999 (0.461) 
Refinement resolution (Å) 2.70 (2.83 – 2.70) 
Refinement statistics  
R factor 0.23 
Rfree (5%) 0.28 
Number of non-hydrogen atoms  

Protein atoms 5,667 
Water atoms 13 
Ligand atoms 22 

Wilson B value (Å2) 73.7 
Mean B value (Å2)  
All atoms 88.05 

Protein atoms 91.20 
Ligand atoms 65.12 
Water atoms 83.05 

Root mean square-deviations from ideality  
Bond lengths (Å) 0.004 
Bond angles (degrees) 0.800 
Residues in the most favoured region of 
Ramachandran plot (%) 

95.45 

Residues in forbidden region of Ramachandran 
plot (%) 

0.27a 

             aCys372 from both chain A and chain B 

 

4.5.2 The Monomeric Unit of PaeDAH7PSPA1901 

 

Each chain of PaeDAH7PSPA1901 contains a core (ba)8 triose phosphate isomerase fold, a feature of all 

structurally characterised DAH7PSs, with an N-terminal extension to the core catalytic scaffold that is 

consistent with its membership of the type II DAH7PS family (Figure 4.9). Residues 1–59 form an N-

terminal extension to the core (ba)8 -barrel catalytic domain, providing an additional three helices (a0a, 

a0b, and a0c) that share a striking structural similarity to the equivalent helices in PaeDAH7PSPA2843 

(Section 3.5.2). Residues 167–181 form a small extension to loop a2b3 that lacks the inserted helices 
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a2a and a2b that are observed in either PaeDAH7PSPA2843 or MtuDAH7PS and this region is largely 

unresolved in the structure of PaeDAH7PSPA1901. It is presumed that these residues form part of a 

flexible and/or mobile unstructured region. 

 

4.5.3 Active Site Architecture of PaeDAH7PSPA1901 

4.5.3.1 PEP Binding Site 

 

The PEP binding site is located at the C-terminal end of the core (ba)8 catalytic barrel and is comparable 

to that observed among the type II DAH7PSs in terms of residue identity (Figure 4.10).88,101,138 The PEP 

phosphate group is coordinated by atoms Glu217_N, Arg218_NH1, Arg271_NE Arg271_NH2, and 

Lys240_NZ. The carboxylate group of PEP is coordinated by atoms Arg106_NH1 and Lys240_NZ. Due 

to the moderate resolution of this structure, the electron density for the PEP molecule was interpreted 

using the structure of PaeDAH7PSPA2843 (PDB 5UXM, Section 3.5.1). The PEP molecule was modelled 

into the active site of PaeDAH7PSPA1901 to adopt a similar conformation compared to that observed in 

the PaeDAH7PSPA2843 structure. 
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Figure 4.9: Comparison among the crystal structures of PaeDAH7PSPA1901 and PaeDAH7PSPA2843. A: a single chain 
of PaeDAH7PSPA1901 (PDB 6BMC). The core (ba)8 catalytic domain is shown in blue, the N-terminal extension 
(residues 1–59) is shown in red, the short extension to loop a2b3 (residues 167–181) is shown in yellow (missing 
residues 172–177), and the active site Co2+ ion is shown in magenta. B: the homotetrameric structure of 
PaeDAH7PSPA1901 as observed in the crystal structure. The major interface (indicated by the black dashed line) is 
formed primarily by residues located in helix a1 and a8. The minor interface (indicated by the cyan dashed line) 
is formed by residues located in loop a3b4. C: a single chain of PaeDAH7PSPA2843 (PDB 5UXM) shown in grey with 
the N-terminal extension (residues 1–59) shown in red, the inserted helices a2a and a2b (residues 179–225) 
shown in yellow and the active site Co2+ ion shown in magenta. D: the homotetrameric structure of 
PaeDAH7PSPA2843. The major interface (indicated by the black dashed line) is formed primarily by residues located 
in helix a2. The minor interface (indicated by the cyan dashed line) is formed by residues primarily located on 
helix a2b. 
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4.5.3.2 Metal Binding Site 

 

The metal binding site is located approximately 5.2 Å from the PEP binding site and approximately 8.9 

Å from the probable E4P binding site. The metal ion is coordinated by four protein residues, Cys67, 

His303, Glu345 and Asp373, and one water molecule. These metal binding residues are absolutely 

conserved across all structurally characterised DAH7PSs including MtuDAH7PS, CglDAH7PS, 

PaeDAH7PSPA2843, and PaeDAH7PSPA1901.  

 

 

Figure 4.10: Comparison of the PEP binding site among type II DAH7PSs. A: the PEP binding site of 
PaeDAH7PSPA1901 (PDB 6BMC). B: overlay between the PEP binding sites of PaeDAH7PSPA1901 (PDB 6BMC, green), 
PaeDAH7PSPA2843 (PDB 5UXM, cyan), and MtuDAH7PS (PBD 2B7O, magenta). The active site metal ion is indicated 
as a magenta sphere. Residue numbering corresponds to PaeDAH7PSPA1901, * indicates residue numbering 
corresponding to PaeDAH7PSPA2843 and ^ indicates residue numbering corresponding to MtuDAH7PS. 

 

4.5.4 Interface Analysis 

 

Unexpectedly, despite the absence of the inserted helices a2a and a2b, that were previously thought 

to be critical for the formation of the minor interface in the type II DAH7PSs, the application of a 

twofold crystallographic symmetry operation produces a homotetrameric species, which contains 

both a major and a minor oligomeric interface. The more extensive, major interface is formed through 
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interaction between chains A and B whereas the less extensive, minor interface is formed between 

chains A and D (Figure 4.9).  

 

4.5.4.1 Analysis of the Major Interface 

 

Based on inspection of the protein sequence, and comparison to PaeDAH7PSPA2843 or MtuDAH7PS, it 

seemed likely that the interface involving helices a0c and a2 in PaeDAH7PSPA2843 or MtuDAH7PS would 

be preserved in PaeDAH7PSPA1901. Surprisingly, this is not the case (Figure 4.11). The major interface 

for PaeDAH7PSPA1901 is instead formed through interactions of residues located in helices a1 and a8. 

assembling a completely distinct major interface compared to that observed for any of the DAH7PSs 

characterised to date, where this interface is only formed by residues primarily located on helices a4 

and a5 (and b-strands b5a and b5b) for the type Ia DAH7PSs,84,92,99 or by residues primarily located on 

helices a6 and a7 for the type Ib DAH7PSs,87,93 or by residues primarily located on helices a0c and a2 

for the type II DAH7PSs.88,101,138  
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Figure 4.11: Comparison between the regions of the (ba)8-barrel involved in the formation of the oligomeric 
interfaces in PaeDAH7PSPA1901 and PaeDAH7PSPA2843. For all figures, surface area involved in the formation of the 
major interface is highlighted in cyan and surface area involved in the formation of the minor interface is 
highlighted in magenta. The upper pair of figures is shown in the same orientation relative to the corresponding 
figure in the lower pair. 
 

A total of 22 residues from chain A, and 23 residues from chain B, burying 840 Å2 (5.5%) or 819 Å2 

(5.3%) of the surface area of each chain respectively, are involved in the formation of the major 

interface for PaeDAH7PSPA1901, comparable with the surface area involved in the formation of the 

major interface observed for either PaeDAH7PSPA2843 or MtuDAH7PS.88,101,138 Four equivalent pairs of 

salt bridges were identified to form between chain A atoms Glu77_OE1 (and Glu77_OE2), Glu87_OE1 

(and Glu87_OE2), Arg94_NH1 (and Arg94_NH2), Arg103_NH1 (and Arg103 NH2) and chain B atoms 
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Arg94_NH2, Arg103_NH2, Glu77_OE1, and Glu87_OE1 respectively (Figure 4.12). A pair of equivalent 

hydrophobic contacts is made between chain A residue Leu95 and chain B residues Pro348 and Val85 

(and vice versa), and between chain A residue Ala92 and chain B residue Leu88 (and vice versa). 

Hydrophobic contacts are also found between chain A residue Leu88 and three residues from chain B: 

Leu92, Ala92, and Leu88 (and vice versa). Further hydrophobic contacts are found between chain A 

residues Trp379, Leu382, and chain B residues Met386 and Leu382 respectively. 

 

  

Figure 4.12: Charged residues involved in the formation of the major interface in PaeDAH7PSPA1901 (PDB 6BMC). 
Chain A is shown in blue, chain B is shown in green. Polar contacts are indicated as black dashed lines. 
 

4.5.4.2 Analysis of the Minor Interface 

 

Unexpectedly, despite the absence of the a2a and a2b helices in PaeDAH7PSPA1901, which are associated 

with the formation of the minor interface in either PaeDAH7PSPA2843 or MtuDAH7PS, an alternative 

interaction to deliver a homotetrameric species is observed in PaeDAH7PSPA1901. This alternative minor 

interface for PaeDAH7PSPA1901 is formed through interaction between chain A and chain D (or chains B 
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and C) by residues located primarily in loop a3b4 and is distinctive from the minor interface observed 

for all characterised DAH7PSs where this interface is formed by residues primarily located on helix a0a 

for the type Ia DAH7PSs,84,92,99 or by residues located on helices a4 and a5 for the type Ib DAH7PSs,87,93 

or by residues primarily located on helices a2a and a2b for the type II DAH7PSs.88,101,138 A total of 20 

residues from each of chain A or chain D are involved in the formation of this minor interface in 

PaeDAH7PSPA1901 with a buried interface area of 598 Å2 (4.0%) or 602 Å2 (4.0%) respectively. A pair of 

salt bridges is formed between chain A atom Asp2_OD1 and chain D atom Arg203_NH2 (likewise for 

chain A atom Arg203_NH2 and chain D atom Asp2_OD1) as well as a hydrogen bond between chain A 

atom Arg198_NE and chain D atom Glu201_O (likewise for chain A atom Glu201_O and chain D atom 

Arg198_NE) (Figure 4.13). Compared to the major interface, a more limited suite of hydrophobic 

contacts is found involving the aliphatic portions of the side chains of Gln202 and Arg199 in chain A 

and Pro36 and Arg203 in chain D (and vice versa). 

 

 

Figure 4.13: Residues involved in the formation of the minor interface in PaeDAH7PSPA1901 (PDB 6BMC). Chain A 
is shown in magenta, chain D is shown in cyan. Polar contacts are indicated as black dashed lines. 
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Maintaining the formation of a homotetrameric assembly for PaeDAH7PSPA1901 (at high enzyme 

concentrations, ³ 112 µM), despite the observed absence of the a2a and a2b helices, reveals that 

tetramer formation is not necessarily limited to the involvement of the accessory a2a and a2b helices 

in the type II DAH7PSs as data previously indicated, and that alternative mechanisms exist to support 

the assembly of the type II DAH7PS tetramer. The tetrameric assembly observed for PaeDAH7PSPA1901 

may provide insight into the oligomeric interfaces and tetrameric assembly adopted by ancestral type 

II DAH7PSs. 

 

4.5.4.3 Comparison Among Type II DAH7PS Structures 

 

Alignment between either of the crystallographically independent chains of PaeDAH7PSPA1901 and a 

single chain of PaeDAH7PSPA2843 (PDB 5UXO, rmsd = 0.816 Å) or MtuDAH7PS (PDB 2B7O, rmsd = 0.775 

or 0.776 Å) shows a high degree of structural similarity between the core (b/a)8 catalytic domains and 

the N-terminal extensions of these three enzymes. Notable differences exist at the region 

corresponding to the a2a and a2b helices in PaeDAH7PSPA2843 or MtuDAH7PS, as these structural 

elements are not present in PaeDAH7PSPA1901 and instead the residues in the equivalent region form a 

flexible unstructured loop a2b3. In PaeDAH7PSPA2843 and MtuDAH7PS (PDB 5UXO and 2B7O 

respectively) helix a2 is a 6-turn helix whereas in PaeDAH7PSPA1901 this is a 4-turn helix. 

 

Comparison between the crystallographic dimeric unit of PaeDAH7PSPA1901 (PDB 6BMC) with the 

corresponding dimers of PaeDAH7PSPA2843 (PDB 5UXO, rmsd = 25.7 Å) or MtuDAH7PS (PDB 2B7O, rmsd 

= 25.1 Å), reveals large differences in interface formation between PaeDAH7PSPA1901 and 

PaeDAH7PSPA2843 or MtuDAH7PS. The absence of the a2a and a2b helices in PaeDAH7PSPA1901 causes a 

significant disruption of the major interface, relative to PaeDAH7PSPA2843 or MtuDAH7PS, which, in 
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turn, also has consequences for the formation of the minor interface (Figure 4.11). For both 

PaeDAH7PSPA2843 and MtuDAH7PS, the a2a and a2b helices form the minor interface and are arranged 

in such a way that these helices are located on the outside of the barrel, covering helix a1, thus 

precluding the involvement of helix a1 in interface formation. As these a2a and a2b helices are omitted 

in PaeDAH7PSPA1901 helix a1 is now located on the outside of the barrel and is an alternative surface for 

the formation of an interface in this equivalent position of the catalytic barrel. 

 

For MtuDAH7PS, three distinct aromatic amino acid allosteric binding sites exist that are each selective 

for either Phe, Tyr or Trp. The Phe and Trp sites are located at the oligomeric interfaces and are 

intimately associated with the formation of a precise quaternary assembly.102,113,115 In comparison, for 

PaeDAH7PSPA2843 a single allosteric binding site exists at the tetramer interface that is sensitive to Trp138 

(Chapter 3) and structurally comparable to the Trp site of MtuDAH7PS. For PaeDAH7PSPA1901, the 

formation of the alternative oligomeric interfaces disrupts completely the formation of any aromatic 

amino acid allosteric binding sites that are comparable to those observed for either PaeDAH7PSPA2843 

or MtuDAHPS, consistent with the observations made during functional characterisation that 

PaeDAH7PSPA1901 is insensitive to allosteric inhibition by aromatic amino acids (Section 4.4.2.5). 

 

4.5.4.4 The Role of the N-terminal Extension in PaeDAH7PSPA1901 

 

In PaeDAH7PSPA2843 and MtuDAH7PS, the N-terminal extension plays a key role in the formation of the 

dimeric interface.88,138 The role of the N-terminal extension is further extended in MtuDAH7PS where 

it functions not only in dimer interface formation but is also important in delivering two distinct 

allosteric binding sites, each selective for either Phe or Tyr.113,115 However, for PaeDAH7PSPA1901 a 

similar role for the N-terminal extension in either interface formation or for providing allosteric binding 

sites is not evident. Further analysis of the nature of the residues in the region of the N-terminal 

extension in PaeDAH7PSPA1901 suggests that the primary, and perhaps only, function of the N-terminal 
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extension is to bury a hydrophobic surface of the (ba)8-barrel that would otherwise be solvent exposed 

(Figure 4.14). 

 

 

Figure 4.14: Analysis of the nature of the surfaces of the (ba)8-barrel that are buried by the N-terminal extension 
in either PaeDAH7PSPA1901 (PDB 6BMC) or MtuDAH7PS (PDB 2B7O). For all figures, the hydrophobic residues Ala, 
Ile, Leu, Met, Phe, Pro, Trp, Tyr, Val of the entire protein are highlighted in orange (except when they are present 
within the N-terminal extension), the N-terminal extension is highlighted in cyan. The location of structural 
elements of the N-terminal extension and, in the case of MtuDAH7PS, helix a2b are indicated. 
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4.5.5 Small Angle X-ray Scattering  

 

Size exclusion chromatography coupled small angle X-ray scattering (SEC-SAXS) experiments were 

carried out to investigate the solution-state structure of PaeDAH7PSPA1901. The conformation of the 

solution-state tetrameric assembly for PaeDAH7PSPA1901 was of particular interest to verify (or 

otherwise) that a tetrameric species, as observed in the crystal structure, was present in solution or if 

PaeDAH7PSPA1901 adopts a solution-state structure that is different compared to the quaternary 

assembly observed in the crystal structure. 

 

SEC-SAXS data were collected at the SAXS-WAXS beamline at the Australian Synchrotron,145 using a 

sheath flow sample environment,146 as described in Section 6.4.5.2. Data were collected by injecting 

three different enzyme concentrations onto the SEC column (1.0, 5.0, and 8.0 mg mL-1 (22–180 µM)). 

