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Abstract 

The enzymes of the Claisen-condensing family catalyse the condensation reaction between 

acetyl coenzyme A (AcCoA) and an α-ketoacid. The well-characterised members of this family 

include α-isopropylmalate synthase (α-IPMS) from the L-leucine biosynthetic pathway, malate 

synthase (MS) in the glyoxylate pathway, citramalate synthase (CMS) from the threonine-

independent L-isoleucine biosynthetic pathway, citrate synthase (CS) from the Krebs cycle, 

and homocitrate synthase (HCS) in the α-aminoadipate pathway (L-lysine biosynthetic 

pathway).  

α-IPMS, CMS, and HCS are the key enzymes that catalyse the first committed steps in L-

leucine, L-isoleucine, and L-lysine biosynthesis in microorganisms, respectively, and their 

catalytic activities are feedback regulated by the end-product of the corresponding biosynthetic 

pathway. Each monomeric subunit of α-IPMS and CMS is comprised of a C-terminal catalytic 

domain, two subdomains (I and II), and an N-terminal regulatory domain responsible for 

allosteric inhibition, whereas HCS consists of only a catalytic domain and two subdomains and 

lacks a discrete regulatory domain. In addition to the structural similarities, α-IPMS, CMS, and 

HCS share common reaction chemistry, which is a metal ion-dependent transfer of an acetyl 

group from AcCoA to an α-keto acid. This information, in addition to sequence similarities, 

indicates that these enzymes are evolutionarily related.  

This thesis aimed to characterise the functionality of α-IPMS, CMS, and HCS to provide 

greater detail of the mechanisms by which they catalyse their reactions and to help develop a 

greater understanding of their evolutionary relationships and allosteric regulation. 

Chapter 2 demonstrates the expression and biochemical characterisation of the wild-type HCS 

from Schizosaccharomyces pombe (SpoHCS) and a detailed description of its functionality in 

different environments. SpoHCS was successfully expressed and purified using immobilised 

metal ion affinity chromatography followed by size-exclusion chromatography. The enzyme 

was found to be tetrameric in solution, which is in contrast to the previously described 

oligomeric state for this enzyme. The kinetic characteristics of the wild-type SpoHCS were 

studied, in which the apparent KM values for the substrates were determined to be in the 

micromolar range with a turnover number of 4.2 ± 0.1 s-1, and catalysis was inhibited by L-

lysine. The enzyme kinetic data showed a dependency on pH, temperature, and solution 

viscosity. The crystal structure of the enzyme was solved, which showed similar characteristics 

to previously reported crystal structures. 
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In Chapter 3, the influence of the accessory domain in the functionality of SpoHCS is described, 

which involved the substitution of residues predicted to be important in conformational 

stability and flexibility of the enzyme. The residue substitutions significantly affected the 

protein fold of the enzyme and its thermal stability. The majority of the mutated variants 

abolished enzymatic activity, and only three variants remained active; however, the sensitivity 

of the enzyme towards its substrates was significantly reduced. The kinetics and crystal 

structures of constructed variants show that the substituted residues play a crucial role in 

conformational stability and flexibility of subdomain I, which is proposed to be necessary for 

the enzyme functions. 

Chapter 4 details the catalytic and regulatory responses of the α-IPMS from Neisseria 

meningitidis (NmeIPMS) to different sizes of protein domains (TRX and GST) added to the N-

terminus of the regulatory domain. NmeIPMS was successfully cloned and expressed with an 

N-terminal TRX-tag and GST-tag; however, the purified NmeIPMS-GST was found to be 

aggregated. Both of the constructed NmeIPMS variants were catalytically active, but no 

allosteric inhibition was observed in the presence of L-leucine. However, both isothermal 

titration calorimetry and differential scanning fluorimetry data showed that L-leucine was still 

bound to NmeIPMS-TRX. Small-angle X-ray scattering experiments were performed for both 

the wild-type enzyme and NmeIPMS-TRX to characterise their solution-phase structures and 

any conformational changes that occurred in the presence of L-leucine. However, both enzymes 

were found to aggregate in the presence of L-leucine. 

Chapter 5 describes the inhibitor selectivity of the α-IPMS from Mycobacterium tuberculosis 

(MtuIPMS), an enzyme that catalyses the condensation of AcCoA and α-KIV as the primary 

step in the biosynthesis of L-leucine and is allosterically regulated by L-leucine. Key residues 

predicted to be involved in L-leucine binding were rationally substituted and the allosteric 

inhibition and inhibitor selectivity of the enzyme variants were studied. Kinetic assays 

demonstrated that all variants were catalytically active. The inhibition studies showed that 

Ala567 and Ile627 residues in the regulatory domain of MtuIPMS significantly influence the 

specificity of the enzyme towards allosteric ligands, so that the substitutions of Ala567 and 

Ile627 for valine and alanine, respectively, altered the inhibition specificity of the enzyme. In 

addition, inhibition data illustrated that L-leucine inhibition for MtuIPMS switched to L-

isoleucine by the simultaneous substitutions of A567V/I627A. Furthermore, ITC data showed 

that the potential allosteric inhibitors bound to the enzyme variants, suggesting the substitutions 

had influenced the communication between allosteric and active site. 
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Chapter 6 investigates the physical characteristics and functionality of CMS from 

Methanococcus jannaschii (MjaCMS). The enzyme was expressed and purified, and its 

physical features were characterised, in which analytical gel filtration data showed that the 

enzyme was aggregated. However, kinetic characterisation showed that the enzyme was 

catalytically active with an apparent KM value of 74 ± 5 µM for pyruvate and 43 ± 2 µM for 

AcCoA, and a turnover number of 1.15 ± 0.05 s-1. The catalytic activity of the enzyme was 

found to be sensitive to non-competitive inhibition by L-isoleucine with Ki values of 166 ± 9 

μM and 152 ± 11 μM for pyruvate and AcCoA, respectively. 
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1.1 Introduction 

Amino acids are key organic compounds of metabolism responsible for fundamental cellular 

processes in all organisms. Amino acid biosynthesis takes place via a series of chemical 

reactions catalysed by enzymes, in which the amino acids are produced from a set of standard 

metabolites.1 Amino acid biosynthesis also provides the building blocks for several secondary 

metabolites derived from amino acids. Amino acids have important roles as the precursors of 

proteins, in a way that their sequence arrangement and diversity specify the protein structures 

and give them a rich variety of functions such as catalysis and signalling.2 Amino acids can be 

classified into several groups; one of the categorisation schemes is to divide them into two 

groups, as essential and non-essential, depending on whether an organism can synthesise the 

amino acid. Essential amino acids are those that mammals require through diet, as their cells 

cannot synthesise them, and non-essential amino acids are those that could be synthesised by 

mammalian cells. In other words, mammals cannot synthesise essential amino acids and need 

to gain them by supplementation, while these amino acids are synthesised by plants,3 fungi,4 

and bacteria 5-7 using enzymes that comprise their metabolic pathways. There are various 

biochemical pathways that microorganisms and plants use to synthesise amino acids; however, 

different organisms may use different pathways to produce the same amino acid. For example, 

certain fungi use an aminoadipate pathway to synthesise L-lysine from α-ketoglutarate instead 

of oxaloacetate,8 and in some bacteria, pyruvate (an α-keto acid) is the starting compound in 

the L-isoleucine biosynthetic pathway instead of aspartate.9 

Due to chemical similarities between the amino acids, it is not surprising that similar enzymes 

participate in many of their biosynthetic pathways. For instance, in the biosynthetic pathway 

of branched-chain amino acids, L-leucine, L-isoleucine, and L-valine, a set of four enzymes 

executes reactions in parallel pathways using diverse compounds leading to the production of 

L-valine, L-leucine, and L-isoleucine.10-13 Furthermore, the enzyme catalysing the first step in 

L-lysine biosynthesis through the α-aminoadipate (AAA) pathway is a homolog of those in the 

L-leucine and L-isoleucine biosynthesis pathways.14, 15 

Previous studies have reported that knockouts of the genes encoding enzymes within bacterial 

amino acid biosynthetic pathways result in auxotrophic mutants that were not able to grow 
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without amino acid supplementation.6 Thus, disruption of the biosynthetic pathways that are 

necessary for the production of essential amino acids within microorganisms but are absent in 

humans offers the possibility of treatment for pathogenic infections and could result in drug 

development. This research focused on the L-leucine biosynthetic pathway, L-isoleucine 

biosynthesis pathway (citramalate synthase pathway), and L-lysine biosynthesis pathway (α-

aminoadipate pathway). 

 

1.2 Leucine biosynthesis  

Pyruvate is the starting metabolite for the L-valine, L-leucine, and L-isoleucine biosynthetic 

pathways. In L-valine biosynthesis, the formation of α-acetolactate from pyruvate by 

acetolactate synthase (ALS) is the first step, and α-ketoisovalerate (α-KIV) transamination to 

L-valine by branched-chain amino transaminase (BCAT) is the last. However, α-KIV is 

simultaneously the starting compound in the L-leucine biosynthetic pathway, which suggests 

that the L-leucine biosynthetic pathway branches off the L-valine pathway. L-Leucine 

biosynthesis includes multiple steps starting with α-isopropylmalate synthase (α-IPMS) 

catalysing the condensation reaction between acetyl coenzyme A (AcCoA) and α-KIV that 

results in the generation of α-isopropylmalate (α-IPM). Then, α-IPM is isomerised to β-

isopropylmalate catalysed by isopropylmalate dehydratase (IPMD), by the transfer of a 

hydroxyl group between adjacent carbons. Isopropylmalate dehydrogenase (IPMDH) oxidises 

β-isopropylmalate to form α-isopropyl-β-oxosuccinate, which is then decarboxylated to give 

α-ketoisocaproate (α-KIC). The last step in the L-leucine biosynthetic pathway, which is the 

transamination of α-KIC to L-leucine, is catalysed by BCAT (Figure 1.1). L-Leucine inhibits 

α-IPMS catalysis, regulating the delivery of this amino acid in response to metabolic 

demands.16-18 

 

1.3 Isoleucine biosynthesis  

Threonine deaminase (TD) is responsible for the generation of α-ketobutyrate (α-KB) from 

threonine as the primary step in the L-isoleucine biosynthetic pathway found in several 

organisms, where enzyme catalysis is allosterically inhibited by L-isoleucine.7, 19 However, in 

some bacteria, an alternative route to α-KB arises in a threonine-independent L-isoleucine 
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biosynthetic pathway (also known as the citramalate pathway) that starts with citramalate 

synthase (CMS) catalysing the condensation between AcCoA and pyruvate resulting in the 

generation of citramalate (CM), where CMS catalysis is correspondingly inhibited by L-

isoleucine.20, 21 A dihydroxy-acid dehydratase catalyses the isomerisation of citramalate to 

produce β-methyl-D-malate within the next two steps, where an IPMDH enzyme oxidises β-

methyl-D-malate to form α-KB. The reaction between α-KB and the second pyruvate molecule 

is catalysed by acetohydroxyacid synthase (AHAS), leading to the production of α-aceto-α-

hydroxybutyrate, which then is isomerised to α-β,dihydroxy-β-methylvalerate by 

acetohydroxyacid isomeroreductase (AHAIR). The product of this step is subsequently 

dehydrated to form α-keto-β-methylvalerate, followed by transamination by BCAT to form L-

isoleucine (Figure 1.2). 
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Figure 1.1: L-Leucine and L-valine biosynthetic pathways. 