SEC-SAXS data were analysed using programs from the ATSAS147 suite for the analysis of biological 

small angle scattering data, in particular, PRIMUS131, GNOM132, GASBOR148 and the HPLC module of the 

SOMO package149-151 (Figures 4.15–4.17 and 4.19, Tables 4.3–4.4). 
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Figure 4.15: Non-deconvoluted SEC-SAXS results for PaeDAH7PSPA1901 using an injection concentration of 8.0 or 
5.0 mg mL-1 (112 or 180 µM respectively). A: plot showing absorbance (280 nm) as a function of time for the 
elution from the SEC column. B–C: log I(q) versus q, with inset Guinier plot (ln(I) versus q2) for the 8.0 mg mL-1 
and 5.0 mg mL-1 SEC-input concentrations respectively. D: Kratky plot (q2×I(q) versus q) for the data in B and C. E: 
P(r) versus r profiles for the data in B and C. 8 mg mL-1 (green triangles) or 5 mg mL-1 (red squares). 
 

For the SAXS data collected using an injection concentration of 8.0 mg mL-1 (180 µM), PaeDAH7PSPA1901 

eluted as a single peak but the trailing back edge of the peak indicates polydispersity in the sample. 

The scattering data were deconvoluted using the HPLC module of the SOMO package through the 

fitting of Gaussian functions to the SEC-SAXS data.149-151 In this case, the analysis indicated that there 

were at least two protein populations contributing to the single elution peak of the SEC-SAXS data. 

Two pure Gaussian functions were applied to the data, resulting in two distinct scattering profiles; 

peak A and peak B. Peak A represents the front edge of the elution peak (Rg = 36.0 ± 1.2 Å, dmax = 114 

Å) while peak B was found to spread across the entire elution peak (Rg = 33.0 ± 1.4 Å, dmax = 99 Å) 

(Figures 4.16 and 4.17). The calculated dmax values from the crystal structure of PaeDAH7PSPA1901 (PDB 

6BMC) for the tetramer and dimer are 115.5 Å and 93.3 Å respectively, in close agreement with the 

values determined for peak A and peak B (114.3 Å for peak A and 99.0 Å for peak B) (Table 4.3). The 

calculated Rg values from the crystal structure of PaeDAH7PSPA1901 for the tetrameric or dimeric species 
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are 39.2 Å and 29.2 Å respectively, line with those determined for peak A and peak B (36.3 Å for peak 

A and 32.8 Å for peak B). Estimated molecular weights were calculated using SAXS MoW, which is 

typically accurate within +/- 10%.134 The estimated molecular weights from peak A and peak B are 125 

kDa and 89 kDa respectively and are comparable to the expected molecular weights for the tetrameric 

or dimeric PaeDAH7PSPA1901 of 177.88 kDa and 88.94 kDa respectively. 

 

 

 

Figure 4.16: Deconvoluted SEC-SAXS analysis for PaeDAH7PSPA1901 from the 5.0 mg mL-1 (112 µM) SEC-input 
concentration. A: deconvolution of the SEC-SAXS data indicates two Gaussian components (peak A, blue line and 
peak B, green line. Sum, red line). The Rg values across each peak are indicated as magenta or cyan squares 
respectively. B–C: the SAXS profiles for the deconvoluted data peak A and peak B respectively. Guinier plots are 
inset. D: Kratky plots of the deconvoluted data in B and C (peak A, blue circles and peak B, red squares). E: P(r) 
plots for the deconvoluted data in B and C (peak A, blue circles and peak B, red squares). 
 

 

Ab initio bead models (GASBOR) were generated using the deconvoluted scattering profiles obtained 

for both peaks A and B (from the 8.0 mg mL-1 (180 µM) data) to reconstruct the solution-state 

tetrameric and dimeric species of PaeDAH7PSPA1901. The resultant bead models were compared with 

the oligomeric assemblies observed in the crystal structure (PDB 6BMC) (Figure 4.18) to validate the 
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presence of these assemblies in solution. Comparison between the theoretical scattering profiles 

calculated from the resultant ab initio models and the deconvoluted experimental data suggest that 

the ab initio models are representative of the solution-state tetrameric and dimeric species of 

PaeDAH7PSPA1901 which are similar to that observed in the crystal structure. 

 

 

Figure 4.17: Deconvoluted SEC-SAXS analysis for PaeDAH7PSPA1901 from the 8.0 mg mL-1 (180 µM) SEC-input 
concentration. A: deconvolution of the SEC-SAXS data indicates two Gaussian components (peak A, blue line and 
peak B, green line. Sum, red line). The Rg values across each peak are indicated as magenta or cyan squares 
respectively. B–C: the SAXS profiles for the deconvoluted data peak A and peak B respectively. Guinier plots are 
inset. D: Kratky plots of the deconvoluted data in B and C (peak A, blue circles and peak B, red squares). E: P(r) 
plots for the deconvoluted data in B and C (peak A, blue circles and peak B, red squares). 
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Table 4.3: SEC-SAXS parameters determined for PaeDAH7PSPA1901 from the non-deconvoluted and deconvoluted 

data. 
 Non-deconvoluted 

8.0 mg mL-1 

Non-deconvoluted  
5.0 mg mL-1 

8.0 mg mL-1 Peak A 8.0 mg mL-1 Peak B 

Guinier Analysis     
Rg (Å) 34.4 ± 0.6 34.1 ± 0.9 36.0 ± 1.2 33.0 ± 1.4 
I(0) (cm-1) 0.030 ± 0.000 0.030 ± 0.000 0.012 ± 0.000 0.012 ± 0.000 
qmin 0.012 0.012 0.013 0.013 
Correlation coefficient, r2 0.978 0.984 0.996 0.971 
Pair Wise Distribution Analysis     
Rg (Å) 35.2 33.3 36.3 32.8 
I(0) (cm-1) 0.03 0.03 0.01 0.01 

dmax (Å) 116.5 92.0 114.3 99.0 
Vp (Å3) 139,000 138,000 153,000 134,000 
q range (Å-1) 0.012 – 0.21 0.012 – 0.21 0.013 – 0.25 0.013 – 0.25 
SAXS MoW estimate     
MW (Da) Not determined Not determined 125,000 89,000 

 

 

 

Figure 4.18: GASBOR modelling results for PaeDAH7PSPA1901. A: GASBOR bead model, generated using the P(r) 
from peak A (8.0 mg mL-1), with the tetrameric crystal structure of PaeDAH7PSPA1901 overlaid. B: side view of the 
model in A. C: the fit of the ab initio bead model (black line) in A and B to the experimental SAXS data (blue 
circles) from peak A (8.0 mg mL-1). D: GASBOR bead model, generated using the P(r) from peak B (8.0 mg mL-1), 
with the dimeric crystal structure of PaeDAH7PSPA1901 overlaid. E: side view of the model in D. For all figures, the 
core (ba)8 catalytic barrel is shown in blue, the N-terminal extension (residues 1–59) is shown in red, the loop 
a2b3 is shown in yellow. The GASBOR model is represented by the green surface and modelled solvent molecules 
are represented in grey. F: the fit of the ab initio bead model (black line) in D and E to the experimental SAXS 
data (red circles) from peak B (8.0 mg mL-1). 
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Due to the decreased signal to noise ratio for the SEC-SAXS data collected using an injection 

concentration of 1.0 mg mL-1 (22 µM), deconvolution of this data set was not attempted. CRYSOL 

analysis of the SEC-SAXS data collected using an injection concentration of 1.0 mg mL-1 indicates that 

the enzyme exists primarily in the dimeric form (c2 = 0.31 for the fit of the dimeric crystal structure 

PDB 6BMC to the experimental data) (Figure 4.19, Table 4.4). The dmax value determined from the 1.0 

mg mL-1 SEC-SAXS data of 100.2 Å is consistent with the dmax value determined either from the dimeric 

crystal structure of PaeDAH7PSPA1901 (93.3 Å) or for the deconvoluted peak B (99.0 Å). In addition, the 

SAXS MoW estimated molecular weight of 95.0 kDa from this low concentration SEC-SAXS data is in 

close agreement with the value estimated from the deconvoluted peak B (84.6 kDa) and the expected 

molecular weight for dimeric PaeDAH7PSPA1901 (88.94 kDa). The SEC-SAXS parameters determined for 

the data collected using an injection concentration of 1.0 mg mL-1, in combination with those 

determined for the deconvoluted 8.0 mg mL-1 data, show that PaeDAH7PSPA1901 exists in a 

concentration-dependent equilibrium that favours the dimeric form on decreasing enzyme 

concentration. 
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Figure 4.19: Analysis of SEC-SAXS results obtained for PaeDAH7PSPA1901 using a 1.0 mg mL-1 injection 
concentration. A: log I(q) versus q, error bars are indicated in grey, with the theoretical scattering profile 
calculated from the crystallographic dimer (PDB 6BMC) overlaid (red line). B: Guinier Plot (ln(I) versus q2). C: 
Kratky plot (q2×I(q) versus q) for the data in (A). D: P(r) versus r profile for the data in (A). 
 

Table 4.4: SEC-SAXS parameters determined for PaeDAH7PSPA1901 from the data collected using a 1.0 mg mL-1 

injection concentration. 
 1.0 mg mL-1 
Guinier Analysis  
Rg (Å) 34.0 ± 2 
I(0) (cm-1) 0.010 ± 0.001 
qmin 0.013 
Correlation coefficient, r2 0.960 
Pair Wise Distribution Analysis  
Rg (Å) 33.3 
I(0) (cm-1) 0.01 

dmax (Å) 100.2 
Vp (Å3) 170,000 
q range (Å-1) 0.012 – 0.020 
SAXS MoW estimate  
MW (Da) 95,000 
Oligomer Analysis  
Monomer (%) 26.5 
Dimer (%) 73.5 
Tetramer (%)   0.0 
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4.5.6 Analytical Ultracentrifugation 

 

Analytical ultracentrifugation experiments were carried out as described in Section 6.4.5.1. Enzyme 

concentrations ranging from 0.17–1.35 mg mL-1 (4-30 µM) were used to assess the oligomeric state of 

PaeDAH7PSPA1901 in solution and to confirm (or otherwise) the quaternary assemblies of 

PaeDAH7PSPA1901 as identified by crystallography or by SEC-SAXS at various protein concentrations 

(Sections 4.5.1 or 4.5.5). AUC data were collected in collaboration with Dr. Sarah Kessans, University 

of Canterbury. 

 

Analysis of the absorbance data, collected in intensity mode, by van Holde-Weischet analysis reveal 

half-parabola shaped s-distributions (Figure 4.20). These distributions shift to the right upon increasing 

protein concentration indicating an interacting, reversible system.152 Non-interacting species between 

1–2 S are likely sedimenting buffer components, as illustrated by analysis of the buffer without a 

protein component (Figure 4.20). 2DSA-Monte Carlo sedimentation coefficient distributions revealed 

protein species with sedimentation coefficients between 5.8 and 6.8 S, consistent with a molecular 

weight in the range of 70–96 kDa, suggesting that at these concentrations PaeDAH7PSPA1901 exists 

predominantly as a homodimer, consistent with the SEC-SAXS results obtained using an injection 

concentration of 1.0 mg mL-1. A bead model, based on the dimeric crystal structure of PaeDAH7PSPA1901 

(PDB 6BMC), was created with US-SOMO and used to calculate a theoretical sedimentation coefficient 

of 5.5 S, further supporting a homodimeric assembly for PaeDAH7PSPA1901 at the concentrations tested. 
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Figure 4.20: Sedimentation velocity data obtained for PaeDAH7PSPA1901. A: van Holde-Weischet distributions for 
PaeDAH7PSPA1901 at three concentrations (8, 23, and 30 µM) show a shift of the distributions to the right with 
increasing concentration. B: combined S20,w distribution plots from 2DSA-Monte Carlo analysis reveal major 
species between 5.8 and 6.8 S. C: representative Pseudo-3D plot for the 2DSA Monte Carlo results shown in (B). 
D: representative sedimentation velocity data. Experimental data (with time-independent and radially-
independent noise removed) is shown in yellow and the fit (also with time-independent and radially-independent 
noise removed) of the 2DSA-Monte Carlo model is shown in red. E: van Holde-Weischet analysis of 
PaeDAH7PSPA1901 (17 µM) indicates no significant change in the oligomeric state of the protein the presence of 
200 µM of either PYO, Phe, Tyr, or Trp.  
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The predominantly dimeric solution-state structure of PaeDAH7PSPA1901, observed by AUC or by SEC-

SAXS at low enzyme concentrations, is in contrast to that of either MtuDAH7PS or PaeDAH7PSPA2843. 

MtuDAH7PS exists in equilibrium between a dimeric and tetrameric assembly124 whereas 

PaeDAH7PSPA2843 exists primarily as a tetrameric species (Section 3.4.3).138 

 

For MtuDAH7PS, the position of a tetramer-dimer equilibrium is dramatically altered by the presence 

of Phe or Trp to favour almost exclusively the tetrameric species.124 In order to investigate whether or 

not aromatic amino acids affected the quaternary assembly of PaeDAH7PSPA1901, in a similar way as 

described for MtuDAH7PS, further sedimentation velocity experiments were carried out in absorbance 

mode in the presence of 200 µM of either PYO, Phe, Tyr, or Trp. Both 2DSA-Monte Carlo and van Holde-

Weischet analysis show that the presence of either PYO or aromatic amino acids did not influence the 

oligomeric assembly of PaeDAH7PSPA1901 (Figure 4.20). 

 

While the formation of a tetrameric species for PaeDAH7PSPA1901 is observable both in the crystal 

structure and in solution by SEC-SAXS at high injection concentrations (112–180 µM), the nature of the 

alternative minor interface (and lack of hydrophobic interactions), in combination with the observation 

of a primarily dimeric species by AUC and SEC-SAXS at protein concentrations less than 30 µM, suggests 

that at physiological concentrations PaeDAH7PSPA1901 predominantly persists in the dimeric form. The 

observation of a tetrameric solution-state species is likely only observed at high enzyme concentration 

(³112 µM). This alternative, dimeric, solution-state structure for PaeDAH7PSPA1901 further supports the 

results of the functional studies (Section 4.4.2) and the observations made in the crystal structure 

(Section 4.5.1) that PaeDAH7PSPA1901 does not contain any functional aromatic amino acid binding sites 

and is hence insensitive to feedback inhibition by aromatic amino acids. 
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4.6 Towards Investigating Modular Allostery  

 

The accessory structural elements a2a and a2b are associated with the formation of the tetramer 

interface and with providing the allosteric machinery required for sensitivity to Trp in type II DAH7PSs. 

The complete omission of these inserted helices in PaeDAH7PSPA1901 and the similar topology adopted 

by the a2a and a2b helices compared to that observed for AroQd CM enzymes101,153 indicates that the 

a2a and a2b helices may represent an evolutionary mobile module that may have originated as a CM 

enzyme that was integrated into the DAH7PS (ba)8 catalytic barrel by a gene fusion event. 

 

A small number of studies have explored the evolution of enzyme allostery by the recombination of a 

limited number of protein folds through gene fusion events.154-161 In each of these studies, a discrete 

protein allosteric domain (for example an ACT domain) was transferred to a catalytic domain that was 

otherwise insensitive to allosteric functionality. The wild type, and subsequently the engineered, 

allosteric mechanism in these studies is mediated through a large change in enzyme shape, which 

occurs on ligand binding. 

 

In contrast, the a2a and a2b helices of the type II DAH7PSs do not represent a discrete protein 

regulatory domain that provides allosteric machinery to a diverse range of protein families. Further to 

this, the allosteric mechanism that results in functional changes, at the type II DAH7PS active site, on 

ligand binding is not mediated by large changes in enzyme shape, as is the case for the type Ib 

DAH7PSs,160,161 but is instead mediated through a dynamic communication network.111 

 

Nonetheless, to investigate the possibility that the a2a and a2b helices represent an evolutionary 

mobile module that confers allosteric sensitivity to the appended catalytic domain, a theoretical 

chimeric enzyme was designed where these a2a and a2b helices from PaeDAH7PSPA2843 were appended 
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to the enzyme PaeDAH7PSPA1901 that otherwise omits the sequence corresponding to these helices and 

is insensitive to allosteric inhibition by aromatic amino acids (Section 4.4.2.5). 