The above scheme shows that the L-leucine biosynthetic pathway branches off the L-valine pathway 

with α-KIV as its first metabolite (ALS = acetolactate synthase, BCAT = branched-chain 

aminotransferase, DHAD = dihydroxy-acid dehydratase, KARI = ketoacid reductoisomerase, α-IPMS 

= α-isopropylmalate synthase, IPMDH = isopropylmalate dehydrogenase, IPMI = isopropylmalate 

isomerase, IPMD = isopropylmalate dehydratase). 
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Figure 1.2: L-Isoleucine biosynthetic pathways. 

Both the threonine-dependent and threonine-independent biosynthetic pathways of L-isoleucine are 

shown. The enzymes that catalyse the threonine-dependent pathway are labelled with their 

commission numbers. The threonine-independent pathway is catalysed by citramalate synthase 

(CMS), methyl malate dehydratase (MMD), and isopropylmalate dehydrogenase (IPMDH).  
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1.4 Lysine biosynthesis  

The biosynthesis of L-lysine can take place using two different pathways known as the 

diaminopimelate (DAP) pathway found in both prokaryotes and plants, and the α-aminoadipate 

(AAA) pathway found among yeast species,22 fungi,8, 23 and protists.24 This study focused on 

the AAA pathway (Figure 1.3). This pathway starts with the formation of homocitrate, the 

product of the condensation reaction between α-ketoglutarate (α-KG) and AcCoA catalysed by 

homocitrate synthase (HCS), which is subsequently dehydrated and hydrated by methanogen 

homoaconitase (EC 4.2.1.114) to generate cis-homoaconitate and homoisocitrate, respectively. 

Homocitrate dehydrogenase (EC 1.1.1.87) oxidises the resulting homocitrate compound to α-

oxoadipate. α-aminoadipate transaminase (EC 2.6.1.39) catalyses the next step by adding an 

amine from the glutamate intermediate to α-oxoadipate to form α-aminoadipate (AAA), which 

is then reduced to aminoadipate semialdehyde by aminoadipate reductase (EC 1.2.1.95). As 

the last step in the L-lysine biosynthetic pathway, aminoadipate semialdehyde transaminase 

(EC 2.6.1.39) uses glutamate to convert aminoadipate semialdehyde into L-lysine.8, 25, 26  

 

Figure 1.3: L-Lysine synthesis in the α-aminoadipate (AAA) pathway. 

HCS catalyses the first step in the AAA pathway. Other enzymes catalysing chemical reactions in this 

pathway are labelled with their commission numbers. 
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1.5 α-Isopropylmalate synthase 

The initial step in the biosynthetic pathway of L-leucine is catalysed by α-IPMS, a member of 

the Claisen-condensing family, which catalyses the reaction between α-KIV and AcCoA to 

form α-IPM. The enzymes of this family catalyse chemical reactions between AcCoA and an 

α-keto acid. The well-characterised members of this family include citrate synthase (CS) from 

the citric acid cycle,27 malate synthase (MS) in the glyoxylate pathway,28, 29 citramalate 

synthase (CMS) from the threonine-independent L-isoleucine biosynthetic pathway,20, 30 

homocitrate synthase (HCS) from L-lysine biosynthesis,22, 31 and methylthioalkylmalate 

synthase (MAMS) from the glucosinolate biosynthetic pathway.32  

α-IPMS has been studied from several organisms including fungi,33 plants,34 and bacteria;17, 35-

37 the most thorough studies have been performed on the α-IPMS from Mycobacterium 

tuberculosis (MtuIPMS) because of the pathogenicity of this organism, and its value as a 

candidate for drug discovery.  

 

1.5.1 Function  

α-IPM and CoASH are products of a condensation reaction between α-KIV and AcCoA, 

catalysed by α-IPMS, as shown in Figure 1.4. 

 

Figure 1.4: α-IPMS condensation reaction. 

The α-IPMS enzyme catalyses the condensation reaction between AcCoA and α-KIV. 
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The enzyme kinetics have been characterised for α-IPMS enzymes isolated from several 

organisms, where kinetic parameters indicated KM values in the range of 5 to 136 µM for 

AcCoA and 7 to 570 µM for α-KIV with kcat values between 2.3 and 330 s-1, as shown in Table 

1-1. Besides α-KIV, which is the primary substrate for α-IPMS, the enzyme has been reported 

to catalyse the condensation between AcCoA and some other α-keto acids including α-

ketobutyrate,33, 35 4-methylthio-2-oxobutyrate,34 pyruvate,35 and ketovalerate.35 The diversity 

in substrate specificity of α-IPMS’s, in addition to the reported sequence similarity with other 

proteins,34 suggests that α-IPMS is evolutionary related to other proteins such as mitochondria 

associated membrane (MAM) proteins and that MAM probably evolved from an ancestral α-

IPMS.34 Regardless of the diversity in α-keto acid selectivity, enzyme catalysis strictly depends 

on AcCoA; however, AcCoA can be independently slowly hydrolysed by α-IPMS.35  

 

Table 1-1: Kinetic parameters that have been determined for α-IPMS enzymes. 

 

Organism 

KM (µM)  

kcat (s-1) AcCoA α-KIV 

Spinacia oleracea38 5 75   NR* 

Saccharomyces cerevisiae39 9 16 NR 

Mycobacterium tuberculosis40 24 7 2.7 

Neurospora crassa33 24 10 NR 

Neisseria meningitidis41 35 30 13 

Mycobacterium tuberculosis35 136 12 3.5 

Methanococcus jannaschii42 70 90 1.6 

Candida maltosa43 64 570 NR 

Arabidopsis thaliana IPMS134 45 304 2.4 

Arabidopsis thaliana IPMS134 16 279 2.3 
*NR: Not Reported 

 

1.5.2 Proposed enzyme mechanism 

All previous studies on α-IPMSs isolated from diverse organisms have reported that a divalent 

metal ion co-factor is required for enzymatic activity. For instance, the catalytic activity of 

IPMSs, such as those from Arabidopsis thaliana34 and M. tuberculosis,35 have been 

demonstrated to increase in the presence of Mg2+ and Mn2+. However, it has also been reported 

that some divalent metal ions such as Ni2+, Co2+, Cd2+, Hg2+, Zn2+, and Ca2+ could be an 

activator or inhibitor for different α-IPMSs; for example, Ca2+ and Ni2+ have been shown to 

serve as activators of α-IPMS from M. tuberculosis,35  as opposed to their inhibitory role in 

AthIPMS.34  Though  Zn2+ and Cd2+ were reported to be inhibitors for MtuIPMS,35 a further 
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research carried out by Huisman et al. has demonstrated that the above metal ions were 

interfering with the coupling assay that leads to the production of the reporter compound.18 It 

has also been observed that monovalent cations such as K+ and Na+, possibly by recruiting the 

divalent metal ions at the active site, are required for enzyme activity from organisms such as 

M. tuberculosis,30, 35 Saccharomyces cerevisiae,39 and Neurospora crassa.33 It has been 

proposed that the divalent metal ion coordinates the α-KIV carbonyl group and polarises the α-

keto group during the catalysis, promoting AcCoA nucleophilic attack.  

The proposed mechanism of the chemical reaction catalysed by α-IPMS is shown in Figure 

1.5, which indicates that a basic residue at the active site of the enzyme deprotonates the methyl 

group of AcCoA to form an enolate. This is followed by a Claisen-condensation reaction 

between AcCoA and the carbonyl compound of α-KIV in the presence of a basic residue, 

resulting in α-isopropylmalyl-CoA as a primary intermediate. AcCoA is then hydrolysed by a 

deprotonated water molecule to produce α-IPMS and CoASH. This mechanism is consistent 

with the highest α-IPMS enzymatic activity observed between pH 7.0 and 8.0 (basic pH 

levels),33, 34, 44 required for deprotonation of AcCoA. 

 

Figure 1.5: The reaction mechanism proposed for α-IPMS, CMS, and HCS enzymes. 

The enzymes catalyse the reaction between AcCoA and an α-keto acid. The molecular sidechain is 

specified with R, which varies for each keto acid. Basic and acidic residues at the enzyme active site 

are shown as B1, B2, and A. This mechanism was proposed by de Carvalho et al. 35 
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1.5.3 Leucine feedback regulation 

α-IPMS catalytic activity is feedback regulated by the allosteric binding of L-leucine as the 

product of the pathway, adjusting the production of this amino acid. The inhibition effects of 

L-leucine on the enzyme kinetics have been characterised from several organisms, where Ki 

value of 8 ± 1 μM and Ki’ value of 22 ± 2 μM have been reported for substrate-bound and 

substrate-free forms of MtuIPMS, respectively. L-Leucine inhibition has been proposed to be 

mixed slow-onset inhibition, which is pH-dependent as an increase in pH reduces inhibition.17, 

33, 45 Webster et al.33 has suggested that it is plausible the pH dependency of L-leucine inhibition 

is due to the titration of ionizable groups on the protein.  

 

1.5.4 Enzyme overall structure  

Several studies have been carried out on α-IPMS from diverse organisms in which the full-

length crystal structure of the long-form enzyme, comprised of an N-terminal catalytic domain 

followed by an accessory domain (consists of subdomain I and II) and a C-terminal regulatory 

domain, and the short-form enzyme which lacks the whole regulatory domain, have been 

characterised from M. tuberculosis46 (MtuIPMS) and Leptospira biflexa47 (LbiIPMS), 

respectively. 

Regarding MtuIPMS, the crystal structures of the enzyme have been solved with various 

compounds bound at its active site, including α-KIC (PDB: 3HPS),48 α-KIV (PDB: 1SR9),46 

citrate (PDB: 3HQ1),48 and bromopyruvate (PDB: 3HPZ).48 In addition, the L-leucine-

complexed crystal structure of MtuIPMS has been solved with L-leucine bound to the inhibitor 

binding site on the regulatory domain (PDB: 3FIG).46 A divalent metal ion, such as Zn2+ or 

Mn2+, has been detected at the active site of all reported α-IPMS crystal structures. So far, no 

full-length apo-enzyme or AcCoA-bound crystal structures have been obtained for α-IPMS, 

which suggests that the presence of ligands (both substrates and inhibitor) at the enzyme active 

site or the inhibitor binding site are necessary to increase the conformational stability of the 

protein to facilitate crystallisation. MtuIPMS crystal structures have revealed that the enzyme 

is a homodimer formed by two subunits (Figure 1.6), each with a molecular weight of 70 kDa. 

Each monomeric subunit of MtuIPMS consists of a catalytic domain, a regulatory domain, and 

an accessory domain composed of two smaller subdomains (subdomains I and II). The catalytic 

domain is formed by an N-terminal (β/α)8 TIM-barrel that bears the enzyme active site, where 
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both the α-KIV and the divalent metal ion binding sites are positioned. The accessory domain 

starts with subdomain I and is comprised of a βαβ conformation extended by a disordered 

flexible linker to subdomain II that is comprised of three α-helixes. Subdomain II is connected 

to a C-terminal regulatory domain structured in a βββ-αα-βββ conformation where the two α-

helices are sandwiched between two sets of three β-sheets. L-Leucine binds to the inhibitor 

binding sites at the dimeric interface of the regulatory domain (Figure 1.7). 

 

Figure 1.6: The dimeric crystal structure of the MtuIPMS enzyme (PDB: 1SR9).46 

The crystal structure of the enzyme reveals that it is comprised of two monomers, which are shown in 

purple and yellow. The α-KIV substrates are coloured green, and Zn2+ is displayed as a black sphere 

at the active sites. L-Leucine was overlaid from the L-leucine bound crystal structure of MtuIPMS 

(PDB:3FIG)46 and is shown in blue. 
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Figure 1.7: Domains of the MtuIPMS enzyme. 

The crystal structure of the MtuIPMS enzyme (PDB: 1SR9),46 in which one monomer is shown in 

grey and the second monomer is coloured, demonstrates the domains of MtuIPMS. The ligand-

binding sites are shown by the arrows. 

 

 

Studies on MtuIPMS crystal structures indicate that the enzyme is an asymmetric homodimer, 

where subdomain I and the catalytic domain are rotated relative to each other with the 

regulatory domains and subdomain II positioned on top of the active site of one catalytic 

domain (Figure 1.8). The structural differences that allow for this asymmetry have been 

suggested to be due to the flexibility of the disordered linker region that connects the 

subdomains of the accessory domain of the enzyme. 
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Figure 1.8: The asymmetry observed in the crystal structure of MtuIPMS (PDB:1SR9).46  

One chain is shown in grey, and the other one is coloured. Enzyme domains, subdomains, active sites, 

and L-leucine binding sites are labelled.  

 

As for LbiIPMS, the short form (394 residues) crystal structures of the enzyme complexed with 

α-IPM (PDB:4OV9)47 and α-KIV (PDB:4OV4)47 have been characterised, in which Zn2+ was 

also observed at the active site of the enzyme. Initial sequence analysis of LbiIPMS has shown 

that the enzyme's length is considerably shorter than MtuIPMS, suggesting that the enzyme 

probably lacks a regulatory domain. This has been supported by the crystal structures of the 

enzyme (Figure 1.9), where the regulatory domain is absent. The short-form LbiIPMS has been 

demonstrated to be a dimer with each asymmetric unit comprised of an N-terminal catalytic 

domain and two smaller subdomains (I and II). 

The characterised crystal structures have shown that the N-terminal catalytic domain of 

LbiIPMS adopts a similar structure, a TIM (α,β)8 fold, compared to that of MtuIPMS, where 

the α-KIV substrate and Zn2+ binding sites are at the active site of the enzyme positioned at the 

center of the TIM barrel. Subdomain I of LbiIPMS is formed by two α-helices and two flexible 

loops; however, a small disordered region (residues 302–309) was not resolved. Subdomain II 

of LbiIPMS is comprised of three α-helices that form a condensed helical structure (Figure 

1.9). 
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Figure 1.9: The monomeric crystal structure of LbiIPMS (PDB: 4OV4).47 

The catalytic domain and subdomains are labelled in the figure. Zn2+ (black sphere) and the α-KIV 

substrate (cyan) are shown at the active site of the enzyme. 

 

As described earlier, the two monomeric subunits of MtuIPMS have been shown to display 

major conformational differences (refer to Figure 1.8). However, the homodimer of LbiIPMS 

is formed by two symmetry-related subunits, in which subdomain II of each subunit is 

positioned on top of the active site of the adjacent subunit (Figure 1.10). 
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Figure 1.10: The dimeric form crystal structure of LbiIPMS (PDB: 4OV4).47 

The enzyme subunits are coloured blue and pink. The crystal structure reveals that subdomains II 

from each monomer is located at the top of the adjacent active sites. Zn2+ (black sphere) and the α-

KIV substrate (cyan) are shown at the active sites. 

 

Since this study focused on the long-form α-IPMS, only the crystal structure characteristics of 

MtuIPMS are discussed further. 

 

1.5.4.1 Enzyme active site 

α-KIV and metal ion binding 

No IPMS crystal structure has been solved with AcCoA bound to the enzyme, but α-KIV and 

the divalent metal ion (Zn2+) have been found at the MtuIPMS active site (PDB: 1SR9).46 As 

shown in Figure 1.11, the divalent metal ion (Zn2+) is coordinated to the sidechains of three 

residues (Asp81, His285, and His287), the carbonyl groups of α-KIV, and a water molecule 

(not shown). Besides metal ion interactions, α-KIV forms hydrogen-bond interactions with 

residues Arg80 and Thr254 at the active site. All residues involved in α-KIV and metal ion 

binding are highly conserved across α-IPMSs except for His287, which is substituted for Gln 

in A. thaliana. The substrate specificity of the enzyme is dictated by a hydrophobic pocket 

where the α-KIV sidechain is accommodated. This hydrophobic pocket is comprised of several 

highly conserved residues, including Pro252, Asn250, Ser216, His167, and Leu143 (Figure 

1.11).  
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Figure 1.11: The active site of MtuIPMS complexed with α-KIV. 

MtuIPMS crystal structure (PDB: 1SR9)46 shows α-KIV (green) and Zn2+ (black) binding at the active 

site. Dashed lines show the interactions between α-KIV, the metal ion, and the residues at the active 

site. The sidechain of the substrate is surrounded by a hydrophobic pocket comprised of the residues 

that are shown in orange. 

 

1.5.4.2 Inhibitor binding site 

L-Leucine binding at the dimer interface of the regulatory domain has been determined from 

the MtuIPMS crystal structure (PDB: 3FIG).46 Hydrogen-bond interactions are formed between 

the carboxyl group of L-leucine and the amine functional groups of Ala536 and Ile627’ (from 

the adjacent monomer), whereas the amino group of L-leucine interacts with the sidechain 

carboxyl groups of Asn532 and Ala565’. The L-leucine sidechain is positioned in a 

hydrophobic pocket formed by Leu535’, Val551’, Tyr554’, Ala558, and Ala567 (Figure 1.12).  

Multiple residues, such as the motif G-x-G-P-[V-I-L] that forms a loop surrounding the 

inhibitor binding site, are highly conserved across the regulatory domain of α-IPMSs. As in 

MtuIPMS, asparagine (Asn532) is the variable residue of this motif that forms a hydrogen bond 
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with the amino group of allosteric ligand (L-leucine), while the sidechain of Leu535 

participates in the creation of a hydrophobic pocket that accommodates the L-leucine inhibitor. 

It has been reported that the mutation of any of the glycine residues to aspartic acid, in this 

motif, abolished L-leucine inhibition in α-IPMS from S. cerevisiae,49 where similar results were 

observed for the motif proline mutations in α-IPMS from E. coli.50 

Residues such as I627 (MtuIPMS numbering) that are in direct contact with L-leucine are 

highly conserved in the inhibitor binding site, and it seems that the hydrophobic pocket plays 

a vital role for the specificity of L-leucine inhibition. This pocket has been further studied and 

is discussed in Chapter 5 of this thesis.  

 

Figure 1.12: L-Leucine binding site. 

MtuIPMS crystal structure (PDB: 3FIG)46 shows L-leucine (yellow) binding at the dimer interface of 

the regulatory domain of the enzyme. Monomers are shown in pink and green. 

 

1.5.5 Allostery  

Although enzyme regulation can take place through different mechanisms, currently, allosteric 

control and its mechanism in regulating the activity of an enzyme is of interest. Allostery is 
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commonly defined as a biological process in which binding of an effector molecule at one site, 

other than the active site, regulates enzyme function through various proposed mechanisms 

such as the molecular transmission process altering the enzyme affinity for its substrates,1, 18 

inducing structural rearrangements,51 and changes in conformational dynamics of a protein.1, 

52 

Descriptions of allostery go back more than 50 years ago,53 where the first identified allosteric 

proteins (such as haemoglobin) were widely studied and their structures were characterised 

using X-ray crystallography,54 in which allostery was defined based on distinct changes in the 

enzyme shape. The static structural images have significantly influenced the concept of 

allostery that was defined based on such studies.51 The study of allosteric enzymes has 

determined a rich spectrum of regulatory mechanisms and provided a basis to incorporate the 

definition of allosteric strategies from diverse systems.1 Analysis of allosteric ensembles has 

also recognised dynamic changes in many structured allosteric proteins.55-59 Our understanding 

of allostery is based on our knowledge of molecular dynamics and how the binding of 

metabolic molecules alters enzyme dynamics and enzyme catalysis.60-62 However, despite the 

structural based insights in the understanding of allostery, a molecular understanding of 

allostery has become more complex as a quantitative definition of allostery is necessary to 

understand how allostery works.1  

α-IPMS is feedback regulated by the allosteric binding of L-leucine to the regulatory domain. 

The crystal structure of L-leucine binding at the allosteric binding-site of MtuIPMS has been 

determined;46 however, no significant change was observed when the apo-form and L-leucine-

bound crystal structures of MtuIPMS are compared. The allosteric inhibition mechanism of α-

IPMS is still unknown, and our knowledge mainly rests on the primary data that have been 

reported previously, 60, 62-64 which allow us to propose a new, unrecognised model for the 

allosteric control of a biosynthetic enzyme disclosed via the oscillation of a molecular 

pendulum. Chapter 4 of this thesis discussed the allosteric inhibition of α-IPMS to provide 

insight into how enzyme dynamics mediate allosteric regulation. 
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1.6 Citramalate synthase 

The enzyme citramalate synthase (CMS, the product of the cimA gene), which belongs to the 

Claisen-condensing family, catalyses the condensation reaction between AcCoA and pyruvate 

to form citramalate as the initial step in the biosynthesis of L-isoleucine, also known as the 

citramalate pathway. This pathway has been discovered in archaea and other microorganisms 

such as Leptospira interrogans,20, 21 a pathogenic bacterium that causes leptospirosis. 

The citramalate pathway is not common among microorganisms, and L-isoleucine is usually 

synthesised through the threonine dependent pathway. Thus, CMS enzymes have only been 

studied from a few organisms such as Methanococcus jannaschii,65, 66 Geobacter 

sulfurreducens,67 L. interrogans,20 Thermoanaerobacter sp,68, and Rhodospirillum rubrum.69 

As one of the objectives of this research, CMS from M. jannaschii was studied, and the results 

are discussed in Chapter six of this thesis.  

1.6.1 Function  

Citramalate pathway starts with the condensation reaction between AcCoA and pyruvate, 

catalysed by CMS, which leads to the production of citramalate (Figure 1.13).  

 

Figure 1.13: CMS catalyses the condensation reaction between pyruvate and AcCoA. 

 

The enzymatic activity of CMS has been reported over a pH range between 7.0 and 8.0. The 

KM values and turnover numbers have been determined for potential substrates of CMSs from 

various organisms, which show distinct differences (Table 1-2). In addition to pyruvate, CMS 
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from L. interrogans20  has been found to be capable of utilising two other α-keto acids including 

α-KB and glyoxylate as substrates, with KM values of 695 µM and 1470 µM, respectively.  

 

Table 1-2: Kinetic parameters that have been determined for CMS enzymes. 

 

Organism 

KM (µM)  

kcat (s
-1) AcCoA α-KIV 

Methanococcus jannaschii66 303 184 0.36 

Leptospira interrogans20 1118 60 10.3 

Rhodospirillum rubrum69 3200 NR* NR 

*NR: Not Reported 

 

1.6.2 Proposed enzyme mechanism  

CMS is closely related to α-IPMS, as they share a common chemical reaction;30 a metal ion-

dependent transfer of an acetyl group from AcCoA to an α-keto acid co-substrate shown in 

Figure 1.5.  

Similar to α-IPMS, several divalent metal ions such as Ca2+, Co2+, Mg2+, Mn2+, and Ni2+ have 

been reported as enzyme activators for CMS,20, 69 while Cu2+ and Zn2+ inhibit the CMS from 

L. interrogans.20 In addition, K+ and NH4
+ are monovalent ions that have been reported to be 

co-activators in the presence of Mn2+ for CMS from L. interrogans.20 The highest catalytic 

activity has been reported in the presence of Mg2+ and Mn2+ for the CMSs from L. interrogans 

20 and R. rubrum,69 wherein the CMS from R. rubrum showed only 30% activity in the presence 

of Mg2+ compared to Mn2+. 