 

4.6.1 Design of PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901 

 

A structural alignment between the crystal structures of PaeDAH7PSPA2843 (PDB 5UXM) and 

PaeDAH7PSPA1901 (PDB 6BMC) was used to design the chimeric PaeDAH7PSPA2843 a2a/a2b-

PaeDAH7PSPA1901 enzyme (Figure 4.21). An appropriate substitution point was selected, based on the 

structural alignment, to preserve the flexibility of this a2a and a2b region in the chimeric protein. In this 

case, the substitution point selected was immediately after helix a2 and immediately prior to b-strand 

b3, corresponding to residues 163 and 227 in the chimeric PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901 

protein. 
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Figure 4.21: Design of the chimeric PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901 protein. A: structural alignment 
between PaeDAH7PSPA2843 (PDB 5UXM) and PaeDAH7PSPA1901 (PDB 6BMC) used to design the chimeric 
PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901 protein. The black arrows indicate the position where the a2a and a2b 
helices were transferred to PaeDAH7PSPA1901. B: schematic representation of the design of PaeDAH7PSPA2843 
a2a/a2b-PaeDAH7PSPA1901. For figures A and B, the N-terminal extension of each protein is shown in red, the (ba)8 
catalytic barrel is shown in blue or cyan for PaeDAH7PSPA2843 and PaeDAH7PSPSPA1901 respectively and the 
extension to loop a2b3 (providing helices a2a and a2b) is shown in yellow. C: residues at the dimer interface that 
required mutation to avoid steric clashes across the interface. Chain A of PaeDAH7PSPA1901 is shown in green, 
chain B of PaeDAH7PSPA1901 is shown in cyan and PaeDAH7PSPA2843 is shown in magenta.  
 

 

Due to the formation of drastically different oligomeric interfaces, and hence quaternary assembly, in 

PaeDAH7PSPA1901 relative to PaeDAH7PSPA2843 the addition of the a2a and a2b helices within the (ba)8-

barrel of PaeDAH7PSPA1901 requires a large change in enzyme shape, to result in a PaeDAH7PSPA2843-like 

tetrameric assembly. To facilitate this transition between two vastly different quaternary assemblies, 

several mutations were made to reconstruct the PaeDAH7PSPA2843-like oligomeric interfaces in 
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PaeDAH7PSPA1901. A total of 5 mutations were made to avoid steric clashes, upon tetramer formation, 

with residues located in helix a2 which in PaeDAH7PSPA1901 does not participate in the formation of the 

dimeric interface: Arg40Phe, Arg98Gly, Arg160Thr, Arg164Asn, His165Leu (residue numbering based 

on PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901). Each of these mutations was required in order to avoid 

steric clashes across the dimer interface and these residues were mutated to reflect the identity of the 

residue found at the equivalent position of PaeDAH7PSPA2843 (Figure 4.21C). 

 

4.6.2 Homology Modelling of PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901 

 

A homology model of PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901 was constructed, using the SWISS-

model server137 and PaeDAH7PSPA2843 (PDB 5UXM) as a template (Figure 4.22). A Trp ligand was 

subsequently modelled into the reconstructed putative binding pocket of the resultant homology 

model based on the binding pose of Trp observed for PaeDAH7PSPA2843 (PDB 5UXM).138 

 

 

Figure 4.22: Homology model of the chimeric PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901 protein generated using 
PaeDAH7PSPA2843 as a template (PDB 5UXM). A: a single chain. B: a homotetrameric assembly. For all figures, the 
(ba)8-barrel is shown in blue, the N-terminal extension (residues 1–59) is shown in red, the extension to loop 
a2b3 (residues 163 – 227) is shown in yellow, and the active site cation is shown in magenta. 
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The resultant homology model contains the transferred a2a and a2b helices that are modelled to adopt 

a similar topology and orientation relative to the equivalent helices from PaeDAH7PSPA2843. Comparison 

between the regions associated with Trp binding in PaeDAH7PSPA2843 with the equivalent region of the 

homology model of PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901 indicates that a structural 

reconstruction of the Trp site is possible by the addition of the a2a and a2a helices to PaeDAH7PSPA1901 

(Figure 4.23). 

 

 

 

Figure 4.23: Surface comparisons of the regions associated with Trp binding in PaeDAH7PSPA2843 (PDB 5UXM) 
with the equivalent region in the homology model of PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901. A: the 
PaeDAH7PSPA2843 Trp binding pocket. B: the equivalent Trp binding region in PaeDAH7PSPA2843 a2a/a2b-
PaeDAH7PSPA1901. For all figures, the (ba)8-barrel is shown in blue, the N-terminal extension (residues 1–59) is 
shown in red, the extension to loop a2b3 (residues 179–225 or 163–227) is shown in yellow and the Trp ligand is 
shown in green. 
 

 

Despite the potential reconstruction of a Trp binding site in PaeDAH7PSPA1901 by the addition of the a2a 

and a2b helices of PaeDAH7PSPA2843, a binding event between the chimeric PaeDAH7PSPA2843 a2a/a2b-

PaeDAH7PSPA1901 and a Trp ligand may not necessarily translate into an observable allosteric response 

to Trp. Assuming that the communication networks between the allosteric site and the active site of 

the protein are, at least partially, encoded within the catalytic domain its self, the simple 
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reconstruction of a Trp binding site in PaeDAH7PSPA1901, without the complementary reconstruction of 

the communication network, might not lead to an allosteric response to Trp in the resultant chimeric 

protein. If this were found to be the case, while the acquisition of the a2a and a2b helices may have 

occurred through simple gene fusion events, the evolution of allosteric sensitivities to Trp (and possibly 

to Phe and Tyr) in the type II DAH7PSs may be more complex than the comparatively simple acquisition 

of allosteric sensitivity by gene fusion events as has been demonstrated for the type Ib DAH7PSs.160,161 

 

Due to time constraints, the expression, purification, and characterisation of the chimeric 

PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901 protein were not pursued. However, characterisation of this 

chimeric protein, in combination with molecular dynamics simulations and site-directed mutagenesis, 

may allow for the reconstruction of the apparent dynamic communication networks that link the 

allosteric sites with the active site in the type II DAH7PSs, providing insight into the evolution of the 

diverse regulatory strategies adopted by the type II DAH7PSs.  

 

4.7 Evolutionary Implications 

 

The structural similarities between the N-terminal extensions (helices a0a, a0b, and a0c) found in 

PaeDAH7PSPA1901, PaeDAH7PSPA2843 or MtuDAH7PS, suggest a common origin for this structural 

element in the type II DAH7PSs. The distinct functionalities of the N-terminal extension within these 

three enzymes (burying a hydrophobic surface, or interface formation, or for the delivery of allosteric 

binding sites, or combinations thereof) coupled with the physiological roles of these enzymes within 

primary or secondary metabolism indicates an evolutionary divergence. The evolutionary trajectory 

for the type II DAH7PSs appears to have diverged to deliver both an unregulated dimeric group of type 

II DAH7PSs, suitable for a role within secondary metabolism and a regulated tetrameric group of type 

II DAH7PSs that function within primary metabolism.  
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For the type II DAH7PSs from P. aeruginosa, direct control of enzymatic activity by pathway end 

products appears largely superfluous. Genetic level regulation may be better suited to differentially 

regulate the expression of multiple DAH7PSs, that function within primary or secondary metabolism, 

where the presence of aromatic amino acids acts to divert metabolic flux away from primary 

metabolism and towards the biosynthesis of PCA and its derivatives. Under these conditions, the 

DAH7PSs that are involved directly within primary metabolism would likely be allosterically inhibited 

by Trp, Tyr, or Phe and thus unavailable to provide chorismate to support the biosynthesis of secondary 

aromatic metabolites. The presence of PaeDAH7PSPA1901 within the phzA-G biosynthetic cluster allows 

for the synchronised expression of these proteins required for PCA production, which appears to 

increase metabolic efficiency through this pathway. The omission of the a2a and a2b helices in 

PaeDAH7PSPA1901, and subsequent insensitivity to allosteric inhibition by Trp, Tyr, or Phe, allows for the 

continued production of chorismate under conditions of high aromatic amino acids, consistent with 

the alternative, dimeric solution-state structure observed for PaeDAH7PSPA1901. 

 

4.8 Chapter Summary 

 

The cloning and expression of the protein encoded by the ORF PA1901 (phzC) from P. aeruginosa 

(PAO1) resulted in the production of a soluble enzyme that exhibits DAH7PS activity, confirming 

experimentally that phzC encodes a DAH7PS enzyme. The functional parameters determined for 

PaeDAH7PSPA1901 are in line with those previously determined for other type II DAH7PSs although it is 

noted that the KM(PEP) for PaeDAH7PSPA1901 is lower relative to either PaeDAH7PSPA2843 or MtuDAH7PS 

and may provide a functional benefit to maintain the biosynthesis of PCA and its derivatives under 

conditions of limiting PEP availability. The ability of PaeDAH7PSPA1901 to function over a wide range of 

pH and over a wide range of temperatures, unlike any other reported type II DAH7PS, may correlate 

with the ability of P. aeruginosa to persist in a wide range of environments and maintain the 
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biosynthesis of secondary metabolites. The insensitivity of PaeDAH7PSPA1901 to aromatic amino acids 

most closely resembles the allosteric properties of the unregulated type Ib DAH7PSs,89,104 rather than 

that of the type II DAH7PSs where a range complex allosteric regulatory strategies are observed to 

control type II DAH7PS activity at the protein level.111,113,115 

 

The crystal structure of PaeDAH7PSPA1901 provided confirmation that this enzyme contains an N-

terminal extension, with structural similarity to that seen in other structurally characterised type II 

DAH7PSs, but lacks the additional a2a and a2b helices that are observed in either PaeDAH7PSPA2843, 

MtuDAH7PS or CglDAH7PS. The absence of the a2a and a2b helices has a dramatic effect for the 

formation of the quaternary assembly, resulting in a dimeric solution-state structure for 

PaeDAH7PSPA1901, unlike any other quaternary association observed for the DAH7PSs characterised to 

date. Surprisingly, PaeDAH7PSPA1901 contains novel oligomeric interfaces that have not previously been 

characterised. The alternative major interface in PaeDAH7PSPA1901 is formed primarily by residues 

located on helices a1 and a8, whereas the major interface for other examples of type II DAH7PSs is 

formed by residues primarily located on helices a0c and a2. The formation of this alternative major 

interface in PaeDAH7PSPA1901, relative to those observed in PaeDAH7PSPA2843 or MtuDAH7PS, disrupts 

completely the formation of any aromatic amino acid allosteric binding sites that are comparable to 

those observed in PaeDAH7PSPA2843 or MtuDAH7PS. The subsequent insensitivity of PaeDAH7PSPA1901 

to allosteric inhibition by aromatic amino acids is compatible with delivering chorismate to support 

secondary metabolism; in contrast to PaeDAH7PSPA2843 or MtuDAH7PS which are sensitive to either 

Trp or combinations of aromatic amino acids that include Trp and function primarily within primary 

metabolism. 

 

The observation of a homotetrameric assembly for PaeDAH7PSPA1901 in the crystal structure and in high 

injection concentration SEC-SAXS (112–180 µM) experiments revealed for the first time that the 

formation of the tetrameric type II DAH7PS assembly is not necessarily limited to the involvement of 
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the accessory structural elements a2a and a2b as previous data indicated; although it is noted that the 

formation of the PaeDAH7PSPA1901 tetramer is likely only observed at high enzyme concentration. The 

homotetrameric assembly formed by PaeDAH7PSPA1901 at high concentrations may provide insights 

into the interactions used to deliver a tetrameric assembly in ancestral type II DAH7PSs.  

 

The N-terminal extension functions to form the dimeric interface (involving helices a0c and a2) and 

allosteric binding sites for Phe and Tyr in MtuDAH7PS whereas a similar function for this extension in 

PaeDAH7PSPA1901 is not immediately obvious from the crystal structure. Instead, the primary function 

of the N-terminal extension in PaeDAH7PSPA1901 appears to be burying a hydrophobic surface that 

would otherwise be solvent exposed. The sequence similarity, and in particular the common N-

terminal extension, suggests a common origin for the type II DAH7PSs from P. aeruginosa. The 

structural similarities between the N-terminal extensions of PaeDAH7PSPA1901, PaeDAH7PSPA2843, and 

MtuDAH7PS, and the complete omission of the a2a and a2b helices for PaeDAH7PSPA1901, indicate an 

evolutionary divergence that has delivered type II DAH7PSs that lack the a2a and a2b helices and are 

hence suitable for a role within secondary metabolism.  

 

Clear sequence diversity exists between the two type II DAH7PS groups previously identified by 

sequence clustering analysis.140 These different sequence characteristics translate directly into two 

groups of type II DAH7PSs that form significantly different oligomeric interfaces and quaternary 

assemblies with associated distinct allosteric functionalities. In addition, these differences in 

quaternary assembly and allosteric behaviour between the two type II DAH7PS groups relates to their 

defined physiological roles within either primary or secondary metabolism. On this basis, it is proposed 

that there is sufficient diversity between these two groups of type II DAH7PSs, both in primary 

structure and functionality of the resultant enzymes, that the type II DAH7PSs be further categorised 

as type IIA and type IIB. The type IIA DAH7PSs comprise full-length enzymes containing both an N-

terminal extension and the a2a and a2b helices (for example PaeDAH7PSPA2843, MtuDAH7PS or 
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CglDAH7PS) and function primarily within primary metabolism whereas the type IIB DAH7PSs comprise 

short-form enzymes that contain the N-terminal extension but omit the a2a and a2b helices and 

function primarily within secondary metabolism (for example PaeDAH7PSPA1901). 
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Chapter 5 

Thesis Summary and Future 

Work 
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5.1 Introduction 

 

The structural and functional data for the type II DAH7PSs from P. aeruginosa (PAO1), described in this 

thesis, have built upon the previously limited knowledge for the type II DAH7PSs and have cast light 

on a more varied evolutionary trajectory for the type II DAH7PSs than was previously indicated. The 

construction and characterisation of P. aeruginosa knockout strains that are selectively deficient in the 

ORFs encoding the type II DAH7PSs were used to investigate the roles of each enzyme within primary 

or secondary metabolism. X-ray crystal structures, in combination with solution-state studies 

(including analytical ultracentrifugation (AUC) and small-angle X-ray scattering (SAXS)), were used to 

investigate the nature of the extra-barrel structural elements and the intricate linkage to the formation 

of the quaternary assembly and the allosteric binding sites. 

 

5.2 Redundancy Exists Among PaeDAH7PSs within Primary 

Metabolism 

 

Prior to the works described in this thesis, little was known about the apparent requirement of P. 

aeruginosa to express multiple distinct DAH7PS isozymes. The genomic context of PaeDAH7PSPA1901 

within the phzA-G PCA biosynthetic cluster provided some indication for the role of PaeDAH7PSPA1901 

within secondary metabolism. However, experimental data regarding physiological function and/or 

functional redundancy between the multiple DAH7PSs were unavailable.  

 

The successful generation and validation of two P. aeruginosa PAO1 knockout strains, each selectively 

deficient in the ORF encoding either PaeDAH7PSPA4212 (phzC) or PaeDAH7PSPA2843, shows that neither 

one of the type II DAH7PSs are required for P. aeruginosa viability. The observation that the PAO1 
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DPA2843 strain is able to grow at a similar rate and produce PCA or PYO in similar quantities as 

compared to the wild type strain indicated that the type Ia PaeDAH7PSs are sufficient to support 

primary metabolism requirements; given that the expression of enzymes encoded by the PhzA-G 

operon likely occurs during stationary phase. 