 

1.6.3 Isoleucine feedback inhibition  

The catalytic activity of CMS is allosterically inhibited by L-isoleucine as the end product of 

the pathway.20, 21 L-Isoleucine inhibition has been characterised in CMS from L. interrogans 

(LinCMS), and its inhibition constant (Ki) was reported to be 19 ± 5 µM.21 L-Isoleucine 

inhibition of LinCMS was found to be highly selective, and no L-leucine inhibition was 

observed in the wild-type enzyme. However, a study covering mutations (Y430L, L451V, 

Y454A, I458A, and V468A) in the allosteric binding sites of LinCMS altered enzyme inhibitor 
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specificity, and L-leucine inhibition was reported.21  The inhibition selectivity of LinCMS is 

further discussed and compared to α-IPMS in Chapter 5. 

 

1.6.4 Enzyme overall structure  

Currently, no full-length crystal structure is available for CMS, but the crystal structures of the 

catalytic domain complexed with malonate (PDB: 3BLE),20 pyruvate (PDB: 3BLF),20 and 

AcCoA (PDB: 3BLI)20 have been characterised. Furthermore, two crystal structures of the 

regulatory domain from LinCMS, complexed with L-isoleucine (PDB: 3F6G and 3F6H),21 have 

been solved. A divalent metal ion (Zn2+) has also been observed in the crystal structure of the 

catalytic domain of the enzyme.20, 21 

LinCMS is a homodimer, where each monomer is 56 kDa and comprised of 516 amino acids. 

The catalytic domain of LinCMS (residues 1–330) consists of a TIM barrel, similar to that of 

MtuIPMS, flanked by an extended C-terminal region equivalent to part of subdomain I in 

MtuIPMS (Figure 1.14A). This region is believed to play a role in dimer formation; it also 

participates in forming the active site in both MtuIPMS and LinCMS. Based on the sequence 

and structural homology with MtuIPMS, the C-terminal regulatory domain of LinMCS 

(residues 390–516) is predicted to be linked to the catalytic domain via a flexible linker region, 

comprised of ~60 residues, that has not been solved in any of the available crystal structures. 

The regulatory domain of LinCMS adopts a βββ-α-βββ-α structure in which two α-helixes are 

sandwiched between two sets of three β-sheets. Similar to the regulatory domain of MtuIPMS, 

the L-isoleucine binding sites are found at the dimer interface of the regulatory domain (Figure 

1.14B). 
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Figure 1.14: The crystal structures of the catalytic and regulatory domains of LinMCS. 

A) The catalytic domain is shown in cyan (PDB: 3BLF).20 The divalent metal ion Zn2+ (black) 

and pyruvate (yellow) are shown at the active site. B) Crystal structure of the regulatory 

domain of LinCMS. (PDB: 3F6H).21 Monomers are shown in red and blue, and the two L-

isoleucine molecules at the dimer interface of the regulatory domains are shown in green. 

 

1.6.4.1 Enzyme active site 

Pyruvate and metal ion binding  

It has been determined that the substrate pyruvate binds to the active site of LinCMS, which is 

formed by several conserved residues and is positioned at the center of the catalytic domain 

close to the C-terminal end of the TIM barrel. A divalent metal ion (Zn2+) bound to the active 

site has also been detected in all crystal structures of the catalytic domain.20 As demonstrated 

in Figure 1.15, Zn2+ coordinates to a water molecule, the carbonyl groups of pyruvate, and three 

residues at the active site, including His209, His207, and Asp17. Structural analysis has 
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revealed that the C1-carboxyl and C2-keto groups of pyruvate form hydrogen-bonds with the 

hydroxyl groups of Thr179 and Arg16, respectively.  

 

 

Figure 1.15: The crystal structure of the catalytic domain of the LinCMS (PDB: 3BLI).20 

Pyruvate is shown in orange, and Zn2+ is shown as a black sphere. Residues interacting with the 

substrate and divalent metal ion at the enzyme active site are shown in pink. The water molecule is 

demonstrated as a red sphere. 

 

AcCoA binding  

Unlike MtuIPMS, the crystal structure of the catalytic domain of LinCMS, complexed with 

AcCoA, has also been solved, in which AcCoA was observed in a cavity near the pyruvate 

binding site.20 The crystal structure has shown that the acetyl oxygen of AcCoA forms 

hydrogen-bond with the η2-amine of the sidechain of Arg16, whereas Arg16 also forms 

hydrogen-bonds with acetyl oxygen of pyruvate. The methyl carbon of AcCoA is sandwiched 

between pyruvate and Glu146, which has been suggested as the catalytic base that deprotonates 

AcCoA, and Arg16 acts as an acid that stabilises the AcCoA enolate. It has been proposed that 

AcCoA stabilisation at the active site is due to the hydrophobic interactions between the 

adenine moiety of the substrate and Phe83 (Figure 1.16). 
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Figure 1.16: The crystal structure of LinCMS complexed with AcCoA (PDB: 3BLI).20 

Pyruvate (orange) and AcCoA (green) are shown at the active site of the LinCMS crystal structure. 

Phe83 (purple) stabilises the adenine moiety of AcCoA at the active site. Zn2+ and the water molecule 

are shown as black and red spheres, respectively.  

 

1.6.4.2 Inhibitor binding site 

While no LinCMS crystal structure has been solved without L-isoleucine bound to the 

regulatory domain, the characterised L-isoleucine-bound crystal structures of the regulatory 

domain from LinCMS (PDBs: 3F6G and 3F6H)21 have revealed structural similarities between 

the L-leucine binding site in MtuIPMS and the L-isoleucine binding site in LinCMS, where L-

isoleucine also binds at the dimer interface of the regulatory domains. Carboxyl group oxygens 

of the L-isoleucine ligand form hydrogen bonds with Asp431’ and Gln495, while the amine 

group of the L-isoleucine ligand interacts with Thr464, Ala466, and Pro493. The inhibitor 

selectivity of the enzyme is believed to be due to the hydrophobic pocket that accommodates 

the sidechain of the L-isoleucine ligand. This hydrophobic pocket is comprised of Leu451’, 

Tyr454’, Ile458, and Val468 (Figure 1.17). 

Like MtuIPMS inhibition by L-leucine, LinCMS is allosterically inhibited by L-isoleucine; 

however, the detailed mechanism of inhibition is not well understood. Therefore, one of the 
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objectives of this study was to develop a greater understanding of CMS. This work is discussed 

in Chapter 6.  

 

Figure 1.17: Inhibitor binding site of LinCMS. 

The crystal structure of the regulatory domain from LinCMS (PDB: 3F6G)21 shows L-isoleucine 

(green) bound at the dimer interface of the enzyme. Monomers are shown in cyan and purple. 

Interactions between the L-isoleucine ligand and the amino acid residues are shown as black dashed 

lines. Hydrophobic residues that accommodate the sidechain of L-isoleucine are shown in orange. 

 

1.7 Homocitrate synthase 

HCS is also a member of the Claisen-condensing family that catalyses the reaction between α-

ketoglutarate and AcCoA that results in homocitrate production, as the primary step in the 

AAA biosynthetic pathway of L-lysine. The AAA pathway is an alternative pathway to the 

diaminopimelate pathway, which is found in some microorganisms. HCS has been studied 

from several organisms, such as Azotobacter vinelandii,70 Thermus thermophilus,71 Candida 

albicans,72 Schizosaccharomyces pombe,73 Aspergillus fumigatus,74 S. cerevisiae,22 and 

Penicillium chrysogenum.75  
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1.7.1 Function  

As shown in Figure 1.18, homocitrate is produced by the condensation reaction between α-KG 

and AcCoA, which is catalysed by HCS. The catalytic activity of the enzyme from different 

organisms has been studied, and kinetic parameters have been determined (Table 1-3).  

Reported KM values are between 5.4 and 2240 µM for α-KG and 10.7 and 800 µM for AcCoA. 

The turnover number has been reported between 0.2 and 683 s-1. In addition to α-KG as the 

primary substrate for HCS, the enzymes from A. vinelandii,70 and T. thermophilus,71 can use 

α-oxoadipate and α-oxaloacetate as alternative keto acids. Although that activity of HCS has 

been reported at a slightly acidic pH of 6.9 in P. chrysogenum,76 activity has mainly been 

demonstrated at a more basic pH range between 7.0 and 8.7 for enzymes from other 

organisms.71-73  

 

 

Figure 1.18: HCS catalyses the condensation reaction between α-KG and AcCoA. 

 

 

 

 

 

 

 

 

 



27 

 

Table 1-3: Kinetic parameters that have been determined for HCS enzymes. 

 

Organism 
KM (µM)  

kcat (s
-1) AcCoA α-KG 

Azotobacter vinelandii70 60 2240 NR* 

Thermus thermophilus71 33 5.4 683 

Schizosaccharomyces pombe73 10.7 159 5.13 

Aspergillus fumigatus74 17 261 0.68 

Schizosaccharomyces cerevisiae22 24 1300 0.61 

Penicillium chrysogenum75 NR 2200 NR 

Candida albicans Isoform lys21p72 800 113 0.2 

Candida albicans Isoform lys22p72 480 152 NR 

*NR: Not Reported  

 

1.7.2 Proposed enzyme mechanism  

As a homologue of α-IPMS and CMS, HCS catalysis is also proposed to be based on a similar 

mechanism, as showed previously in Figure 1.5. Divalent metal ions such as Co2+, Mg2+, and 

Mn2+ are required for the enzymatic activity of the HCSs from S. pombe,73 P. chrysogenum,76 

S. cerevisiae,77 and T. thermophilus,78 although the HCS from T. thermophilus78 was not 

activated by the presence of Zn2+, Ni2+, and Co2+. A monovalent metal ion has not been reported 

to be necessary for enzyme activity, low concentrations of Na+ activate the enzyme from S. 

cerevisiae, but Na+ becomes inhibitory at high concentrations.79  

 

1.7.3 Lysine feedback regulation  

The catalytic activity of HCS is inhibited via feedback regulation by L-lysine as the final 

product of the biosynthetic pathway. Both structural and kinetic evidence have shown that L-

lysine is a competitive inhibitor.31 L-Lysine inhibition has been elucidated for HCSs from 

several organisms, in which the inhibition constant was found in the range of 8 and 5000 µM.71, 

75, 80-82 

 

1.7.4 Overall structure   

The crystal structure of the full-length HCS enzyme from S. pombe (SpoHCS),31, 73 and T. 

thermophilus (TthHCS),71 have been solved and are described below.   
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TthHCS is a 42 kDa protein that is composed of 376 amino acids. The crystal structure of 

TthHCS is dimeric and the two monomers show symmetry. TthHCS is composed of an N-

terminal catalytic domain (residues 1–245) and subdomain I (residues 246–320) that extends 

to the C-terminus of the catalytic domain (Figure 1.19). The 56 unsolved amino acids (residues 

321–376) are predicted to be related to subdomain II. The catalytic domain of the enzyme is 

formed by a (β/α)8 TIM barrel, bearing the active site, whereas subdomain I adopts an ααββα 

fold that extends to cover the active site of the adjacent monomer. Crystal structures of TthHCS 

have revealed α-KG (PDBs: 2ZYF, 2ZTJ),71 L-lysine (PDB: 3A9I),71 and homocitrate (PDB: 

2ZTK)71 bound at the active site. Metal ions such as Mg2+ and Cu2+ have also been observed 

at the active site. 

 

 

Figure 1.19: TthHCS structure obtained by X-ray crystallography (PDB: 2ZYF).71  

The structure illustrates that the enzyme is a homodimer. One chain is coloured in grey, and the 

second chain in cyan (catalytic domain) and pink (subdomain I). α-KG and Mg2+ are shown in green 

and black, respectively. 

 

The monomeric molecular mass of SpoHCS is 46 kDa, and its sequence is 418 amino acids in 

length, which is slightly longer than TthHCS. The characterised crystal structures of SpoHCS 

have revealed that this enzyme is also an asymmetric homodimer. In addition, a DALI based 

search showed that SpoHCS shares the highest structural similarity with TthHCS. Unlike 

TthHCS, the full-length crystal structure of SpoHCS has been solved, which shows that the 

enzyme is constructed from an N-terminal catalytic domain (TIM barrel) extended with a C-

terminal accessory domain formed by subdomain I and subdomain II (Figure 1.20). SpoHCS 

crystal structures have been solved with α-KG (PDBs: 3IVT and 3IVU)73 and L-lysine (PDB: 
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3MI3)31 bound to the active site. Furthermore, an apo-form crystal structure of the enzyme has 

been characterised.  

 

Figure 1.20: SpoHCS structure obtained by X-ray crystallography (PDB: 3IVT).73 

The dimeric form crystal structure of the enzyme is shown in which one monomer is displayed in 

grey, and the other monomer is coloured in blue (catalytic domain), orange (subdomain I), and red 

(subdomain II). Pyruvate and Zn2+ are shown in green and black, respectively.  

 

The C-terminal domain (both subdomain I and II) of SpoHCS has been proposed to be involved 

in enzyme dimerisation.73. In addition, the influence of the accessory domain in sustaining the 

quaternary structure of SpoHCS has been suggested by Bulfer et al.73 who has been argued that 

subdomain I plays a role in enzyme activity, which has been investigated and is discussed in 

Chapter 3 of this thesis. 

 

1.7.4.1 Enzyme active site 

α-KG and metal ion binding site 

A superimposition of the catalytic domains from TthHCS and SpoHCS has shown that their 

TIM barrel catalytic domains are aligned closely (Figure 1.21). It has been determined that the 

residues that interact with α-KG and the divalent metal ion at the active sites are highly 

conserved.   
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Figure 1.21: Structural alignment of TthHCS and SpoHCS. 

Structural alignment of the catalytic domains from TthHCS (PDB: 2ZYF,71 cyan) and SpoHCS (PDB: 

3IVT,73 purple). Two superimposed α-KG molecules are shown in blue and yellow. Mg2+ and Zn2+ 

are shown in green and black spheres at the active site, respectively.  

 

The TthHCS crystal structure complexed with α-KG was solved with both Mg2+ (PDB: 

2ZYF)71 and Cu2+ (PDB: 2ZTJ)71 bound to the active site.71 The divalent metal ions coordinate 

with six ligands in an octahedral geometry in both structures, where in addition to the C1-

carboxyl and C2-keto groups of α-KG, the divalent metal ions interact with Glu13, His195, 

and His197 and a water molecule at the active site. The C1-carboxyl and C2-keto groups of α-

KG form hydrogen-bonds with Thr166 and Arg12, respectively, while the C5-carboxyl group 

of α-KG forms hydrogen-bonds with His72 and Arg133. Furthermore, a hydrogen bond 

mediated through a water molecule is formed between Ser135 and the C5-carboxyl group of 

α-KG. The C3 and C4 atoms are the hydrophobic part of α-KG, which interact with the 

sidechain of Leu94 and Ala164 (Figure 1.22A). 

The SpoHCS crystal structure has also been characterised with substrate and Zn2+ bound to the 

active site. Similar to the TthHCS active site, Zn2+ in SpoHCS is coordinated in an octahedral 

geometry, in which Glu44, His224, and His226, a water molecule, and C1-carboxyl and C2-
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oxo groups of α-KG are involved. Arg43 and Thr197 form hydrogen-bonds to the C2-keto and 

C1-carboxyl groups, respectively. In addition, two hydrogen bonds are formed between the 

C5-carboxyl group of the substrate and His103, Arg163, and Ser165 (Figure 1.22B). As 

described, all residues that interact with substrates and divalent metal ion are conserved, except 

for Leu94, which is substituted with a similar residue, Val125, in SpoHCS. 

 

 

Figure 1.22: Crystal structure of TthHCS and SpoHCS active sites.  

A) The crystal structure of the TthHCS catalytic domain (PDB: 2ZYF)71 shows α-KG (green) and 

Mg2+ (black) at the active site. Residues that are interacting with the substrate and divalent metal ion 

are shown in pink. B) SpoHCS crystal structure (PDB: 3IVT)73 shows α-KG (green) and Zn2+ (black) 

interacting with residues (cyan) at the active site. Water molecules are shown as red spheres. 

 

1.7.4.2 Inhibitor binding site 

The crystal structure of TthHCS has been solved with L-lysine and Co2+ bound at the active 

site (PDB: 3A9I).71 Co2+ is observed at a similar position to that of Mg2+ and Cu2+ in other 

structures, and the metal ion is coordinated to the C1-carboxyl and C2-amino groups of L-

lysine, which are comparable to the C1-carboxyl and C2-keto groups of the α-KG structure. 

Co2+ is also in coordination with Glu13, His195, His197, and a water molecule (Figure 1.23). 

The L-lysine-complexed crystal structure of TthHCS revealed that L-lysine occupies the active 

site in a manner similar to that determined for the TthHCS-α-KG complexed structure. The C1-

carboxyl group of L-lysine forms a hydrogen-bond to the sidechain of Thr166, and the C2-
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amino group forms a hydrogen-bond to Tyr297’ (positioned at subdomain I of the adjacent 

monomer). Okada et al.71 have proposed that in addition to the hydrogen-bond formed between 

the C6-amino group of the bound L-lysine and Ser135, the L- lysine aliphatic sidechain is 

stabilised due to van der Waals interactions with Leu94 and Ala164. L-Lysine is stabilised by 

the hydrogen-bond interactions of the C6-amino group with Asp92, Ser135, and Glu193, and 

water-mediated interactions with Glu43 and Asp219 (Figure 1.23).  

 

Figure 1.23: The crystal structure of the active site from TthHCS complexed with L-lysine (PDB: 

3A9I).71  

Residues involved in inhibitor binding are shown in orange, except for Tyr297’ (cyan), which is 

located in subdomain I of the adjacent monomer. Water molecules (red) and Co2+ (black) are 

represented as spheres. 

 

The full-length SpoHCS crystal structure with L-lysine and Zn2+ bound to the active site has 

been determined (PDB: 3MI3).31 Superimposition of the SpoHCS-α-KG and SpoHCS-lysine 

complexed structures has revealed that despite their chemical and structural differences, both 

ligands adopt similar binding conformations, in which Zn2+ is in coordination with Glu44, 

His224, His226, a water molecule, carboxyl and amino groups of L-lysine (Figure 1.23). The 

amino and carboxyl groups of the inhibitor form hydrogen-bonds with Thr197 and Glu44, 

respectively. The amino group of the L-lysine sidechain also forms a hydrogen-bond with 

Ser165 in addition to water-mediated hydrogen bonds that are formed with Glu74 and Asp248. 
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The L-lysine sidechain is further stabilised due to the salt bridge interactions between Asp123 

and Glu222 and the amino group of L-lysine (Figure 1.24). 

 

 

Figure 1.24: The crystal structure of the SpoHCS active site complexed with L-lysine (PDB: 3MI3).31 

L-Lysine (cyan) interactions with the residues (pink) at the active site are shown as yellow dashed 

lines. Water molecules (red) and Co2+ (black) are shown as spheres. 

 

 

1.8 Overall objectives  

The general objective of this thesis was to develop a greater understanding of the enzymes of 

the Claisen-condensing family, the mechanism by which they catalyse their reactions, and their 

structure and evolutionary relationships. Particular attention has been given to the 

characteristics of HCS enzymes with a focus on the influence of subdomain I flexibility on 

enzyme activity. In addition, the allosteric regulation in α-IPMS and its inhibitor selectivity 

were investigated. Furthermore, a study was conducted to increase the knowledge of CMS 

enzymes.  

More detailed objectives of this study were to: 
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➢ Expand the knowledge of HCS and to illuminate the importance of the conformation 

stability and flexibility of subdomain I in enzyme catalysis by creating amino acid 

substitutions and subsequently characterising enzyme variants.  

➢ Study the influence of the regulatory domain in enzyme catalysis and regulation by 

adding different sized protein tags to the regulatory domain.  

➢ Increase the knowledge of α-IPMS inhibitor selectivity by identifying residues involved 

in inhibitor binding and altering L-leucine inhibition specificity of α-IPMS via residue 

substitutions based on the L-isoleucine binding site in LinCMS.  

➢ Increase the knowledge of CMS and to develop a greater understanding of its 

relationship with α-IPMS and HCS enzymes.  

In Chapter 2, HCS from S. pombe was chosen for this study as the current information available 

on this enzyme allowed for comparison with previously characterised HCSs and the availability 

of the full-length crystal structure, allowing key residues in subdomain I to be identified. In 

Chapter 3, amino acid substitutions were generated in SpoHCS to investigate the influence of 

subdomain I on enzyme catalysis.  

Chapter 4 of this thesis focused on α-IPMS from Neisseria meningitidis, which was cloned and 

expressed with engineered protein domains added to the C-terminus of the regulatory domain 

to investigate the dynamics of the regulatory domain and its role in catalysis and regulation.  

Due to the pathogenicity of M. tuberculosis, the α-IPMS from this organism was selected for 

the study. In Chapter 5, three enzyme variants were created to investigate the allosteric inhibitor 

selectivity and specificity of this enzyme.  

CMS from M. jannaschii (a thermophilic methanogenic archaea) was also studied in Chapter 

6. 
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 : Biochemical characterisation of the wild-

type HCS from Schizosaccharomyces pombe 

 

2.1 Introduction 

Yeasts, as members of the fungus kingdom, are known for their contributions to food 

processing and production of various pharmaceuticals, including antibiotics, which suggests a 

promising future for these organisms in biotechnology.83 Most yeasts are not pathogenic for 

mammals and are known as rich sources of biocatalysts, which has caused an increase in their 

use in biotechnological processes due to their metabolic capabilities.84 For example, studies on 

S. pombe, also known as fission yeast,85  and its budding yeast homologue S. cerevisiae have 

revealed genes responsible for fundamental mechanisms such as DNA replication, 

transcription, signal transduction, and translation.86 Since these microorganisms share 

biological similarities with mammals, their metabolic pathways are proposed as appropriate 

experimental systems to be studied.   

L-Lysine biosynthesis in yeast,22 fungi,8, 23 and protists,24 is catalysed via the α-aminoadipate 

(AAA) pathway, which is conserved among pathogenic fungi, such as Cryptococcus 

neoformans,87, 88 A. fumigatus,74 and C. albicans.72 Since humans are lysine auxotrophic, the 

enzymes that catalyse L-lysine biosynthesis in the AAA pathway have been suggested as novel 

targets for the development of antifungal drugs. One such enzyme is HCS, an enzyme that 

catalyses the first step in the L-lysine biosynthetic pathway by catalysing the condensation 

reaction between AcCoA and α-KG to produce homocitrate.22, 31, 73 HCS catalytic activity has 

been demonstrated to be strongly feedback regulated by L-lysine.31 Crystal structures of HCS 

complexed with various ligands have been previously solved from different microorganisms, 

such as S. pombe (SpoHCS)31, 73 and T. thermophilus (TthCHS),71 which are discussed in 

Section 1.7.4. 