 

The reduced levels of PCA or PYO production in the PAO1 DPA4212 in LB media confirm the role of 

PaeDAH7PSPA4212 within secondary metabolism. An average reduction in PYO production of 30% was 

observed. The less than 50% reduction in PYO production for the PAO1 DPA4212 indicates that either 

other PaeDAH7PS enzymes, encoded outside the PhzA-G operon, can partially meet the chorismate 

requirements for secondary metabolism or that the second phzC gene can partially compensate for 

the absence of the first (cross-regulation may mask the effect of a compromised phzC ORF).55 

 

In P. aeruginosa, the requirement for multiple DAH7PSs appears to be to efficiently support both 

primary and secondary aromatic compound biosynthetic pathways that occur during different growth 

phases and under different metabolic conditions (Figure 6.1). For example, primary metabolism for 

the production of aromatic amino acids required for protein synthesis must occur during the lag and 

log growth phases. During the initial phases of growth, aromatic amino acids are likely present in low 

amounts and DAH7PSs that are subject to allosteric inhibition by aromatic amino acids are active and 

deliver chorismate to support aromatic amino acid biosynthesis. In contrast, PCA and PYO biosynthesis 

occurs during the stationary growth phase. Under these conditions, aromatic amino acids are likely 

present in high amounts and the presence of high concentrations of aromatic amino acids acts to divert 

the flux of chorismate away from primary metabolism and towards secondary metabolism. The 

DAH7PSs that are involved directly with primary metabolism would likely be allosterically inhibited by 

Trp, Tyr, Phe and, thus, unavailable to provide chorismate to support the biosynthesis of secondary 

aromatic metabolites. The omission of the a2a and a2b helices in PaeDAH7PSPA1901, in combination with 

the abbreviated N-terminal extension, and subsequent insensitivity to allosteric inhibition by Trp, Tyr, 
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or Phe, allows for the continued production of chorismate under these conditions to support PCA and 

PYO biosynthesis when aromatic amino acids are present in high amounts.   

 

5.3 PaeDAH7PSPA2843 is Subject to Diminished Allosteric Sensitivity 

to Trp 

 

The ORF PA2843 encodes a type II DAH7PS that has similar sequence characteristics as compared to 

MtuDAH7PS. Despite the similarity in sequence characteristics, PaeDAH7PSPA2843 and MtuDAH7PS form 

significantly different quaternary assemblies, which leads to altered allosteric behaviour. For 

MtuDAH7PS, three distinct allosteric sites on the single protein that are each sensitive to either Trp, 

Tyr, or Phe contribute towards the synergistic inhibition of MtuDAH7PS by binary or ternary 

combinations of aromatic amino acids that include Trp. In contrast, PaeDAH7PSPA2843 contains only a 

single aromatic amino acid binding site that preferentially binds Trp. The abbreviated N-terminal 

extension found in PaeDAH7PSPA2843, relative to that of MtuDAH7PS, leads to the disruption of the 

regions of PaeDAH7PSPA2843 that are equivalent to the Phe and Tyr binding sites in MtuDAH7PS. 

 

While a single allosteric aromatic amino acid binding site exists for PaeDAH7PSPA2843, both Trp and Tyr 

were observed to bind at this site. However, the functional response of PaeDAH7PSPA2843 to either the 

presence of Trp or the presence of Tyr is significantly different. The presence of Trp at concentrations 

up to 200 µM results in a ~25% reduction in enzyme activity. In comparison, in the presence of up to  
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Figure 5.1: Schematic to show the proposed primary function of each of the type II DAH7PSs in P. aeruginosa—PaeDAH7PSPA1901 primarily functions to support the efficiency 
of phenazine biosynthesis whereas PaeDAH7PSPA2843 primarily functions to support primary aromatic compound biosynthesis. 
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200 µM Tyr enzymatic activity was unaltered despite Tyr being observed to bind to the protein at much 

lower concentrations (Kd = 23 µM for Tyr binding). 

 

Thus, it appears that, as is predicted for MtuDAH7PS,39 dynamic differences may drive the different 

catalytic activities in the presence of Trp or Tyr and while these ligands may not lead to average 

conformational differences, they may alter dynamic signal communication between the active and 

allosteric sites; while Tyr can bind at the allosteric site, it would appear that it cannot activate the same 

dynamic communication network as Trp. 

 

5.4 PaeDAH7PSPA1901—Reclassification of the Type II DAH7PSs 

 

The ORF PA1901 (and PA4212) encodes a functional type II DAH7PS, as the phzC gene found in the 

phzA-G phenazine biosynthetic cluster in P. aeruginosa. Sequence clustering analysis, carried out by 

Dr. Eric Lang,140 revealed that PaeDAH7PSPA1901 belongs to a previously uncharacterised subgroup of 

type II DAH7PSs that, based on primary structure alignments,127 are predicted to omit the sequence 

that corresponds to the a2a and a2b helices and function within secondary metabolism. 

 

The solution of the structure of PaeDAH7PSPA1901 confirmed the absence of the a2a and a2b helices. 

Interestingly, the absence of the a2a and a2b helices, in combination with altered sequence 

characteristics relative to the main group of type II DAH7PSs, leads to the formation an alternative 

oligomeric interface that is distinct from any oligomeric interface previously characterised for any 

DAH7PS. PaeDAH7PSPA1901 adopts a novel, dimeric, solution-state structure that is unlike any 

quaternary assembly previously described for the DAH7PSs to date. The alternative major interface in 

PaeDAH7PSPA1901 is formed by residues primarily located on helix a1 and a8. The formation of this 

alternative oligomeric interface leads to the disruption of Phe or Trp allosteric binding sites that are 
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equivalent to that observed in MtuDAH7PS. Although the Tyr binding site is located in the N-terminal 

extension and not directly at either oligomeric interface in MtuDAH7PS, the equivalent region of 

PaeDAH7PSPA1901 is insufficient to support the binding of a Tyr ligand due to the abbreviated N-terminal 

extension. 

 

The clear sequence diversity that exists between the two type II DAH7PS groups identified by sequence 

clustering analysis results in two structurally and functionally distinct groups of type II DAH7PSs. In 

addition, the differences in quaternary assembly and allosteric behaviour between the two type II 

DAH7PS groups relate to their defined physiological roles within either primary or secondary 

metabolism. On this basis, it is proposed that there is sufficient diversity between these two groups of 

type II DAH7PSs, both in primary structure and functionality of the resultant enzymes, that the type II 

DAH7PSs be further categorised as type IIA and type IIB. The type IIA DAH7PSs comprise full-length 

enzymes containing both an N-terminal extension and the a2a and a2b helices (for example 

PaeDAH7PSPA2843, MtuDAH7PS or CglDAH7PS) and function primarily within primary metabolism 

whereas the type IIB DAH7PSs comprise short-form enzymes that contain the N-terminal extension but 

omit the a2a and a2b helices and function primarily within secondary metabolism (for example 

PaeDAH7PSPA1901). 

 

5.5 Unravelling the Complex Evolutionary Trajectory of the Type II 

DAH7PSs 

 

DAH7PSs are subject to a variety of distinct mechanisms to regulate the biosynthesis of aromatic 

compounds and the subsequent metabolic flux into branching pathways. For example, E. coli and S. 

cerevisiae express multiple DAH7PSs that are each subject to selective feedback inhibition by a single 

aromatic amino acid.84,99,162,163 In contrast, other organisms, such as N. meningitidis or T. maritima, 
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express a single type I DAH7PS that is partially sensitive to feedback inhibition either one or two 

aromatic amino acids, which seems to allow for the residual biosynthesis of aromatic compounds even 

when these allosteric inhibitors are present in excess within the cell.92,107,108 

 

A more complex and sophisticated mechanism to achieve regulation of aromatic compound 

biosynthesis is found in M. tuberculosis where a single type II DAH7PS is produced. MtuDAH7PS 

contains three distinct allosteric amino acid binding sites which are each selective for binding either 

Phe, Tyr, or Trp and contribute towards synergistic inhibition of the enzyme by any binary or ternary 

combination of aromatic amino acids that includes Trp.111,113,115 The extra barrel structural elements of 

MtuDAH7PS are implicated in the formation of a precise quaternary assembly to support the formation 

of these three distinct allosteric binding sites and, as such, an intricate relationship exists between the 

presence of distinct extra barrel structural elements, the formation of a precise quaternary assembly, 

and the subsequent allosteric sensitivity to aromatic amino acids.102 The allosteric functionality of 

MtuDAH7PS is further extended by the formation of a non-covalent complex with the intra-cellular 

AroQ MtuCM where, on complex formation, the activity of MtuCM is enhanced by more than two 

orders of magnitude and MtuCM gains access to the allosteric machinery, located on MtuDAH7PS, to 

further fine tune the metabolic flux either towards Phe/Tyr or Trp biosynthesis.116,117 

 

Prior to the works described in this thesis, little was known about the evolution of the type II DAH7PSs. 

The solution of the structures of PaeDAH7PSPA2843 (Chapter 3)138 and PaeDAH7PSPA1901 (Chapter 4), in 

combination with the relevant functional parameters, has revealed a variety of different inhibitory 

strategies that are adopted by the type II DAH7PSs, casting light on a more varied and complex 

evolutionary trajectory. For example, PaeDAH7PSPA2843 is subject to diminished allosteric sensitivity to 

a single aromatic amino acid, Trp, in contrast to MtuDAH7PS which exhibits complex synergistic 

sensitivity to combinations of aromatic amino acids that include Trp. Whereas the accessory structural 

elements in either PaeDAH7PSPA2843 or MtuDAH7PS deliver oligomeric interfaces that contain 
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functional allosteric amino acid binding sites, the absence of the a2a and a2b helices and subsequent 

formation of alternative oligomeric interfaces in PaeDAH7PSPA1901 disrupts completely the formation 

of any aromatic amino acid binding sites. Consistent with this is the insensitivity of PaeDAH7PSPA1901 to 

allosteric inhibition by aromatic amino acids.  

 

The structural commonalities of the N-terminal extension in all of the examples of structurally 

characterised type II DAH7PSs88,101,138 suggest a common origin for this extra barrel structural element 

in the type II DAH7PSs. While several sequences that correspond to type IIB DAH7PSs (that contain an 

N-terminal extension but omit helices a2a and a2b) have been identified, examples of type II DAH7PSs 

that contain the inserted a2a and a2b helices but omit the N-terminal extension are yet to be identified, 

indicating that the N-terminal extension may have been acquired prior to the acquisition of the 

inserted a2a and a2b helices. Likewise, the complete absence of the a2a and a2b helices in 

PaeDAH7PSPA1901, rather than degradation of secondary structure towards an unstructured loop 

region, suggests that these inserted helices may represent an evolutionary mobile module that was 

acquired by gene fusion events in the type IIA DAH7PSs.  

 

The N-terminal extension plays a key role in the formation of either the dimer interface and/or the 

allosteric amino acid binding sites for the type IIA DAH7PSs. However, a similar function or role for the 

N-terminal extension is not immediately obvious for the type IIB DAH7PSs where this region is not 

involved in the formation of the dimeric interface of involved in the delivery of allosteric binding sites 

in PaeDAH7PSPA1901. This observation suggests, and is consistent with, an evolutionary divergence that 

has delivered type II DAH7PSs that lack the a2a and a2b helices and are hence suitable for a role in 

secondary metabolism. The structure of PaeDAH7PSPA1901 indicates that either the a2a and a2b helices 

were not acquired by PaeDAH7PSPA1901 or that these helices have been lost by PaeDAH7PSPA1901. The 

sequence similarity, and in particular the common N-terminal extension, suggests a common origin for 

the type II DAH7PSs from P. aeruginosa. 
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Interestingly, the ability of PaeDAH7PSPA1901 to assemble into a tetrameric species at high enzyme 

concentrations (³112 µM), despite the absence of the a2a and a2b helices that are associated with the 

formation of the tetramer interface in the type IIA DAH7PSs, may provide insight into the oligomeric 

interfaces present in ancestral tetrameric type II DAH7PSs. This observation indicates that the type II 

DAH7PSs may have adopted a tetrameric assembly prior to the acquisition of the a2a and a2b helices 

and that the initial benefit of such acquisition may have primarily been the formation of allosteric 

binding sites. 

 

5.6 Future Directions 

5.6.1 Further Understanding the Consequences of Disrupting DAH7PSs in P. aeruginosa 

 

The works presented in Chapter 2 have started to provide insight into the requirement of P. aeruginosa 

to express multiple type II DAH7PSs. The analysis and quantification of secondary metabolites 

produced by each of the prepared type II DAH7PS P. aeruginosa knock out strains have provided 

information regarding the involvement of either type II DAH7PS in the biosynthesis of primary or 

secondary metabolites.  

 

Differential gene expression studies in the prepared P. aeruginosa knock out strains, by transcriptome 

analysis, may further probe the consequences of removing a single ORF encoding a type II DAH7PS and 

provide further insight to the connections that exist between primary and secondary metabolism in P. 

aeruginosa. In addition, transcriptome analysis may provide information regarding the differential 

regulation of the two phz operons and whether or not the deletion of a single phzC gene has any 

influence on the regulation of the operon as a whole.  
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5.6.2 Investigating Modular Allostery 

 

The works presented in Chapters 3 and 4 have theoretically investigated the possibility of 

reconstructing aromatic amino acid allosteric binding sites in either PaeDAH7PSPA2843 or 

PaeDAH7PSPA1901 by transferring structural elements that are omitted in either enzyme. While it 

appears that a reconstruction of these allosteric sites is possible, a potential ligand binding event at 

these reconstructed sites may not necessarily translate into an observable allosteric response.  

 

The production and characterisation of the chimeric proteins, and variations thereof, described in 

Chapters 3 and 4 may provide valuable insight into the dynamic communication networks that connect 

the allosteric and active sites in the type II DAH7PSs. Functional characterisation, in combination with 

ITC experiments, will determine whether the reconstructed binding sites are capable of binding the 

respective aromatic amino acid and subsequently whether or not this simple reconstruction is 

sufficient to elucidate a functional response. 

 

In addition, site-directed mutagenesis studies utilising the designed chimeric protein may assist in the 

reconstruction of, and hence provide significant insight into, the communication networks that 

connect the active and allosteric site in the type II DAH7PSs. This information could help to elucidate 

the complex and dynamic mechanisms that facilitate the enzyme allostery, without large changes in 

enzyme shape, in the type II DAH7PSs. 
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5.7 Concluding Remarks 

 

The DAH7PSs in Pseudomonas aeruginosa are situated at a pivotal gateway that directs metabolic flux 

of the shikimate pathway end product, chorismate, towards either primary or secondary aromatic 

compound biosynthesis. Coupled with this is the apparent alternative evolutionary strategy that has 

evolved in P. aeruginosa where the control of type II DAH7PS activity appears to be achieved primarily 

at the genetic level, rather than at the protein level. In this case, genetic level control may be more 

suited to differentially regulate multiple DAH7PSs that function within primary or secondary aromatic 

metabolism. 

 

The works described in this thesis demonstrate the despite the sequence commonalities observed 

between members of the type II family within the N-terminal extension, two quite distinct groups of 

type II DAH7PSs have evolved—the type IIA and type IIB DAH7PSs. These two groups of type II DAH7PSs 

exhibit structural and functional properties that are tailored for defined physiological roles within 

primary or secondary aromatic compound biosynthesis.  
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Chapter 6 

Experimental Methods 
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6.1 General Methods 

6.1.1 Amino Acid Sequence Alignments 

 

Amino acid sequence alignments were constructed using ClustalW164 or TCoffee.165 

 

6.1.2 Protein Structural Models 

 

Protein structural models were created SWISS-MODEL.136 

 

6.1.3 Visualisation of Protein Structures 

 

All protein structures were visualised, and protein structure figures were prepared, using PyMOL 1.7 

(Schrödinger). 

 

6.1.4 Water 

 

Buffers were prepared using water filtered through a Millipore Milli-Q filtration system. Water used 

for PCR reactions was autoclaved prior to use.  
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6.1.5 Measurement of pH 

 

The pH of buffers was measured using a Denver Instruments UB-10 Ultra-Basic pH meter with a 

standard probe. The pH meter was calibrated prior to use with three standards of pH 4.0, 7.0, and 10.0 

at 25 °C. The pH of prepared buffers was adjusted as appropriate using either HCl or NaOH solution.  

 

6.1.6 Centrifugation 

 

All centrifugation was carried out using either a Sorvall LYNX 6000 centrifuge (Thermo Fisher) or a 

bench top Minispin® Centrifuge (Eppendorf). 

 

6.1.7 Culture Media 

 

Lysogeny-Broth (LB) media was prepared by dissolving 20 g L-1 of LB in Milli-Q. LB was sterilised by 

autoclave, allowed to cool, before the appropriate antibiotic was added just prior to use.  