Bulfer et al.31, 73 have previously characterised crystal structures of SpoHCS and investigated 

the structural basis for the binding of the ligands at the active site of the enzyme, in which the 

protein is reported to be a homodimer composed of an N-terminal catalytic domain and an 

accessory domain formed by two smaller subdomains, subdomain I and subdomain II. It has 

been proposed that the conformational flexibility of subdomain I is involved in the enzyme's 
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functionality. This proposition was mainly developed based on the different structural 

conformations observed for a lid motif region in subdomain I. In other words, structural 

analysis of the apo-form (PDB: 3IVS) and one of the α-KG-bound (PDB: 3IVT) crystal 

structures of SpoHCS revealed that the lid motif sits over the active site of the adjacent 

monomer and closes its entrance, while the structure of the lid motif region is disordered in a 

second α-KG-bound (PDB: 3IVU) crystal structure, proposing that the lid motif adjusts ligands 

access to the active site via its flexibility.73 

One of the objectives of this study was to investigate the influence of the flexibility of 

subdomain I in the functionality of SpoHCS, which is discussed in Chapter 3. However, 

although SpoHCS is reported as a homodimer,31, 73 the generation of symmetry mates in 

PyMOL and analysis of the crystal structures of the enzyme, using PISA,89 suggest that the 

most probable assembly for SpoHCS is tetrameric. In addition, the absence of detailed 

experimental procedures and biochemical data for SpoHCS functionality precludes definitive 

comparisons and limit our understanding of the catalytic and regulatory mechanisms in this 

protein. These data, together with the remarkable changes that have been previously reported 

for the enzymatic activity of various proteins, on a purification to purification basis,90 suggest 

that further studies are needed to furnish insight into the biochemical characteristics of the 

enzyme and ascertain the mechanisms involved in its functionality. Therefore, our initial 

research purpose was to biochemically characterise SpoHCS to deliver further insight into the 

mechanism by which enzyme functions and allow meaningful comparison and consistency 

with research conducted on the enzyme variants outlined in Chapter 3. To this end, the wild-

type SpoHCS (WT-SpoHCS) was successfully cloned and overexpressed. The protein folding 

and its molecular mass were evaluated, the oligomeric state of the enzyme in solution was 

determined, and the thermal stability of the enzyme in the presence and absence of ligands was 

studied. Furthermore, the enzymatic activity of WT-SpoHCS with respect to environmental 

conditions such as pH, temperature, and viscosity was investigated to furnish insight into the 

biochemical characteristics of the protein. 
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2.2 Construct details 

2.2.1 Isolation and cloning 

A codon-optimised lsy4 synthetic gene from S. pombe (strain 972), which had previously been 

purchased from GeneArt and was available in the Parker lab, was used in this study (Appendix 

I). Polymerase chain reaction (PCR) was performed as outlined in Section 8.2.3.1, and the gene 

encoding SpoHCS was amplified using the primers outlined in Table 2-1.  

 

Table 2-1: List of primers designed to amplify the lys4 gene by PCR. 

Underlined sequences indicate XhoI and NheI restriction sites. 

Primers Sequence (5’–3’) 

Forward GTTGTTGCTAGCGAGGATCTGTACTTTCAGAGCAGCGGCGCGAGCGGCATGAGCGTTA 

GCGAAGCAAAT 

Reverse GTTGTTCTCGAGTTATGCGCTTGCTTCTTTGGTAAT 

 

Agarose gel electrophoresis was used to evaluate the quality of amplified PCR products, in 

which a DNA band relevant to the lys4 gene size was observed at ~1257 bp (Figure 2.1). The 

DNA fragments were gel extracted, using the method described in Section 8.2.3.1, and digested 

at XhoI and NheI restriction sites which were introduced to the gene by PCR primers. The 

digested gene was then sub-cloned into pET28a plasmid that was previously linearised using 

XhoI and NheI restriction enzymes, to incorporate DNA encoding an N-terminal His-tag to the 

lys4 gene to allow for easy detection and purification of the tagged protein.  
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Figure 2.1: Agarose gel of the amplified lys4 gene. 

The agarose gel indicates the presence of bands at ~ 1257 bp related to the lys4 gene. DNA marker is 

labelled in bp. 

 

A tobacco etch virus (TEV) cleavage site was also introduced to the N-terminal of the lys4 

gene using the forward primer to allow for the cleavage of the His-tag from the target protein.  

The T7 expression system (T7 promoter), including the lac operon within the pET28a plasmid, 

allows for the over-expression of the cloned gene in the presence of a high concentration of 

isopropyl β-D-1-thiogalactopyranoside (IPTG) as a lactose metabolite. In addition, the 

kanamycin resistance gene included within the plasmid allows for the selection of cells bearing 

the plasmid in kanamycin-containing media. 

Escherichia coli stellar competent cells were transformed with the lys4-pET28a construct and 

plated on LB agar media containing kanamycin as described in Section 8.2.8. Finally, E. coli 

BL21 DE3 expression cells were transformed with sequence-verified plasmids that contained 

the precise lys4 gene. Transformed cells were used to prepare glycerol stocks, which were 

stored at ˗80 °C to be used for further protein expression.   

 

2.2.2 Protein expression 

Over-expression of the SpoHCS protein was carried out as described in Section 8.3.5. In 

summary, cell cultures were grown at 37 °C until their optical density at 600 nm (OD600) 

reached 0.4–0.6. Then, 0.5 mM IPTG was added to induce protein expression, which was 

carried out at 23 °C for 12–14 h. Bacterial cultures were centrifuged to harvest the cell pellets, 
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which were then resuspended in lysis buffer (Table 8-1) and lysed immediately using 

sonication. The crude lysate was separated from cellular debris and treated with a protease 

inhibitor to reduce proteolysis effects. The lysate was immediately filtered and injected on to 

an immobilised metal affinity chromatography (IMAC) column packed with Ni2+ stationary 

phase, which is explained further in this chapter. SDS-PAGE was used to analyse the protein 

yield and its solubility within the crude lysate (soluble fraction) and the insoluble cellular debris 

(Figure 2.2). The protein was found to be highly soluble, and a protein band was observed at 

~60 kDa (including His-tag), which is consistent with the calculated protein size. However, a 

protein band related to the size of the target protein was also observed in the insoluble fraction, 

which was probably due to the lack of complete cell lysis.  

 

 

Figure 2.2: Over-expression and solubility of the SpoHCS protein analysed by SDS-PAGE.  

The figure shows insoluble cellular debris and the soluble fraction. The His-tagged SpoHCS protein 

was detected at ~ 60 kDa. 

 

2.2.3 Protein purification  

Multiple purification steps were carried out to achieve protein with sufficient purity for 

subsequent experiments. The N-terminal polyhistidine tag of the protein allowed maximum 

recovery of the protein from the crude lysate using affinity chromatography. The desalting 

steps were designed to remove the high imidazole concentration after the first affinity 

purification and to remove ethylenediaminetetraacetic acid (EDTA) and dithiothreitol (DTT) 
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from the TEV protease cleavage buffer before the second round of affinity chromatography. 

The purified proteins were polished using size exclusion chromatography (SEC).  

 

2.2.3.1 Immobilized metal affinity chromatography (IMAC) 

The steps from lysis to IMAC were carried out without delay to diminish the proteolysis effects 

in the isolated crude lysate. A HisTrap HP column made with Ni Sepharose high-performance 

resin was employed to isolate the SpoHCS from the crude lysate by taking advantage of the 

high affinity of the engineered His-tag for Ni2+, which was coupled to the column’s stationary 

phase. The lysis buffer containing 20 mM imidazole (Table 8-1) was used to wash unbound 

proteins off the column. Elution buffer (Table 8-2), containing 500 mM imidazole, was used 

to elute the target protein using an increasing gradient of imidazole (Figure 2.3), where the 

bound proteins started to elute at ~70% elution buffer.  A sample of protein purified by IMAC 

was loaded on to an SDS-PAGE gel, which can be observed in Figure 2.7. 

 

 

Figure 2.3: IMAC purification chromatogram of His-tagged SpoHCS using a His-trap column. 

 

2.2.3.2 Desalting 

Due to the high imidazole concentration, purified SpoHCS protein fractions were pooled and 

filtered into a desalting column (Section 8.4.4). The high salt buffer was removed, and the 

proteins were buffer exchanged into the TEV cleavage buffer.  
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2.2.3.3 His-tag cleavage by TEV protease digestion 

The cloning and expression of His-tagged SpoHCS resulted in 35 extra amino acid residues 

(including His-tag, thrombin site, and TEV cleavage site) at the N-terminus of the enzyme, as 

shown in Figure 2.4. Therefore, the desalted protein was incubated with TEV protease 

(including 1 mM DTT and 0.5 mM EDTA) for 1 h at 30 ˚C and overnight at 4 ˚C to cleave the 

added His-tag and additional residues from the SpoHCS enzyme. After TEV cleavage, six out 

of 35 amino acid residues remained at the N-terminus of SpoHCS (Figure 2.4).   

 

Figure 2.4: The sequence of residues added to the N-terminus of the SpoHCS protein. 

The His-tag is shown in blue, the thrombin cleavage site is shown in purple, the TEV protease 

cleavage site is shown in green, and the post-cleavage amino acid residues are shown in orange(the 

last serine reside from the TEV site was also remained at the N-terminus of the protein). 

 

A desalting column was used to remove EDTA and DTT from the solution, and then the protein 

mixture was loaded on to a His-trap column. A second IMAC was carried out, where the 

cleaved SpoHCS protein (not bound to the column) was washed out using a low imidazole 

buffer. TEV protease and digested His-tags bound to the column and were eluted using a high 

imidazole buffer (Figure 2.5). Samples of TEV-cleaved protein (not bound to the His-trap 

column) and TEV protease itself (column-bound due to its His-tag) are shown in Figure 2.7. 

 

Figure 2.5: IMAC purification chromatogram of un-tagged SpoHCS after digestion by TEV protease 

using a His-trap column. 
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2.2.3.4 Size exclusion chromatography (SEC) 

Further SEC purification was carried out to polish the protein (Section 8.4.7), where the protein 

eluted as a single peak, as shown in Figure 2.6.  

 

 

Figure 2.6: SEC chromatogram of SpoHCS purification. 

The protein eluted as a single peak suggesting enzyme homogeneity. The enzyme was stored in a 

buffer containing 25 mM sodium phosphate buffer (pH 8.0) and 50 mM NaCl. 

 

The purity of the obtained enzyme sample was monitored by SDS-PAGE, as demonstrated in 

Figure 2.7. A protein band was observed at ~46 kDa, which was consistent with the theoretical 

size of SpoHCS, calculated using the ExPASy ProtParam online tool.91  
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Figure 2.7: SDS-PAGE photo of the SpoHCS purification steps. 

A) First round of IMAC purification of the His-tagged protein using a His-trap column. B) The 

second round of IMAC shows the TEV-cleaved (no His-tagged) protein. C) The post-SEC enzyme 

sample with high purity; SpoHCS at ~46 kDa. D) The TEV protease is shown in a yellow box at ~27 

kDa. 

 

2.3 Physical characterisation  

2.3.1 Mass spectrometry 

Mass spectrometry (MS) was used to measure the molecular mass of the WT-SpoHCS protein. 

The experiment was carried out on Waters xevo G2-XS QTOF mass spectrometer (Section 

8.5.2), in which the mass of the protein was determined to be 46,565 Da, which was consistent 

with the theoretical molecular weight of the protein (46,564.8 Da) calculated from the protein 

sequence by ProtParam. The MS result suggests that two serine residues of the six post-

cleavage amino acid residues at the N-terminus of protein, shown in Figure 2.4, were also lost, 

as is expected of TEV protease.  