 

LB agar plates were prepared by dissolving 20 g L-1 of LB and 15 g L-1 of agar in Milli-Q. LB agar was 

sterilised by autoclave and allowed to cool to ~50 °C before the addition of the appropriate antibiotic 

prior to pouring. LB agar plates were stored at 4 °C for up to one week.   

 

6.1.8 Antibiotic Stocks 

 

Stock solutions of antibiotics were prepared (Table 6.1) and stored at -80 °C or prepared fresh in the 

case of Nitrofurantoin.  
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Table 6.1: Antibiotics used in this study. 

Antibiotic Stock concentration Solvent 
Ampicillin 100 mg mL-1 Milli-Q 
Kanamycin 50 mg mL-1 Milli-Q 

Tetracycline 50 mg mL-1 70% EtOH 
Chloramphenicol 50 mg mL-1 95% EtOH 

Nitrofurantoin 100 mg mL-1 DMF 
 

 

6.1.9 Preparation of Tobacco Etch Virus (TEV) Protease 

 

TEV protease was prepared by isolation from a culture of E. coli BL21 (DE3) transformed with plasmids 

pRIL and pRK793. Overnight cultures were inoculated from the appropriate glycerol stock and grown 

at 37 °C in the presence of ampicillin (100 µg mL-1) and chloramphenicol (25 µg mL-1). The overnight 

culture was used to inoculate an expression culture (1 L LB) and the expression culture was 

subsequently grown at 37 °C, with 200 rpm shaking, until reaching an OD600 ~ 0.6. The expression of 

TEV protease was induced by the addition of IPTG to a final concentration of 0.5 mM and expression 

was carried out at 23 °C, with 200 rpm shaking, overnight.  

 

Cells were harvested, by centrifugation, and resuspended in lysis buffer (50 mM potassium phosphate 

pH 8.0, 500 mM KCl, 25 mM imidazole, 10% (v/v) glycerol). Cells were lysed by sonication and cellular 

debris were removed by centrifugation. TEV protease was purified from the soluble fraction of the cell 

lysate by a single IMAC purification protocol. TEV protease was eluted from the His Trap column (GE 

Healthcare) using a linear gradient from lysis buffer to elution buffer (50 mM potassium phosphate pH 

8.0, 500 mM KCl, 500 mM imidazole, 10% (v/v) glycerol). Fractions containing TEV protease were 

pooled and buffer exchanged into TEV protease storage buffer (25 mM potassium phosphate pH 8.0, 

200 mM KCl, 10 mM DTT, 2 mM EDTA, 10% (v/v) glycerol) and were flash frozen in liquid nitrogen prior 

to storage at -80 °C at a concentration of 1 mg mL-1 
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6.1.10 Preparation of Chemically Competent Cells 
 

A single colony was used to inoculate 200 mL LB. The culture was grown at 37 °C, with 200 rpm shaking, 

until reaching an OD600 = 0.4. Cells were incubated on ice (15 min) before being harvested by 

centrifugation (2700 rpm, 4 °C, 10 min). Cell pellets were resuspended in a solution containing 80 mM 

MgCl2 and 20 mM CaCl2, and incubated on ice for a further 15 min. Cells were collected, by 

centrifugation (2700 rpm, 4 °C, 10 min) and resuspended in 100 mM CaCl2. Cells were incubated on 

ice, before the addition of DMSO (70 µL). The competent cells were aliquoted, flash frozen in liquid 

nitrogen and stored at -80 °C. 

 

6.1.11 Determination of Protein Concentration 

 

The concentration of protein solutions was measured using a Nanodrop ND-1000 benchtop 

spectrophotometer at 280 nm using the molar extinction coefficient for the protein, calculated using 

ProtParam.125 

 

6.2 Experimental Methods for Chapter 2 

6.2.1 Preparation of pUIC3 Knockout Plasmids 

6.2.1.1 Primer Design 

 

Primers were designed using SnapGene, and synthesised by Integrated DNA Technologies, to amplify 

~500–1200 bp flanking regions upstream and downstream of the gene to be deleted. Primer PF1 was 

designed to incorporate a 5’ SpeI restriction enzyme site and primer PR2 was designed to incorporate 

either a 3’ BamHI site or a 3’ BglII site (construct dependent). Primers PR1 and PF2 were designed to 
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facilitate overlap extension PCR to ligate the upstream and downstream fragments. Seq_Fwd and 

Seq_Rev primers were designed to bind to the gDNA approximately 1000 bp outside of the flanking 

regions amplified by primers PF1 and PR2. Sequencing primers were used for sequencing the gDNA of 

positive clones as well as for PCR screening of positive colonies. The sequences of primers used in this 

chapter are presented in table 6.2. 

 

Primers were prepared as 100 μM stock solutions and diluted to 10 μM working solutions prior to use. 

Primers were stored at -20 °C.  

 

 

Table 6.2: Primer sequences used to generate knockout plasmids. Regions binding to the DNA template are 

shown in bold. 

Plasmid Primer Name Primer Sequence 
 
 

pUIC3 
DPA1901 

PF1 CGCGCGGCAGCCATATGCGCAGATCTTTAATGTCTATTCCAATTCAAGAGGAGATATGACG 

PR1 TCGGGAATGCCGCTCATAGTTCACCCCTTCCAGGAT 

PF2 ATCCTGGAAGGGGTGAACTATGAGCGGCATTCCCGA 

PR2 TGGTGGTGGTGCTCGAGGCGACTAGTGGCGGGCGAGGCGCCGAC 

DPA1901 Seq_Fwd GGATGCCAGTCGATTCGAAC 

DPA1901 Seq_Rev ATCTCCTTGAGGTAGGGACCGA 

 
 

pUIC3 
DPA2843 

PF1 CGCGCGGCAGCCATATGCGCGGATCCGCATCACCACGTTGCCCTCG 

PR1 AGCGGCCGCGGCGCGCCTACGACTCTTGGCAATGCTCGGG 

PF2 TGCCAAGAGTCGTAGGCGGCCGCTCCCGC 

PR2 TGGTGGTGGTGCTCGAGGCGACTAGTGAGCACGCGGCAGGAGCG 

DPA2843 Seq_Fwd TGTCGATATAGCCCTGCAACG 

DPA2843 Seq_Rev CCAGCAACTGGCACGTTT 

 
 

pUIC3 
DPA4212 

PF1 CGCGCGGCAGCCATATGCGCAGATCTATGACATCTACCGCCAAGGAG 
PR1* TCGGGAATGCCGCTCATAGTTCACCCCTTCCAGGAT 
PF2* ATCCTGGAAGGGGTGAACTATGAGCGGCATTCCCGA 
PR2* TGGTGGTGGTGCTCGAGGCGACTAGTGGCGGGCGAGGCGCCGAC 

DPA4212 Seq_Fwd AACAGCACCATGTCGCG 

DPA4212 Seq_Rev* ATCTCCTTGAGGTAGGGACCGA 

*indicates primer of identical sequence compared to the corresponding primer used to construct 
pUIC3 DPA1901 
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6.2.1.2 Polymerase Chain Reaction 

 

PCR reactions were carried out to first amplify each of the flanking regions separately (~500–1200 bp). 

PCR reactions were made up in 1´ GC rich buffer and contained each primer (PF1 and PR1 or PF2 and 

PR2) to a final concentration of 0.5 µM, dNTPs to a final concentration of 200 µM, 50 ng of P. 

aeruginosa PAO1 gDNA and 2 units of Phusion® DNA polymerase (NEB). 

 

PCR reactions were carried out in an Applied Biosystems Veriti 96-well thermocycler using the 

following touchdown termocycle presented in table 6.3: 

 

Table 6.3: The touchdown thermocycle used for the preparation upstream and downstream of suicide 

fragments. 

Step Temperature Time 
Initial Denaturation 98 °C 30 seconds 

 
20 Cycles 

98 °C 
74 – 50 °C 

72 °C 

10 seconds 
30 seconds 
90 seconds 

 
15 Cycles 

98 °C 
50 °C 
72 °C 

10 seconds 
30 seconds 
90 seconds 

Final Extension 72 °C 7 minutes 
Hold 4 °C ∞ 

 

 

PCR fragments were gel purified before being used as a template for overlap extension PCR. Overlap 

extension PCR reactions were carried out to ligate the upstream and downstream fragments previously 

generated. PCR reactions were made up in 1´ GC rich buffer. 
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The PCR reaction was first run for 10 cycles prior to the addition of primers to allow for the formation 

of the overlapped product. After 10 cycles, primers PF1 and PR2 were added and the reaction was 

continued for a further 20 cycles (Table 6.4).  

 

Table 6.4: The thermocycle used to overlap the upstream and downstream suicide fragments. 

Step Temperature Time 
Initial Denaturation 98 °C 30 seconds 

 
10 Cycles 

98 °C 
50 °C 
72 °C 

10 seconds 
30 seconds 
90 seconds 

Addition of 0.5 µM Primer PF1 and PR2 
 

20 Cycles 
98 °C 
50 °C 
72 °C 

10 seconds 
30 seconds 
90 seconds 

Final Extension 72 °C 7 minutes 
Hold 4 °C ∞ 

 

 

6.2.1.3 Digestion of pUIC3 and Deletion Inserts 

 

The vector pUIC3 and the prepared deletion inserts were digested sequentially with the restriction 

enzymes BglII and SpeI (NEB) (or BamHI and SpeI in the case of the DPA2843 construct). Typically, ~1 

µg of pUIC3 or 0.5 µg of insert was digested with SpeI (20 units) in 1´ buffer tango (Thermo Fisher) at 

37 °C for 1 hour. The buffer concentration was subsequently increased to 2´ before the addition of 

BglII (20 units). Digestion reactions were continued for a further 1 hour before the digested products 

were gel purified and isolated using a Zymo DNA recovery kit. 
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6.2.1.4 Ligation of Insert into pUIC3 Vector 

 

The digested deletion inserts were ligated into the digested pUIC3 vector using T4 DNA ligase (NEB). 

Typically, ligation reactions contained 50 ng of digested insert, 100 ng of digested pUIC3 and 200 units 

of T4 DNA ligase. Ligation reactions were incubated at 16 °C for 3–4 hours before transformation into 

DH5a lpir electrocompetent cells.  

 

6.2.1.5 Preparation of Electrocompetent DH5a lpir Cells 

 

A saturated overnight culture of DH5a lpir (3 mL) was used to inoculate 350 mL of LB. Cells were 

grown at 37 °C with 200 rpm shaking until an OD600 of ~0.4 (~3-4 hours of growth). Cells were chilled 

on ice before being harvested by centrifugation at 3000 rpm, 15 minutes, at 4 °C. Cell pellets were 

washed with two washes of chilled (4 °C), sterile Milli-Q before a final wash with chilled, sterile 10% 

glycerol (4 °C). Cells were pelleted and resuspended in ~1 mL sterile 10% glycerol and aliquoted into 

50 µL aliquots. Electrocompetent cells were flash frozen in liquid nitrogen and stored at -80 °C until 

required.  

 

6.2.1.6 Electroporation of Plasmid into DH5a lpir 

 

Prepared pUIC3 plasmids were introduced into DH5a lpir cells by electroporation. The ligated plasmid 

mixture (3 µL) was added to 50 µL of electrocompetent DH5a lpir cells, thawed on ice. The mixture 

was transferred to a 0.1 cm electroporation cuvette (Bio-Rad Laboratories) and a single pulse of 1.8 kV 

was applied using a Bio-Rad MicroPulser. Immediately after electroporation, 500 µL of sterile SOC 

medium (room temperature) was added before the mixture was transferred to a 1.7 mL centrifuge 

tube. Cells were recovered at 37 °C, with 200 rpm shaking, for 1 hour.  
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Cells were pelleted, resuspended in 150 µL of supernatant and plated on LB + ampicillin agar plates. 

Plates were incubated at 37 °C overnight. Single colonies were selected to inoculate 5 mL overnight 

cultures in order to verify the prepared plasmids.  

 

6.2.1.7 Isolation and Verification of Prepared pUIC3 Plasmids 

 

Prepared plasmids were isolated from saturated overnight cultures grown in LB supplemented with 

ampicillin using a Zymo plasmid miniprep kit. Plasmids were screened for the presence of an insert by 

restriction enzyme digest using SpeI and BglII, as outlined in Section 6.2.1.3. Plasmids that contained 

an insert of the expected size were sequence verified by Macrogen. 

 

6.2.2 Preparation of P. aeruginosa Knockout Strains 

6.2.2.1 Required Strains 

 

Overnight cultures of the following strains were inoculated from freezer stocks (stored at -80 °C) and 

grown under the conditions outlined in Table 6.5. 

 

Table 6.5: Growth conditions for the strains used to prepare P. aeruginosa knockout strains. 

 Strain Plasmid Growth Medium Growth 
Temperature 

 
Donor Strain 

 
E. coli, DH5a lpir 

pUIC3 DPA1901 
pUIC3 DPA2843 
pUIC3 DPA4212 

 
LB + Ampicillin 

 
37 °C 

Helper Strain E. coli, HB101 pRK2013 LB + Kanamycin 37 °C 
Recipient Strain P. aeruginosa, 

PAO1 
Wild Type LB only 43 °C* 

*P. aeruginosa recipient strains are grown at 43 °C to minimise host restriction.166 
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6.2.2.2 Tri-parental Mating: Preparation of First Crossover Mutants 

 

Each overnight culture was pelleted, at room temperature, in an Eppendorf benchtop centrifuge and 

washed with fresh LB to remove residual antibiotics. Washed pellets were resuspended in 300 µL of 

fresh LB and mixed together. The mixture of strains was pelleted and resuspended in a final volume of 

25 µL. The strains were spotted onto an LB agar plate (free of antibiotics) and mixed thoroughly, with 

an inoculating loop, until almost dry. Plates were incubated at 37 °C for 7–8 hours. 

 

Strains were recovered and transferred to 500 µL of fresh LB and plated (10 µL and 50 µL) onto LB + 

tetracycline + nitrofurantoin + X-gal agar plates. Plates were grown at 37 °C for 24 hours until colonies 

were visible. Six blue colonies from each of the plates were selected for screening for the identification 

of second cross over mutants.  

 

6.2.2.3 Tri-parental Mating: Screening for Second Crossover Mutants 

 

Six blue colonies from the agar plates (described above in Section 6.2.2.2) were used to inoculate 50 

mL of LB (free from antibiotics). The inoculated media were incubated at 37 °C with 200 rpm shaking 

for 12–16 h. Appropriate dilutions of the resultant culture were plated on LB agar supplemented with 

X-gal and incubated at 37 °C for 16–24 h or until small colonies were visible. Colonies were selected 

on the basis of colour with white colonies indicating that the transferred pUIC3 plasmid had been lost. 

Single white colonies were used to inoculate overnight cultures of fresh LB to use for the preparation 

of glycerol stocks and the validation of the prepared strain. 
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6.2.3 Characterisation of Prepared Knockout Strains 

6.2.3.1 Validation of Prepared Knockout Strains 

 

Genomic DNA was extracted from the prepared candidate knockout strain by phenol-chloroform 

extraction. Briefly, cells were resuspended in sodium acetate pH 5.2 before the addition of 

phenol:chloroform:isoamyl alcohol (25:24:1) and subsequent ethanol precipitation of the extracted 

nucleic acids. The isolated gDNA was used as a template for PCR to amplify the region surrounding the 

putatively deleted gene using the appropriate Seq_Fwd and Seq_Rev primers (Section 6.2.1.1).  

 

Multiple species existed around the expected size of the PCR product. Therefore, PCR products of 

approximately the expected size were isolated from agarose gels and used as a template for a second 

round of PCR using the appropriate PF1 and PR2 primer pair. The second round PCR product of correct 

size was isolated by extraction from an agarose gel and sequenced by Macrogen. Sequenced verified 

strains were used in all subsequent characterisation steps. 

 

6.2.3.2 Growth of Knockout Strains 

 

Strains were routinely grown in 150 mL of either LB or 100 mL M9 mineral medium at 37 °C with 200 

rpm shaking. The M9 mineral medium contained 1 x M9 salts, 0.4% glucose, 1 mM MgSO4, 0.3 mM 

CaCl2 +/- 1 mM of each of Trp, Tyr, and Phe.  

 

In either case, media for all replicates was batch prepared and aliquoted into identical 500 mL flasks 

for each replicate. A saturated, overnight pre-culture of the appropriate strain was standardised to 

OD600 = 1.0 by the addition of fresh medium. The resultant bacterial sample was used to inoculate each 
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of the 150 mL (or 100 mL) replicate test cultures with 10-fold dilution. Cultures were grown as either 

biological quadruplets or biological triplicates in parallel. 

 

6.2.3.3 Quantification of Phenazine-1-Carboxylic acid 

 

At approximately 12 hour intervals, 5 mL samples were removed from each test culture (either grown 

in LB or in M9 mineral media), under aseptic conditions. Supernatants were harvested by 

centrifugation (9,000 ́  g, 10 min) and filter sterilised. Harvested supernatants were stored at 4 °C until 

the end of sampling at 72 h. PCA was extracted from the supernatants of spent culture media at 12-h 

intervals between 0 and 72 h after inoculation. Spent culture media (2.0 mL) was first acidified to pH 

= 4.0 by the addition of HCl. Compounds were extracted in chloroform (1.2 mL) and vortexed to achieve 

complete extraction. Samples were clarified by centrifugation (9,000 ́  g, 10 min). The chloroform layer 

was transferred to a fresh tube and evaporated to dryness, resulting in a residue of faint yellow 

colouration. The resultant residue was resuspended in 200 µL of mobile phase and analysed by HPLC. 

A standard curve was constructed in parallel to relate the observed peak area to PCA (Apollo Scientific) 

concentration. A standard curve was constructed for PCA concentrations between 0.5 µg mL-1 and 15 

µg mL-1 (Figure 6.1). Standard curve measurements were carried out in triplicate and the known 

concentration of the standard was plotted as a function of peak area (r2 = 0.997). The retention time 

for PCA was 23.3 min. 

 

The following HPLC method, using an AerisTM 150 mm C18 LC column, was used to quantify the 

amounts of PCA and PYO in the extracts: 
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Flow rate: 0.2 mL min-1 

Injection volume: 10 µL 

Start: 95% 0.1% formic acid/5% acetonitrile 

5 min: 95% 0.1% formic acid/5% acetonitrile 

20 min: 50% 0.1% formic acid/50% acetonitrile 

21 min: 5% 0.1% formic acid/95% acetonitrile 

24 min: 5% 0.1% formic acid/95% acetonitrile 

25 min: 95% 0.1% formic acid/5% acetonitrile 

30 min: 95% 0.1% formic acid/5% acetonitrile 

 

 

 

Figure 6.1: Representative calibration curve used for the interpretation of PCA data obtained for the P. 
aeruginosa culture media extracts. Error bars represent standard deviations of triplicate measurements. Where 
error bars are not visible, they are contained within the symbol.  
 

 

6.2.3.4 Quantification of Pyocyanin 

 

Strains were routinely grown in 150 mL of either LB or M9 salts medium at 37 °C with 200 rpm shaking, 

as described in Section 6.2.3.2. 
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At approximately 12 hour intervals, 5 mL samples were removed from each test culture, under aseptic 

conditions. Supernatants were harvested by centrifugation (9,000 ´ g, 10 min) and filter sterilised. 

Harvested supernatants were stored at 4 °C until the end of sampling at 72 h. PYO was extracted from 

the supernatants of spent culture media at 12-h intervals between 0 and 72 h post inoculation. Spent 

culture media (2.0 mL) was extracted in chloroform (1.2 mL) and vortexed to achieve complete 

extraction. Samples were clarified by centrifugation (9,000 ´ g, 10 min) before 0.4 mL of 0.2 M HCl was 

added to 1 mL of the resultant blue chloroform layer. PYO was extracted into the HCl layer by vortex 

and clarification at 9,000 ´ g, 10 min.  

 

The resultant extracts were analysed by HPLC in order to quantify the amount of PYO produced by 

each strain at each time point. The HPLC protocol employed to quantify PYO is described in Section 

6.2.3.3 using a 5 µL injection volume. A standard curve was constructed for PYO (Sigma) concentrations 

between 0.5 µg mL-1 and 30 µg mL-1 (Figure 6.2). Standard curve measurements were carried out in 

triplicate and the known concentration of the standard was plotted as a function of peak area (r2 = 

0.993). The retention time for PYO 2.0 min, with inline mass spectrometry confirming a mass of m/z = 

211.09. 
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Figure 6.2: Representative calibration curve used for the interpretation of PYO data obtained for the P. 
aeruginosa culture media extracts. Error bars represent standard deviations of triplicate measurements. Where 
error bars are not visible, they are contained within the symbol. 
 

6.3 Experimental Methods for Chapter 3 

6.3.1 Cloning and Transformation 

6.3.1.1 Primer Design 

 

Primers were designed (Table 6.6) by hand and synthesised by Invitrogen. Primers were designed to 

incorporate a tobacco etch virus (TEV) protease cleavage site into the final product for cleavage of the 

N-terminal polyhistidine tag encoded by the pET28a(+) vector. Primers were made up to 100 μM stock 

solutions and diluted to 10 μM solutions prior to use.  

 

Table 6.6: Primers used for the amplification of the gene encoding PaeDAH7PSPA2843 from PAO1 gDNA. 

Enzyme Primer Primer Sequence 

PaeDAH7PSPA2843 Forward 5’ 

cgcgcggcagccatatggaaaacctgtattttcagggc  

 Reverse 5’ tggtggtggtgctcgagtcagcggcgcacc 
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6.3.1.2 Polymerase Chain Reaction 

 

The plasmid containing the gene encoding PaeDAH7PSPA2843 was prepared by amplifying the ORF 

PA2843 using P. aeruginosa gDNA as a template. PCR reactions were made up in 1 x GC rich buffer and 

contained each primer to a final concentration of 0.5 µM, dNTPs to a final concentration of 200 µM, 

50 ng of gDNA and 2 units of Phusion® DNA polymerase.  

 

PCR reactions were carried out in an applied Biosystems Veriti 96-well thermocycler using the 

thermocycle described in table 6.7. 

 

Table 6.7: The thermocycler used for the amplification of the gene encoding PaeDAH7PSPA2843 from PAO1 gDNA. 

Step Temperature Time 

Initial Denaturation 98 °C 2 min 
 

30 Cycles 
98 °C 
69 °C 
72 °C 

10 s 
30 s 
30 s 

Final Extension 72 °C 7 min 
Hold 4 °C ∞ 

 

6.3.1.3 Agarose Gel Electrophoresis 

 

Agarose gels (1%) were prepared by dissolving 0.3 g of agarose in 30 mL of Tris-acetate-EDTA (TAE) 

buffer. The solution was heated until dissolved, cooled to ~50 °C, before the addition of SYBER Safe® 

DNA stain. Gels were poured into a mould and allowed to set. Samples were mixed with 6´  DNA 

loading buffer (containing 60 mM Tris-HCl, 60 mM EDTA, 0.2% (w/v) orange G, 0.05% (w/v) xylene 

cyanol and 60% (v/v) glycerol). Gels were run in a reservoir of TAE buffer for 45 minutes. Gels were 

imaged using a BioRad Gel Doc XR imager. 
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6.3.1.4 Preparation of pET28(a)-PaeDAH7PSPA2843 

 

DNA fragments of the expected size (corresponding to the expected size of the gene encoding 

PaeDAH7PSPA2843) were isolated by gel extraction. pET28(a) vector was digested by incubation with 

NdeI and XhoI at 37 °C for up to 6 h. Cut vector was purified using a nucleospin PCR clean up kit. 

 

The gene of interest was introduced into the vector by In-Fusion® cloning. Reactions contained 1´ In-

Fusion HD enzyme premix, 75 ng of cut pET28(a), and 150 ng of insert. Reactions were incubated at 50 

°C for 15 minutes before transformation into commercially competent StellarTM E. coli (Clontech). 

 

6.3.1.5 Chemical Transformation of Prepared Plasmid 

 

Commercially competent Stellar E. coli were thawed on ice. The prepared plasmid (3 µL) was mixed 

with 50 µL of competent cells and incubated on ice for up to 45 minutes. The cells were then heat 

shocked at 42 °C for 30–60 seconds. SOC medium (250 µL) was added before incubation at 37 °C, with 

200 rpm shaking, for 1 h. The resultant cell suspension (100 µL) was spread over an LB-agar plate 

containing kanamycin for the selection of positive clones. Plates were incubated at 37 °C overnight. 

 

6.3.1.6 Verification of Positive Clones 

 

Colony PCR reactions were carried out to determine whether a given colony had an insert containing 

plasmid. A single colony was suspended in 50 µL of sterile Milli-Q water and used as a template for 

PCR. Colonies identified as positive were grown up in 5 mL LB-broth cultures and plasmids extracted 

and purified. Restriction enzyme digests were used to further verify the presence of the desired insert. 
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Plasmids were incubated with NdeI and XhoI at 37 °C for 2 hours and the resultant fragments separated 

by agarose gel electrophoresis.  

 

Positive colonies were selected for verification by DNA sequencing. DNA sequencing was carried out 

at either the Massey Genome Service (Massey University, Palmerston North) or by Macrogen. 

 

6.3.1.7 Preparation of Glycerol Stocks 

 

Glycerol stocks were prepared by mixing 1 mL of appropriate overnight culture with 100 µL of 100% 

(w/v) sterile glycerol. Glycerol stocks were flash frozen in liquid nitrogen before storage at -80 °C. 

 

6.3.2 Expression of PaeDAH7PSPA2843 

 

The complete, sequence verified, plasmid was used to transform E. coli BL21(DE3) cells for the 

expression of protein. Overnight cultures (LB-broth), containing kanamycin, were inoculated with a 

scraping from the previously prepared glycerol stock and incubated at 37 °C with 200 rpm shaking.  

 

The overnight culture was used to inoculate 1 L cultures (containing kanamycin) to give a starting OD600 

of approximately 0.1–0.15. Cultures were grown, in baffled flasks, at 37 °C with 200 rpm shaking, until 

reaching an OD600 between 0.4–0.6. The temperature was reduced to 23 °C before the addition of 

ispropyl b-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Protein was expressed at 

23 °C overnight with 200 rpm shaking.  

 

Cells were harvested by centrifugation at 12,000 ´ g for 15 minutes at 4 °C. The supernatant was 

discarded and the cell pellets were either stored at -80 °C or lysed and used immediately. 
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6.3.3 Purification of PaeDAH7PSPA2843 

6.3.3.1 Cell Lysis 

 

Previously harvested cell pellets (stored at -80 °C) were thoroughly resuspended in cold lysis buffer 

containing 10 mM BTP, 200 mM KCl, 1 mM TCEP, 200 μM PEP, 20 mM imidazole, pH 8.0. Cell lysis was 

achieved by sonication using an Omni-Ruptor 4000 Ultrasonic Homogeniser (Omni International). 

Sonication was performed on ice at 40% pulse, 80% power in 4 x 5-min cycles, with a rest period of 

approximately 2 min between each cycle. During the rest period, the sonicator probe was incubated 

in an ice bath to prevent overheating of the sample.  

 

Prior to sonication, the resuspended cells were incubated with 1 mg of benzonase to degrade cellular 

DNA.  

 

After sonication, the soluble and insoluble fractions were separated by centrifugation at 40,000 ´ g for 

40 minutes. The supernatant was collected and passed through a 0.8 μm and 0.22 μm Millipore filter 

before immediate IMAC purification.  

 

6.3.3.2 Immobilised Metal Affinity Chromatography (IMAC)  

 

Affinity chromatography was achieved through a polyhistidine tag engineered onto the N-terminus of 

PaeDAH7PSPA2843. IMAC was achieved using a 5 mL HisTrapTM HP column prepacked with nickel-charged 

SepharoseTM High-Performance resin (GE Healthcare).  

 

Prior to use, the HisTrapTM column was washed with 10 column volumes of Millipore MilliQTM water 

and equilibrated with 10 column volumes of binding buffer (10 mM BTP, 200 mM KCl, 1 mM TCEP, 200 
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μM PEP, 20 mM imidazole, pH 8.0) before sample loading. Contaminating E. coli proteins and proteins 

that interacted weakly with the column were washed through the column with 6 column volumes of 

binding buffer before proteins that were bound to the column were eluted using a linear gradient of 

0–100% elution buffer (10 mM BTP, 200 mM KCl, 1 mM TCEP, 200 μM PEP, 400 mM imidazole, pH 8.0) 

over 10 column volumes.  

 

The column was then washed with 10 column volumes of elution buffer and 10 column volumes of 

Millipore MilliQTM water before being returned to 20% ethanol for column storage. Columns were 

stored at 4 °C.  

 

Fractions containing the eluted PaeDAH7PSPA2843 of interest were identified by SDS-PAGE and pooled 

for treatment with TEV protease to remove the polyhistidine tag. 

 

After treatment with TEV protease (see Section 6.3.3.3), the cleaved polyhistidine tag and TEV 

protease were removed from the sample by affinity chromatography (5 mL HisTrapTM). The column 

was again washed with 10 column volumes of Millipore MilliQTM water and equilibrated with 10 

column volumes of binding buffer (10 mM BTP, 200 mM KCl, 2 mM DTT, 200 μM PEP, 20 mM imidazole, 

pH 8.0) before sample loading. Unbound protein, including PaeDAH7PSPA2843, was washed off the 

column with 10 column volumes of binding buffer before bound proteins, including TEV protease, were 

eluted in an isocratic flow of 10 column volumes of elution buffer. The column was then washed with 

10 column volumes of Millipore MilliQTM water before being returned to 20% ethanol for storage at 4 

°C.  
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6.3.3.3 Cleavage of N-terminal Polyhistidine Tag 

 

The pooled fractions from IMAC were buffer exchanged by centrifugation to lower the high imidazole 

concentration used in the elution buffer. The tagged PaeDAH7PSPA2843 pooled fractions were incubated 

with ~1 mg of Tobacco Etch Virus (TEV) protease in buffer containing 10 mM BTP, 200 mM KCl, 2 mM 

DTT, 200 μM PEP, pH 8.0. The TEV cleavage reaction was carried out (3–4 h) at 4 °C giving rise to 

efficient polyhistidine tag cleavage. 

 

The efficiency of tag cleavage was assessed by SDS-PAGE before purification by a second round of 

IMAC to remove contaminating TEV protease and free polyhistidine tag (Section 6.3.3.2). 

 

6.3.3.4 Size Exclusion Chromatography (SEC) 

 

Size exclusion chromatography was used as a final purification step to remove any contaminating 

proteins based on native size. Pooled fractions from the final IMAC stage were concentrated to ~2 mg 

mL-1 and a volume of less than 13 mL. A HiLoadTM 26/60 SuperdexTM 200 prep grade column (GE 

Healthcare) was equilibrated with 1 column volume of SEC buffer containing 10 mM BTP, 200 mM KCl, 

2 mM DTT, 200 μM PEP, pH 8.0. The protein sample was subsequently loaded and eluted in 1 column 

volume of SEC buffer. The column was then washed with 1 column volume of Millipore MilliQTM water 

before storage in 20% ethanol. Size exclusion chromatography was carried out at 4 °C.  

 

6.3.3.5 Protein Concentration and Storage 

 

PaeDAH7PSPA2843 containing fractions were pooled and concentrated using a 10,000 Da molecular 

weight cut off centrifugal concentrator. Concentrators were washed with MilliQ water prior to use. 
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Samples were concentrated by centrifugation at 4,000 ´ g (at 4 °C) to between 5 and 10 mg mL-1 and 

stored in 50 µL aliquots. Samples were flash frozen in liquid nitrogen and stored at -80 °C.  

 

6.3.4 Biophysical Characterisation of PaeDAH7PSPA2843 

6.3.4.1 Differential Scanning Fluorimetry (DSF) 

 

DSF measurements were carried out using an Applied Biosystems QuantStudio 3. Samples were 

prepared on a 96-well plate and each well had a final volume of 25 µL. Samples were made up in DSF 

buffer (containing 50 mM BTP pH 7.5, 200 µM PEP) and contained the appropriate amount of ligand 

(typically 200 µM), SYPRO Orange fluorescent dye, and a final protein concentration of 0.6 mg mL-1. 