 

2.3.2 Presence of secondary structure  

A circular dichroism (CD) spectrum was acquired to assess the secondary structure of SpoHCS 

and to characterize enzyme folding (Figure 2.8). Data analysis was carried out using the K2D3 
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online server,92 and the enzyme secondary structure composition was estimated to be 32.1% α-

helixes and 19.1% β-strands, which is consistent with 35.9% α-helixes and 15.8% β-sheets 

determined from its crystal structures using Stride online server.93 

 

 

Figure 2.8: CD spectrum of SpoHCS. 

The assay was prepared using 0.01 mg/mL enzyme in 10 mM boric acid (pH 7.0). 

 

2.3.3 Oligomeric structure 

Previously, the HCS enzyme from S. pombe was reported to be dimeric in solution,31, 73 while 

dimeric and tetrameric quaternary structures of HCS have also been reported for the enzyme 

from A. fumigatus.74  

The solution state quaternary structure of SpoHCS was investigated by analytical gel filtration 

(Section 8.5.4). A series of known size proteins (Table 2-2) was used to generate a standard 

curve, which is shown in Figure 2.9.  

 

Table 2-2: Protein standards of known size were used to generate a standard curve. 

Protein Molecular Weight 

(kDa) 

Log (MW) Ve (mL) Ve/V0 

Blue Dextran 2000 3.30 8.35 1 
β-Amylase 200 2.30 11.59 1.38 

Alcohol Dehydrogenase 150 2.17 12.25 1.46 
Albumin 60 1.77 13.84 1.65 

Carbonic Dehydrogenase 24.9 1.39 16.44 1.96 
Cytochrome C 12.4 1.09 18.39 2.2 
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Among the selected proteins, blue dextran with a molecular weight of 2000 kDa was 

sufficiently large to elute at the void volume (V0). The log of the protein’s molecular weight 

(log MW) vs. the ratio of the elution volume to the void volume (Ve/V0) was plotted to generate 

a standard curve, in which a line best fitted was calculated as y= ˗1.47x + 4.31 with an R2= 

0.98. 

 

 

Figure 2.9: The generated standard curve of proteins of known size. 

The standard curve was used to calculate the molecular weight of SpoHCS. Samples were eluted in 25 

mM sodium phosphate buffer (pH 7.5) with 50 mM NaCl. 

 

The SpoHCS enzyme eluted as a single peak at 11.6 mL, corresponding to a molecular weight 

of 177 kDa. The theoretical molecular weight of a single chain of the enzyme (monomeric 

subunit) was calculated to be ~46 kDa suggesting that this enzyme is tetrameric in solution. 

This is consistent with the protein size determined on NATIVE-PAGE, as shown in Figure 

2.10; however, a protein band relevant to the monomeric size of the SpoHCS was also observed 

on the gel, which predicted to be due to the denatured proteins. 
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Figure 2.10: NATIVE-PAGE photo of the purified SpoHCS. 

The protein band predicted to be related to SpoHCS is labeled. The size of the protein band (~177 

kDa) is estimated based on the result of analytical gel filtration and considering the higher and lower 

protein sizes on the protein marker (labeled in kDa). 

 

2.3.4 Thermal stability  

The thermal stability of the SpoHCS enzyme in the absence and presence of potential ligands 

was determined using differential scanning fluorimetry (DSF). The experiment was performed 

on a Quant Studio3 Real-Time PCR System (Thermo Fisher Scientific). Samples of 25 µL were 

prepared in 50 mM HEPES buffer (pH 7.5), containing 20 mM NaCl, 20 mM MgCl2, and 

protein with the final concentration of 0.1 mg/mL. The ligand concentrations were kept at 500 

µM in all experiments. SYPRO Orange dye (1µL, 400X) that fluoresces in the presence of 

hydrophobic residues was added to each sample to monitor protein denaturation. All samples 

were loaded on a MicroAmp EnduraPlate Optical 96-Well Clear Reaction Plate; then, the plate 

was sealed and exposed to the thermal melt program in a range of 10 to 96 °C with 0.015 

increments. All samples were prepared in triplicate and compared to control samples containing 

dye and ligands but no protein. The collected data (Figure 2.11) was analysed using Protein 

Thermal Shift Software (version 1.3), in which the melting temperatures of protein in the 

presence and absence of ligands were determined by observing the increase in fluorescence, as 

shown in Table 2-3.   
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Figure 2.11:Raw data of differential scanning fluorimetry experiment carried out on WT-SpoHCS. 

 

The assay was based on the detection of fluorescence upon binding of a fluorescent dye to the 

hydrophobic residues of the enzyme. As the temperature of the sample was increased, the 

protein began to denature, leading to the exposure of internalised hydrophobic amino acid 

residues and thus an increase in fluorescence. Therefore, the denaturation temperature of the 

enzyme was distinguished by observing the highest point in the fluorescence signal.  

It was found that apo-SpoHCS had a melting temperature of 46.1 ± 0.1 °C (triplicate 

measurements), which was higher than the growth temperature of S. pombe (18 to 37 °C),94 

and the optimal temperature for in vitro enzymatic activity (22 °C).73 No considerable change 

was observed in the thermal stability of the enzyme in the presence of 500 µM of AcCoA, α-

KG, and L-lysine ( 

Table 2-3), suggesting that these ligands do not influence the conformational stability of 

SpoHCS. 
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Table 2-3: Denaturation temperatures (Tm) determined for SpoHCS. 

Ligands were used at 500 µM, and experiments were carried out in triplicate. Errors represent the 

standard deviation of triplicate measurements. 

SpoHCS Tm (°C) 

Apo-enzyme 46.1 ± 0.1 

AcCoA   45.9 ± 0.01 

α-KG 46.5 ± 0.2 

AcCoA + α-KG 46.8 ± 0.1 

L-lysine 46.4 ± 0.1 

 

2.4 Kinetic characterisation  

Kinetic experiments were carried out to study the activity of SpoHCS. Catalytic constants for 

potential substrates (AcCoA and α-KG) were calculated, and potential allosteric regulation in 

the presence of L-lysine was also investigated. Kinetic assays were performed using a DTP-

coupled assay,35 measuring the production of thio-pyridine (TP) at 324 nm (ε= 1.98 × 104 M-1 

cm-1) as a result of a disulfide exchange reaction between the disulfide of DTP and the free 

thiol of CoASH which is the by-product of the enzyme reaction (Figure 2.12). 

 

 

 

Figure 2.12: Schematic representation of the DTP coupled assay measuring the production of TP at 

324 nm. 
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2.4.1 Substrate concentrations 

The accurate concentration of both the AcCoA and α-KG substrates was calculated using the 

Beer-Lambert Law (Beer’s Law) to increase the accuracy of the kinetic assays. Beer’s Law (A 

= εcl) indicates that the ratio of a chemical compound (substrate) concentration is proportional 

to the ratio of its absorption of light in a solution, so it can be used to calculate the unknown 

substrate concentration by using the dilution equation (C1V1=C2V2).  

The experiment was carried out in the presence of an excess amount of one substrate and a 

limiting amount of the other substrate. The initial absorbance of the reaction (A1) before 

initiation and the absorbance of the reaction completion (A2) was measured, then the change 

in absorbance (ΔA) was calculated. The total change in absorbance (ΔA) was converted to the 

concentration of the reaction product, and the concentration of the limiting substrate was 

calculated using the above equations. Assays were carried out in duplicate to measure each 

substrate concentration.   

 

2.4.2 Michaelis-Menten kinetics 

A DTP-coupled assay was used to study the catalytic activity of SpoHCS at 25 °C in the kinetic 

buffer, as described in Section 8.6.2. Initial rates were conducted at fixed saturating 

concentrations of one substrate and varying concentrations of the second substrate, vice versa. 

The reactions were carried out by the addition of ~800 nM enzyme. Reactions were thermally 

equilibrated to allow for completion of the reaction between free CoA (in AcCoA solution) and 

DTP before initiating the reaction. Upon initiating the reactions, linear regression was used to 

measure the slope of the initial rate portion of the progress curve (absorbance v. time), where 

the best-fit colinear line corresponding to the initial rate over the first 30-60 seconds was used. 

The calculated velocity data (initial rates) were plotted using GraphPad Prism software (Figure 

2.13), and the data were fitted to the Michaelis-Menten equation to calculate the catalytic 

constants. 
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Figure 2.13: Plots of the kinetic data obtained for SpoHCS. 

The data show changes in the initial rate of reaction as the substrate concentration was varied. 

Assays were carried out by keeping one substrate at a saturating concentration while varying the 

concentration of the other substrate. The α-KG concentration was kept at 500 µM, then the varying 

AcCoA concentration (0–500 µM) was used to determine the apparent KM value for AcCoA. In 

contrast, the concentration of AcCoA was kept at 250 µM, and α-KG was used in a range of 0–600 

µM to determine its KM value.  The experiment was carried out in triplicate. 

 

The enzyme catalytic constant (apparent KM value) and turnover number (kcat) were determined 

for both AcCoA and α-KG (Table 2-4), which are similar to those that have been previously 

reported for SpoHCS.73 These data suggest that the enzyme affinity for α-KG is lower 

compared to AcCoA. 

Table 2-4: Kinetic data for SpoHCS. 

 KM (µM)  

 AcCoA α-KG kcat 

SpoHCS 27.9 ± 2.7 157.1 ± 14.4 4.2 ± 0.1 

 

2.4.2.1 pH dependency  

Direct assay  

The reaction of CoA and DTP in a DTP-coupled assay has previously been reported to become 

rate-limiting at a high pH. Therefore, a direct assay at 232 nm, which measured the loss of the 

AcCoA substrate,39, 44 was carried out to characterise the catalytic activity of the enzyme over 

a range of pH between 5.5 to 9.0. A non-saturated AcCoA concentration of 80 µM was used 

due to its high absorbance at 232 nm, and the reactions were initiated with α-KG. Maximum 
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enzyme activity was observed at pH 7.0 (Figure 2.14), indicating the catalytic activity of the 

enzyme varies with pH. The experiments were carried out at 25 °C in triplicate. 

 

 

Figure 2.14: SpoHCS enzyme activity at varying pH. 

Enzyme activity was normalised to that observed at pH 7.0. MES and BTP buffers were used to cover 

the pH range of 5.5 to 9.0. 

 

2.4.2.2 Viscosity  

Given that the cellular environment is more viscous than an aqueous in vitro environment, the 

catalytic activity of the enzyme was characterised in viscous environments to allow for a better 

understanding of the enzyme functionality in the in vivo environments. The study also had the 

potential to deliver evidence of protein dynamics and conformational changes. The 

experiments were carried out using a DTP-coupled assay in the presence of glycerol (10% or 

30% v/v) or sucrose (10% w/v). The experiments were performed at 25 °C, in which to 

determine the KM value for AcCoA in the presence of 10% and 30% glycerol, the concentration 

of α-KG was kept at 600 µM, and various concentrations of AcCoA was used; however, in the 

viscous environment containing 10% sucrose, the concentration of α-KG was kept at 1 mM. 

Furthermore, to determine the α-KG KM in all viscous environments containing either glycerol 

or sucrose, the AcCoA concentration was kept at 250 µM, and the reactions were initiated by 

adding varied concentrations of α-KG. The measured velocity data were fitted to the Michaelis-

Menten equation (Figure 2.15), and the kinetic parameters were determined, as shown in Table 

2-5. 
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Table 2-5: Kinetic parameters determined for SpoHCS at 25 ˚C in viscous environments. 