The plate was sealed and heated from 20 °C to 90 °C. Samples were measured in triplicate alongside a 

protein only control (without the addition of ligand) and a negative control where the addition of 

protein was substituted for DSF buffer. Melting temperatures were determined as the maximum 

inflection point of the melt curve as defined by the maximum derivative.  

 

6.3.4.2 Isothermal Titration Calorimetry (ITC) 

 

Binding of the allosteric ligands Trp and Tyr to PaeDAH7PSPA2843 was characterised by ITC. Experiments 

were carried out using a TA nano ITC instrument. Protein samples were buffer exchanged into buffer 

containing 50 mM BTP pH 7.5, 200 µM PEP and diluted to a final concentration of either 176 µM (Trp) 

or 100 µM (Tyr). Ligand solutions of either Trp or Tyr were made up in identical buffer to a final 

concentration of 600 µM or 2 mM respectively. All solutions were degassed for at least 15 min 

immediately prior to use. An equilibration period of 30 min was followed by a series of 20 injections (1 

x 1.0 µL and 19 x 2.5 µL) with one injection every 200 s. The first data point was routinely removed to 

allow for the diffusion of the ligand across the needle tip during the equilibration period. Heat of 
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dilution measurements were carried out by injecting the appropriate ligand into a buffer sample and 

was subtracted from the experimental data. All experiments were carried out at 298 K, with 200 rpm 

stirring. 

 

6.3.5 Functional Characterisation 

 

Functional characterisation was carried out using an assay based on the methods previously developed 

by Dr. Celia Webby.88 In short, the activity of PaeDAH7PSPA2843 was monitored by measuring the 

consumption of the substrate PEP at 232 nm using a Varian Cary 300 UV-visible spectrophotometer. 

Assays were carried out in quartz cuvettes with a 1 cm path length. A typical assay contained 150 µM 

PEP, 150 µM E4P (except when determining KM), and 100 µM CoCl2 in 50 mM BTP pH7.5, unless 

otherwise stated. Assays were initiated by the addition of purified PaeDAH7PSPA2843. 

 

6.3.5.1 Determination of Substrate Concentrations 

 

The concentrations of the substrates PEP and E4P were determined enzymatically, using 

PaeDAH7PSPA2843, immediately prior to use. A known volume of substrate for concentration 

determination was added to the assay solution. This substrate was present at a limiting concentration, 

while the second substrate was present in excess. Reactions were carried out at 37 °C and initiated by 

the addition of enzyme. Reactions were monitored at 232 nm and allowed to progress until 

completion. To verify that the limiting substrate was present at limiting concentration, additional 

limiting substrate was added to determine if the reaction could be reinitiated. Substrate concentration 

measurements were carried out in triplicate.  
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The total change in absorbance (including that attributed to the addition of enzyme) was determined 

over the course of the assay. The Beer-Lambert law was then used, along with the extinction coefficient 

of PEP, to determine the concentration of the limiting substrate in the working solution and 

subsequently in the parent stock solution.  

 

6.3.5.2 Determination of Optimal Assay Conditions 

 

The activity of PaeDAH7PSPA2843 was monitored over a range of pHs from pH 6.0 to pH 8.5 and over a 

range of temperatures from 35 °C to 40 °C to determine conditions for maximal DAH7PS activity. 

Metal ion preference was investigated by monitoring the activity of PaeDAH7PSPA2843 in the presence 

of various divalent metal cations. The enzyme was pretreated with 0.5 mM EDTA (2 h) to remove 

background metal ions before being buffer exchanged into assay buffer pretreated with Chelex (Bio-

rad). The appropriate test metal ion was added at 100 µM. 

 

6.3.5.3 Determination of Kinetic Parameters 

 

The activity of PaeDAH7PSPA2843 was determined using a standard DAH7PS activity assay88 by 

monitoring the consumption of the substrate PEP at 232 nm (e = 2.8 x 103 M-1 cm-1) using a Varian Cary 

300 UV/vis spectrophotometer. Initial reaction velocities were determined using a least-squares fit to 

the data. Substrate concentrations were held at 150 µM, except when determining the respective KM 

value, which was determined by monitoring activity in the presence of 10–600 µM of the substrate for 

which KM was being determined. 
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6.3.5.4 Feedback Inhibition Studies 

 

Stock solutions of Trp, Tyr, and Phe were prepared in Milli-Q and the pH of each stock solution was 

adjusted to pH 7.5. The activity of PaeDAH7PSPA2843 was monitored in the presence of varying 

concentrations of single aromatic amino acids up to a concentration of 200 µM. Substrate 

concentrations were fixed at 150 µM each. Measurements were carried out in triplicate. The activity 

of PaeDAH7PSPA2843 was also monitored in the presence of binary or ternary combinations of aromatic 

amino acids at a concentration of 200 µM per aromatic amino acid. Reactions were initiated by the 

addition of purified PaeDAH7PSPA2843. 

 

6.3.5.5 Assessment of Active Site Inhibitors 

 

The compounds ZINC14720642 (OWS1) and ZINC04521632 (OWS2) were purchased from Sigma and 

the compound ZINC31898402 (OWS3) was purchased from Molport. Stock solutions of each 

compound (100 mM) were prepared in Milli-QTM water. Enzyme assays were carried out by monitoring 

the consumption of the substrate PEP at 232 nm based on methods previously described88,167 using a 

1 mm path length. Assays contained between 100 and 300 µM of the test compound, 150 µM PEP 

(when determining Ki(E4P)), 150 µM E4P (when determining Ki(PEP)) and 100 µM Co2+. Reactions were 

initiated by the addition of purified PaeDAH7PSPA2843 and initial reaction rates were determined using 

a least-squares fit to the data. 

 

Lineweaver-Burk plots168 were constructed to determine the inhibition model that best represented 

the resultant kinetic data. Inhibition constants were determined by fitting either a competitive or 

mixed model of inhibition (GraphPad Prism).  
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6.3.6 Structural Characterisation 

6.3.6.1 Analytical Ultra Centrifugation 

 

Protein samples were dialysed against buffer containing 50 mM bis-Tris propane pH 7.5, 200 mM KCl, 

100 µM cobalt chloride, 200 µM PEP at 4 °C for 2–3 h.  

 

Analytical ultracentrifugation sedimentation velocity experiments were conducted in a Beckman-

Coulter model XL-I instrument set at a temperature of 20 °C. The protein was diluted in buffer (50 mM 

bis-Tris propane pH 7.5, 200 mM KCl, 100 µM cobalt chloride, 200 µM PEP) to establish protein 

samples at three concentrations (1 mg mL-1, 0.5 mg mL-1, and 0.25 mg mL-1). For each protein 

sample, 380 μL of protein and 400 μL of reference buffer (50 mM bis-Tris propane pH 7.5, 200 mM KCl, 

100 µM cobalt chloride, 200 µM PEP) were loaded into double-sector quartz cells. Cells were mounted 

in a Beckman-Coulter 8-hole An-50 Ti rotor and centrifuged at a rotor speed of 35,000 rpm. Data were 

collected at a wavelength of 280 nm, in continuous mode for 200 scans, using a time interval of 0 s, 

and a step-size of 0.003 cm without averaging. Solvent density (1.0129 g mL-1) and viscosity (0.050 cp) 

were measured using an Anton Paar Lovis DMA4100M density meter or an Anton Paar Lovis 2000 ME 

microviscometer respectively. The partial specific volume of the protein (0.73049 mL g-1) was 

calculated using the amino acid composition in the program SEDNTERP. Sedimentation velocity data 

at multiple time points were fitted to a continuous sedimentation-coefficient [c(s)] model126,169,170 

using the program SEDFIT. 

 

6.3.6.2 Small Angle X-ray Scattering Data Collection and Analysis 

 

Small angle X-ray scattering data were collected at the Australian Synchrotron SAXS/WAXS beamline145 

using a sheath flow environment.146 Protein samples were prepared in buffer containing 50 mM BTP 
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pH 7.5, 200 µM PEP, 100 µM CoCl2, 5% (v/v) glycerol to a final concentration of 5 mg mL-1. Data were 

collected immediately after elution from a size exclusion column (SEC-SAXS) using a wavelength of 

1.0332 Å and detector distance of 1600 mm. Data were collected for the wild type enzyme in the 

presence and absence of 1 mM Trp, at 20 °C and for the L179D mutant enzyme in the absence of Trp. 

 

Data were processed using the reduction software ScatterBrain 2.83, developed at the Australian 

Synchrotron. Scattering intensity (I) was plotted versus q, as a log-linear plot, and analysed using the 

ATSAS package.131 Theoretical scattering data were calculated from the tetrameric crystal structures 

of PaeDAH7PSPA2843 or MtuDAH7PS and compared to the experimental scattering data using CRYSOL.133  

 

6.3.6.3 Crystallisation of PaeDAH7PSPA2843 

 

Protein crystals of PaeDAH7PSPA2843 were prepared by mixing equal volumes of purified protein with 

crystallisation buffer. Protein was used at a concentration of 13–18 mg mL-1 and the crystallisation 

buffer contained 0.1 M sodium acetate pH 5.5, 0.8 M sodium formate, 1 mM CoCl2, 1 mM PEP, 20–

26% (w/v) PEG 2000MME. Crystals were prepared by hanging drop vapour diffusion over 500 µL 

reservoirs of crystallisation buffer and static incubation at 5 °C. Crystals of PaeDAH7PSPA2843 in complex 

with the allosteric inhibitors Trp or Tyr were obtained by the addition of either 2 mM Trp or 3 mM Tyr 

to the crystallisation buffer. Crystals typically formed within 7–10 days. 

 

6.3.6.4 Data Collection, Structure Determination and Refinement 

 

X-ray diffraction data were collected at the Australian Synchrotron MX1 and MX2 beamlines equipped 

with a Quantum 315 (ADSC) CCD detector.171,172 Crystals were flash frozen, in liquid nitrogen at 110 K, 

in a cryoprotectant solution containing 25% (v/v) PEG 300 and mother liquor. Data were collected 
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using a wavelength of 0.9537 Å, with data collection through every 0.5 ° rotation over 360 °. Datasets 

were integrated and processed using iMosflm173 and Aimless.174-176 A Matthews coefficient177,178 was 

determined for each data set to determine the number of chains in the asymmetric unit. 

 

Structures were solved by molecular replacement (MOLREP179,180), using a single chain of MtuDAH7PS 

(PDB 2B7O) or PaeDAH7PSPA2843 (PDB 5UXM) as a search model. All ligands and waters were removed 

from the search model prior to carrying out molecular replacement in order to reduce bias. Rigid body 

refinement was carried out using Refmac5181,182 and resultant electron density maps were visually 

inspected and used to build a structural model in COOT.183,184 Structural models were optimised 

through iterative rounds of model building in COOT and restrained refinement with Refmac5. Water 

molecules were added in such a way that all water molecules made at least one hydrogen bond to 

either a protein atom or another water molecule. If appropriate, ligand molecules were added to the 

model in the final stages of refinement. Omit maps were generated in FFT185 before the addition of 

ligands to the final model. 

 

6.3.7 Preparation of Trp Binding Site Mutant L179D 

 

Primers were designed to incorporate the Leu179Asp substitution using the pET-28a(+) wild type 

plasmid as a template for PCR. The mutagenic primers were Fwd: 5’- 

GGCTTCGCCGACGACCACCAGGTGCAC-3’ and Rev: 5’- GTGCACCTGGTGGTCGTCGGCGAAGCC-3’. The 

mutagenic base pairs responsible for the substitution are highlighted in bold. The resultant plasmids 

were sequence verified (Macrogen) and expression and purification of the mutant PaeDAH7PSPA2843 

L179D were carried out as described above for the wild type enzyme (Sections 6.3.2 and 6.3.3).  
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6.4 Experimental Methods for Chapter 4 

6.4.1 Cloning and Transformation of PaeDAH7PSPA1901 

 

6.4.1.1 Primer Design 

 

Primers were designed by hand and synthesised by Invitrogen (Table 6.8). Primers were designed to 

incorporate a tobacco etch virus (TEV) protease cleavage site into the final product for cleavage of the 

N-terminal polyhistidine tag encoded by the pET28a(+) vector. Primers were made up to 100 μM stock 

solutions.  

 

Table 6.8: Primers used for the amplification of the gene encoding PaeDAH7PSPA1901 from PAO1 gDNA. 

Enzyme Primer Primer Sequence  

PaeDAH7PSPA1901 Forward 5’ cgcgcggcagccatatggaaaacctgtattttcagg 

 Reverse 5’ tggtggtggtgctcgagtcatgccacggtctcc 

 

6.4.1.2 Cloning and Transformation of PaeDAH7PSPA1901 

 

The plasmid containing the gene encoding PaeDAH7PSPA1901 was prepared using P. aeruginosa gDNA 

as a template following the same protocol used to clone PaeDAH7PSPA2843 (described in Section 6.3.1) 

and verified by DNA sequencing (Macrogen). The completed, sequence verified plasmid was 

transformed into E. coli BL21(DE3) pGroESL cells and protein expression was achieved as outlined in 

Section 6.3.2. 
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6.4.2 Purification of PaeDAH7PSPA1901 

6.4.2.1 Cell Lysis 

 

Previously harvested cell pellets (stored at -80 °C) were thoroughly resuspended in cold lysis buffer 

containing 10 mM BTP, 200 mM KCl, 1 mM TCEP, 200 μM PEP, 5 mM imidazole, pH 8.0. Cell lysis was 

achieved by sonication using an Omni-Ruptor 4000 Ultrasonic Homogeniser (Omni International). 

Sonication was performed on ice at 40% pulse, 80% power in 4–6 ´ 5 minute cycles, with a rest period 

of approximately 2 minutes between each cycle to avoid overheating the sample. During the rest 

period, the sonicator probe was incubated in an ice bath.  

 

Prior to sonication, the resuspended cells were incubated with 1 mg of benzonase to degrade cellular 

DNA.  

 

After sonication, the soluble and insoluble fractions were separated by centrifugation at 40,000 ´ g for 

40 minutes. The supernatant was collected and passed through a 0.8 μm and 0.22 μm Millipore filter 

before immediate IMAC purification.  

 

6.4.2.2 Immobilised Metal Affinity Chromatography (IMAC)  

 

Affinity chromatography was achieved through a polyhistidine tag engineered onto the N-terminus of 

PaeDAH7PSPA1901. IMAC was achieved using a 5 mL TalonTrapTM HP column (GE Healthcare) prepacked 

with cobalt charged SepharoseTM High-Performance resin.  

 

Prior to use, the TalonTrapTM column was washed with 10 column volumes of Millipore Milli-QTM water 

and equilibrated with 10 column volumes of binding buffer (10 mM BTP, 200 mM KCl, 1 mM TCEP, 200 
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μM PEP, 5 mM imidazole, pH 8.0) before sample loading. Contaminating E. coli proteins and proteins 

that interacted weakly with the column were washed through the column with 6 column volumes of 

binding buffer before proteins that were bound to the column were eluted using an isocratic elution 

of 100% elution buffer (10 mM BTP, 200 mM KCl, 1 mM TCEP, 200 μM PEP, 100 mM imidazole, pH 8.0) 

over 10 column volumes. The protein sample was diluted 1:1 with binding buffer immediately after 

elution from the column as the protein precipitated without dilution. 

 

The column was then washed with 10 column volumes of elution buffer and 10 column volumes of 

Millipore MilliQTM water before being returned to 20% ethanol for column storage. Columns were 

stored at 4 °C.  

 

Fractions containing the eluted PaeDAH7PSPA1901 of interest were identified by SDS-PAGE and pooled 

for treatment with TEV protease to remove the polyhistidine tag. 

 

After treatment with TEV protease (Section 6.4.2.3), the cleaved polyhistidine tag and TEV protease 

were removed from the sample by affinity chromatography (5 mL TalonTrapTM). The column was again 

washed with 10 column volumes of Millipore MilliQTM water and equilibrated with 10 column volumes 

of binding buffer (10 mM BTP, 200 mM KCl, 2 mM DTT, 200 μM PEP, 5 mM imidazole, pH 8.0) before 

sample loading. Unbound protein, including PaeDAH7PSPA1901, was washed off the column with 10 

column volumes of binding buffer before bound proteins, including TEV protease, were eluted in an 

isocratic flow of 10 column volumes of elution buffer. The column was then washed with 10 column 

volumes of Millipore MilliQTM water before being returned to 20% ethanol for storage at 4 °C.  
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6.4.2.3 Cleavage of N-terminal Polyhistidine Tag 

 

The pooled fractions from the IMAC column were buffer exchanged, by centrifugation, to lower the 

high imidazole concentration used in the elution buffer. The His6-tagged PaeDAH7PSPA1901 pooled 

fractions were incubated with ~1 mg of Tobacco Etch Virus (TEV) protease in buffer containing 10 mM 

BTP, 200 mM KCl, 1 mM TCEP, 200 μM PEP, pH 8.0. The TEV cleavage reaction was carried out for 3–4 

h at 4 °C giving rise to efficient polyhistidine tag cleavage. 

  

6.4.2.4 Size Exclusion Chromatography (SEC) 

 

Size exclusion chromatography was used as a final purification step to remove any contaminating 

proteins based on native size. Pooled fractions from the final IMAC stage were concentrated to ~2 mg 

mL-1 and a volume of less than 13 mL. A HiLoadTM 26/60 SuperdexTM 200 prep grade column (GE 

Healthcare) was equilibrated with 1 column volume of SEC buffer containing 10 mM BTP, 200 mM KCl, 

2 mM DTT, 200 μM PEP, pH 8.0. The protein sample was subsequently loaded and eluted in 1 column 

volume of SEC buffer. The column was then washed with 1 column volume of Millipore MilliQTM water 

before storage in 20% ethanol. Size exclusion chromatography was carried out at 4 °C. 

 

6.4.2.5 Protein Concentration and Storage 

 

PaeDAH7PSPA1901 containing fractions were pooled and concentrated using a 10,000 Da molecular 

weight cut off centrifugal concentrator. Concentrators were washed with Milli-Q water prior to use. 

Samples were concentrated by centrifugation at 4,000 ´ g (at 4 °C) to between 5 and 10 mg mL-1 and 

stored in 50 µL aliquots. Samples were flash frozen in liquid nitrogen and stored at -80 °C.  
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6.4.3 Biophysical Characterisation of PaeDAH7PSPA1901 

6.4.3.1 Differential Scanning Fluorimetry (DSF) 

 

DSF measurements were carried out using an Applied Biosystems QuantStudio 3 instrument. Samples 

were prepared on a 96-well plate and each well had a final volume of 25 µL. Samples were made up in 

DSF buffer (containing 50 mM BTP pH 7.5, 200 µM PEP) and contained the appropriate amount of 

ligand (typically 200 µM), SYPRO Orange fluorescent dye, and a final protein concentration of 0.6 mg 

mL-1. 

 

The plate was sealed and heated from 20 °C to 90 °C. Samples were measured in triplicate alongside a 

negative control where the addition of protein was substituted for DSF buffer. Melting temperatures 

were determined as the maximum inflection point of the melt curve as defined by the maximum 

derivate.  

 

6.4.4 Functional Characterisation 

 

Kinetic parameters were determined as described in Sections 6.3.5.3 and 6.3.5.4 for PaeDAH7PSPA2843. 

For reactions carried out in the presence of either phenazine or PCA, Stock solutions of phenazine or 

PCA were prepared in DMSO and activity was compared to controls where phenazine or PCA was 

substituted for an equivalent amount of DMSO. 
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6.4.5 Structural Characterisation 

6.4.5.1 Analytical Ultra Centrifugation 

 

Sedimentation velocity experiments were performed in a Beckman Coulter Model XL-I analytical 

ultracentrifuge equipped with UV/Vis scanning optics. Reference buffer solution (50 mM bis-Tris 

propane, pH 7.5, 200 mM KCl, 100 μM cobalt chloride, 200 μM PEP) and sample solutions (including 

reference buffer solution with PaeDAH7PSPA1901 at three concentrations: 0.34 mg mL-1 (8 µM), 1.0 mg 

mL-1 (23 µM), and 1.35 mg mL-1 (30 µM) were loaded into 12 mm double-sector cells with standard 

Epon 2-channel centrepieces and quartz windows. Cells were mounted in either a four-hole An-60 Ti 

or an eight-hole An-50 Ti rotor and centrifuged at 40,000 rpm or 50,000 rpm at 20 °C. Absorbance 

measurements at wavelengths of 240 nm or 295 nm (collected in intensity mode) were recorded over 

a radial position range of 5.8 to 7.3 cm within the cell, with measurements taken at sediment boundary 

intervals of 0.003 cm. Buffer density (1.0129 g mL-1) and buffer viscosity (1.050 cP) were experimentally 

measured with an Anton Paar DMA4100M density meter and Anton Paar Lovis 2000 ME 

microviscometer, respectively. The 2DSA-Monte Carlo, van Holde-Weischet, and Discrete Model 

Genetic Algorithm (DMGA) analyses were performed using UltraScan III.152,186-188 Bead modelling and 

hydrodynamic calculations were performed using UltraScan Solution Modeller (US-SOMO).150,189 

 

Measurements made in the presence of aromatic amino acids or PYO were carried out, as described 

above, using a protein concentration of 17 µM. Aromatic amino acids or PYO were present at a 

concentration of 200 µM. 
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6.4.5.2 Small Angle X-ray Scattering 

 

SEC-SAXS data were collected at the SAXS/WAXS beamline at the Australian Synchrotron145 using a 

sheath flow sample environment146 at 12 keV (1.0332 Å), using a detector distance of 1600 mm, and 

at a temperature of 293 K. Data were collected by injecting protein concentrations of 1.0, 5.0 and 8.0 

mg mL-1 in buffer containing 50 mM bis-Tris propane pH 7.5, 100 µM cobalt chloride, 200 µM PEP, 5% 

glycerol (Table 6.9). 

 

Table 6.9: SEC-SAXS sample and data collection parameters for PaeDAH7PSPA1901. 

Sample Details PaeDAH7PSPA1901 

Organism Pseudomonas aeruginosa 
UniProt sequence ID G3XCJ9 
Extinction coefficient [A280, 0.1%] 1.22 
M from chemical composition (Da) 44, 468 
SEC-SAXS column  5 x 150 mm, Superdex S200 
Flow rate (mL min-1) 0.2 
Loading concentration (mg mL-1) 5.0 or 8.0 
Injection volume (µL) 20 
Solvent 50 mM bis-Tris propane pH 7.5, 100 µM cobalt chloride, 

200 µM PEP, 5% glycerol 

SAXS data collection parameters  
Instrument Australian synchrotron SAXS/WAXS beamline 
Detector Dectris PILATUS 1M 
Sample environment SEC-SAXS with sheath-flow cell146 
Wavelength (Å) 1.0332 
Camera length (mm) 1600 
Set temperature (°C) 20 

 

 

Data were processed using the reduction software ScatterBrain 2.83, developed at the Australian 

Synchrotron. Scattering intensity (I) was plotted versus q, as a log-linear plot, and analysed using the 

ATSAS package131. Deconvolution of the data was achieved using the HPLC module of the SOMO 

package149,150 by fitting two pure Gaussian functions to each SEC-SAXS data set. GASBOR148 was used 

to generate ab initio dummy residue models from the P(r) obtained from the deconvoluted data for 

peaks A and B, which were overlaid with the crystal structure of PaeDAH7PSPA1901 (PDB 6BMC). 
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6.4.5.3 Determination of Crystal Structure 

 

Protein crystals were prepared, by microbatch crystallisation144, by mixing equal volumes of purified 

protein (final protein concentration 3–5 mg mL-1) with reservoir solution (0.2 M sodium fluoride, 1 mM 

cobalt chloride, 1 mM phosphoenolpyruvate, 18% PEG 3350) and incubating at 278 k for 1–2 days.  

 

Crystals were flash frozen at 110 K in cryoprotectant containing 25% glycerol and mother liquor. X-ray 

diffraction data were collected at the Australian Synchrotron using the MX2 beamline,171 equipped 

with an Eiger 16M detector, at a wavelength of 0.9536 Å. Data were collected over 360 ° over a total 

time of 80 s.  

 

The structure of PaeDAH7PSPA1901 was solved by molecular replacement (MOLREP)179 using a single 

chain of PaeDAH7PSPA2843 (PDB 5UXM)138 as a search model. All ligands and waters were removed from 

the search model prior to molecular replacement as were residues associated with the inserted helices 

a2a and a2b (residues 179–225). Rigid body refinement was carried out using Refmac5181,182 and 

resultant electron density maps were visually inspected and used to build a structural model in 

COOT.183,184 Structural models were optimised through iterative rounds of model building in COOT and 

restrained refinement with Refmac5. Water molecules were added in such a way that all water 

molecules made at least one hydrogen bond to either a protein atom or another water molecule. 
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6.5 Sequences of Proteins used in this Study 

 

6.5.1 PaeDAH7PSPA1901 
 

MDDLLQRVRRCEALQQPEWGDPSRLRDVQAYLRGSPALIRAGDILALRATLARVARGEALVVQCGDCAE
DMDDHHAENVARKAAVLELLAGALRLAGRRPVIRVGRIAGQYAKPRSKPHEQVGEQTLPVYRGDMVN
GREAHAEQRRADPQRILKGYAAARNIMRHLGWDAASGQEANASPVWTSHEMLLLDYELSMLREDEQR
RVYLGSTHWPWIGERTRQVDGAHVALLAEVLNPVACKVGPEIGRDQLLALCERLDPRREPGRLTLIARM
GAQKVGERLPPLVEAVRAAGHPVIWLSDPMHGNTIVAPCGNKTRLVRSIAEEVAAFRLAVSGSGGVAAG
LHLETTPDDVTECVADSSGLHQVSRHYTSLCDPRLNPWQALSAVMAWSGAEAIPSATFPLETVA 
 

6.5.2 PaeDAH7PSPA2843 a2a/a2b-PaeDAH7PSPA1901 
 

MDDLLQRVRRCEALQQPEWGDPSRLRDVQAYLRGSPALIFAGDILALRATLARVARGEALVVQCGDCAE
DMDDHHAENVARKAAVLELLAGALRLAGGRPVIRVGRIAGQYAKPRSKPHEQVGEQTLPVYRGDMVN
GREAHAEQRVADPQRILKGYAAATNIMNLLRAFAQGGFADLHQVHRWNLDFIANSALAERYQQLADRI
DETLAFMRACGLDSAPQLRETSFWTSHEMLLLDYELSMLREDEQRRVYLGSTHWPWIGERTRQVDGAH
VALLAEVLNPVACKVGPEIGRDQLLALCERLDPRREPGRLTLIARMGAQKVGERLPPLVEAVRAAGHPVI
WLSDPMHGNTIVAPCGNKTRLVRSIAEEVAAFRLAVSGSGGVAAGLHLETTPDDVTECVADSSG 
LHQVSRHYTSLCDPRLNPWQALSAVMAWSGAEAIPSATFPLETVA 
 

6.5.3 PaeDAH7PSPA2843 

 

MSQSWSPESWRAKPIQQQPEYPDAAHLARVEQTLAGYPPLVFAGEARELRRQFAEVTAGRAFLLQGGD
CAESFAEFSAAKIRDTFKVLLQMAVVMTFAAGCPVVKVGRMAGQFAKPRSSGDETQNGVTLPAYRGDI
VNGIGFDEKSRVPDPERLLQAYHQSTASLNLLRAFAQGGFADLHQVHRWNLDFIANSALAERYQQLADR
IDETLAFMRACGLDSAPQLRETSFFTAHEALLLNYEEALTRRDSLTGEWYDCSAHMLWIGDRTRQIDGAH
VEMLRGVGNPIGVKVGPSMDSEELIRLIDILNPDNDPGRLNLIVRMGADKVGDHLPRLIQAIQREGRQVL
WSSDPMHGNTIKASSGYKTRDFARVLAEVRQFFEVHQAEGSYAGGIHIEMTGQNVTECIGGSRPITEDG
LSDRYHTHCDPRLNADQSLELAFLIAETLKQVRR 
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6.5.4 PaeDAH7PSPA2843 L179D Variant  
 

MSQSWSPESWRAKPIQQQPEYPDAAHLARVEQTLAGYPPLVFAGEARELRRQFAEVTAGRAFLLQGGD
CAESFAEFSAAKIRDTFKVLLQMAVVMTFAAGCPVVKVGRMAGQFAKPRSSGDETQNGVTLPAYRGDI
VNGIGFDEKSRVPDPERLLQAYHQSTASLNLLRAFAQGGFADDHQVHRWNLDFIANSALAERYQQLAD
RIDETLAFMRACGLDSAPQLRETSFFTAHEALLLNYEEALTRRDSLTGEWYDCSAHMLWIGDRTRQIDGA
HVEMLRGVGNPIGVKVGPSMDSEELIRLIDILNPDNDPGRLNLIVRMGADKVGDHLPRLIQAIQREGRQV
LWSSDPMHGNTIKASSGYKTRDFARVLAEVRQFFEVHQAEGSYAGGIHIEMTGQNVTECIGGSRPITED
GLSDRYHTHCDPRLNADQSLELAFLIAETLKQVRR 
 

6.5.5 MtuNterm-PaeDAH7PSPA2843 

 

MNWTVDIPIDQLPSLPPLPTDLRTRLDAALAKPIQQQPEYPDAAHLARVEQTLAGVPPLVFAGEARELRR
QFAEVTAGRAFLLQGGDCAESFAEFSAAKIRDTFKVLLQMAVVMTFAAGCPVVKVGRMAGQFAKPRSS
GDETQNGVTLPAYRGDIVNGIGFDEKSRVPDPERLLRAYANSTASLNLLRAFAQGGFADLHQVHRWNLD
FIANSALAERYQQLADRIDETLAFMRACGLDSAPQLRETSFFTAHEALLLNYERALTRRDSLTGELYDCSAH
MLWIGDRTRQIDGAHVEMLRGVGNPIGVKVGPSMDSEELIRLIDILNPDNDPGRLNLIVRMGADKVGD
HLPRLIQAIQREGRQVLWSSDPMHGNTIKASSGYKTRDFARVLAEVRQFFEVHQAEGSYAGGIHIEMTG
QNVTECIGGSRPITEDGLSDRYHTHCDPRLNADQSLELAFLIAETLKQVRR 
 

6.5.6 PaeDAH7PSPA1750 

 

MADLQIDDLNVASNETLITPEQLKREIPLTDKALQTVAQGRQVVRDILDGKDHRLFVVIGPCSIHDIKAAH
EYADRLKALAAEVADTLFLVMRVYFEKPRTTVGWKGLINDPYLDDSFKIQDGLHIGRQLLRDLAEKGLPTA
TEALDPISPQYLQDLISWSAIGARTTESQTHREMASGLSSAVGFKNGTDGSLTVAINALQSVSSPHRFLGIN
QQGGVSIVTTKGNRYGHVVLRGGNGKPNYDSVSVALCEQDLNKAKIPLNIMVDCSHANSNKDPALQPL
VMDNVSNQIVEGNNSIVGLMVESHLGWGSQPIPKDLDQLQYGVSITDACIDWATTEKSIRSMHAKLKD
VLPKRQRG 
 

6.5.7 PaeDAH7PSPA2943 

 

MNSSVSALTTLSPNVQAVALPSATARTALERLPSPLELKARQPLPLELASQVAASRDAIRAILDGDDPRLLV
VVGPCSIHDPRSALEYAERLAALSDELDGQLLLVMRAYVEKPRTTVGWKGLAYDPHLDGSDDMAAGLAL
SRQLMLDMLRLGLPLATELLQPLAAGYFDDLLSWAAIGARTSESQIHRELVSGLGLPVGFKNGTDGGVGI
ACDAIRSAAHGHRHFGLDPHGHPALIETRGNPDTHVVLRGGRHGSNYGPEQVQAVRQALESQGIATRM
MVDCSHANSGKNPLNQPGVLASVLDQRLAGASDLVGVMLESHLFDGCQALGGELRYGVSITDGCLGW
EGTERILRDAARRLAERR 
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Appendix A: Sequence Alignment 
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Appendix B: Publication 
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