SpoHCS 

Viscosity 

KM (µM)  kcat/KM (s-1 µM) 

AcCoA α-KG kcat (s
-1) AcCoA α-KG 

No additive  28 ± 3 157 ± 14 4.2 ± 0.1 0.15 0.02 

10% glycerol 29 ± 2 109 ± 11 5.6 ± 0.1 0.19 0.05 

30% glycerol 42 ± 3  68 ± 5  9.6 ± 0.1 0.23 0.14 

10% sucrose 60 ± 8 439 ± 37 9.0 ± 0.4 0.15 0.02 

 

 

Figure 2.15: Kinetic plots of SpoHCS in the presence of viscogens. 

10% glycerol, B) 30% glycerol, and C) 10% sucrose.  
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2.4.2.3 Temperature dependency 

DSF results showed that the enzyme denaturation temperature was higher than the optimal 

growth temperature of S. pombe. Enzymatic activity was monitored over a range of 

temperatures between 15 and 40 °C to determine the optimal temperature for SpoHCS activity. 

The DTP-coupled assay was used where the AcCoA concentration was held at 250 µM, and 

the reaction was initiated by the addition of 500 µM of α-KG. Also, the pH of the assay solution 

was adjusted at different temperatures to compensate for pH change with temperature. As 

shown in Figure 2.16, an increase of enzymatic activity was observed as the temperature 

increased, where maximal activity was observed at 30 °C, which was consistent with the 

maximum optimal temperature of 32 °C reported for HCSs from S. cerevisiae77 and 

Saccharomycopsis lipolytica95 but was significantly lower than the maximum temperatures of 

50 °C and 60 °C determined for the thermophilic HCSs from A. fumigatus74 and T. 

thermophilus,82 respectively.   

 

 

Figure 2.16: Temperature-dependent activity of the SpoHCS enzyme. 

Enzyme activity was normalised to the activity observed at 30 °C.  Error bars represent the standard 

deviation of triplicate measurements. 
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2.4.3 Inhibition  

SpoHCS is feedback regulated by L-lysine as the end-product of the HCS metabolic pathway.31 

The inhibition of SpoHCS by L-lysine was characterised, and the inhibition constant (Ki) was 

determined with respect to both substrates, AcCoA and α-KG. The experiments were 

performed at 25 °C using the DTP-coupled assay, where one substrate was held at a fixed 

concentration (250 µM for AcCoA and 500 µM for α-KG), and the concentration of the other 

substrate was varied. L-Lysine was used in the range of 1 to 20 µM or 10 to 100 µM for α-KG 

and AcCoA, respectively. The inhibition data were fitted to competitive and non-competitive 

models of enzyme inhibition with respect to α-KG and AcCoA, respectively, using GraphPad 

Prism software (Figure 2.17). The Ki values were calculated to be 20.9 ± 1.4 µM for AcCoA 

and 4.8 ± 0.4 µM for α-KG.  

 

 

Figure 2.17: L-Lysine inhibition data obtained for SpoHCS plotted using GraphPad Prism 7. 

The L-lysine inhibition data vs. α-KG was fitted to a competitive model (left), and the L-lysine 

inhibition data vs. AcCoA was fitted to a non-competitive model (right). 

 

2.4.3.1 Viscosity  

L-Lysine inhibition of SpoHCS in a viscous environment was characterised to deliver a better 

comprehension of the effect of viscosity on the enzymatic function. The experiments were 

performed at 25 °C using the DTP-coupled assay in the presence of glycerol (10% and 30% 

v/v) or sucrose (10% w/v). The results were analysed using GraphPad Prism software (Figure 

2.18), in which the L-lysine inhibition data versus α-KG and AcCoA were fitted to a competitive 

and non-competitive model, respectively. As shown in Table 2-6, the Ki’ values in the presence 

of both viscogens significantly decreased compared to those determined in an aqueous 

environment.  



55 

 

Table 2-6: L-Lysine inhibition constants of SpoHCS in viscous environments. 

 

Viscosity 

SpoHCS 

K’i (µM) 

AcCoA α-KG 

10% sucrose 1.2 ± 0.1 0.4 ± 0.03 

10% glycerol 3.5 ± 0.2 1.1 ± 0.1 

30% glycerol 3.6 ± 0.2 0.4 ± 0.04 

 

 

Figure 2.18: L-Lysine inhibition of SpoHCS in viscous environments. 

A) 10% glycerol, B) 30% glycerol, and C) 10% sucrose.  
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2.5 Enzyme structure  

2.5.1 Crystallisation  

The hanging drop vapour diffusion technique was used at 20 °C to crystallise the full-length 

SpoHCS enzyme. Protein was purified as described previously and stored in 25 mM Tris (pH 

9.0) containing 50 mM NaCl, 1 mM ZnSO4, and 50 mM α-KG. A solution containing 

approximately 20 mg/mL protein was mixed (1:1 ratio) with the reservoir solution. The enzyme 

crystals formed after 24 h and continued to grow for almost a week following the drops 

preparation, in which large hexagonal bipyramidal enzyme crystals were observed in a 1.4 M 

sodium and potassium phosphate solution (pH 6.2), as shown in Figure 2.19. The crystals of 

SpoHCS were cryo-protected by soaking in 50% sodium acetate for 30 s and were subsequently 

flash-frozen in liquid nitrogen for diffraction data collection.  

 

Figure 2.19: SpoHCS enzyme crystals in reservoir solution. 

The large hexagonal bipyramidal crystals formed at 20 °C. 

 

Diffraction data of SpoHCS was obtained, using the MX beamlines at the Australian 

Synchrotron,96 to a resolution of 2.47 Å. The crystal structure of the enzyme crystal was 

determined by molecular replacement employing the previously characterised SpoHCS 

structure (PDB: 3IVT),73 which was the full-length SpoHCS with α-KG and Zn2+ bound to the 

active site. WinCoot 97 was used to build the SpoHCS, which was then refined using 

REFMAC.98 Details of the refinement statistics and data collection are shown in Table 2-7.  
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Table 2-7: Data collection and refinement statistics of SpoHCS-α-KG. 

WT-SpoHCS 

 

Data collection and processing 

 

Space group    P6222     

Unit cell a, b, c (Å)  134.96, 134.99, 125.04 

Resolution range (Å)  45.88–2.47 (2.57–2.47) 

Measurements  661860 (73734) 

Unique reflections  24752 (2703) 

Completeness (%)  99.8 (98.7) 

Multiplicity  26.7 (27.3) 

I/σ(I)  32.4 (4.9) 

R merge   0.073 (0.781) 

CC1/2  1.0 (0.941) 

  

Refinement   

R factor 0.2058 

R free 0.2364 

Rms Bondlength  0.0100 

Rms Bondangle  1.6456 

Rms Chirvolume 0.0738 

  

Mean B (Å2)  

Protein 62.89 

Ligand (Zn2+) 74.83 

  

Ramachandran  

Preferred% 93.38 

Allowed% 6.36 

Outliers% 0.25 
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Residues 1–404 were modelled for one subunit (chain A) except for Asn17, Gly18, and Asn19, 

which were disordered, and no electron density was found for residues 405–418. As shown in 

Figure 2.18, a structural alignment between the SpoHCS enzyme characterised in this study 

and the full-length SpoHCS crystal structure (3IVT)73 revealed that they are superimposable 

with an RMSD of 0.23 Å. The enzyme comprises an N-terminal catalytic domain formed by a 

(β/α)8 TIM barrel and an accessory domain composed of subdomain I and subdomain II, which 

extends to the C-terminal of the enzyme catalytic domain (Figure 2.20).  

 

 

Figure 2.20: The crystal structure of SpoHCS.  

A) The monomeric unit of the SpoHCS crystal structure solved to a resolution of 2.47 Å. The 

catalytic domain is coloured orange, subdomain I and subdomain II are shown in pink and 

blue, respectively. The Zn2+ metal ions are shown in black spheres. B) Alignment of the 

solved SpoHCS crystal structure (orange) with previously reported SpoHCS crystal structure 

(PDB: 3IVT),73 which is shown in cyan. C) Alignment of the crystal structures shows the 

position of Zn2+ (black and grey) overlap at the active site. α-KG from the previously 

characterised crystal structure (PDB: 3IVT) is shown in green. 
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The crystal structure of SpoHCS was determined to be a tetramer composed of two asymmetric 

homodimers. Each dimer was formed via two side-by-side subunits that were intricately 

intertwined. The two homodimers were connected via interfaces formed by the catalytic 

domains resulting in the formation of a tetrameric species. Two metal ions (Zn2+) were detected 

interacting with Arg24 and Val217 from the subunits of the inverse dimers, which were 

presumed to be involved in tetrameric structure formation (Figure 2.21). The quaternary 

structure of SpoHCS observed in the crystal structure was consistent with the oligomeric state 

of the enzyme in solution, which was characterised using gel filtration. In addition, Zn2+ was 

detected at the active site in a position similar to that of previously reported for this enzyme 

(Figure 2.20).73 However, despite the presence of α-KG in the crystallisation conditions, there 

was not sufficient density to support atomic modelling of the substrate at the enzyme active 

site. 

 

 

Figure 2.21: A) SpoHCS was observed as a tetramer formed by two homodimers. 

A) Zn2+ (black sphere) was observed between the catalytic domains of diverse monomers, 

coordinated with Arg214 and Val217 of both subunits. 
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2.6 Discussion  

HCS catalyses the transfer of an acetyl group from AcCoA to α-KG to produce homocitrate, 

which is the first step in L-lysine biosynthesis via the AAA pathway, a unique pathway found 

in fungi22, 31, 73 and some archaebacteria,71 which makes HCS a valuable target for the 

generation of novel antimicrobial drugs against pathogenic microorganisms such as A. 

fumigatus,74 and C. albicans.72  HCSs have been previously studied from various 

microorganisms, in which the characterised crystal structures of HCS from S. pombe revealed 

that this protein is composed of an N-terminal catalytic domain and an accessory domain 

formed by two smaller subdomains (subdomain I and II).31, 73 Despite the absence of a 

regulatory domain in SpoHCS, the sequence and structural similarities, and the common 

chemical reaction shared by HCS, CMS, and α-IPMS, suggest that these enzymes are 

homologues.14, 15 The conformational dynamics and flexibility, particularly in the subdomains, 

have previously been shown to play a crucial role in the functionality of α-IPMS and CMS.47, 

99 Therefore, it is reasonable to speculate that the flexibility of subdomains is also involved in 

the functionality of SpoHCS. This hypothesis favourably correlates with the results of a 

previous study, carried out by Bulfer et al.31, 73 in which the structural analysis and comparisons 

of the apo-form and ligand-bound crystal structures of SpoHCS revealed that the conformation 

of a lid motif region in subdomain I of the enzyme in a ligand-complexed structure is disordered 

(open-form conformation), compared to the apo-form and the closed-form α-KG-bound 

structures. It has been proposed that the flexibility of a lid motif region located in subdomain I 

of SpoHCS plays a crucial role in the functionality of the enzyme by regulating the ligands 

access to the active site.  

Regarding the objectives of this thesis, a study was designed to investigate the flexibility of 

subdomain I and its importance in the functionality of SpoHCS by substituting residues 

predicted to be involved in subdomain I flexibility, as outlined in Chapter 3. Although SpoHCS 

has been previously studied and its crystal structures have been characterised,31, 73 the absence 

of detailed experimental procedures and limited biochemical data prevented comprehensive 

comparisons. Bulfer et al.31, 73 have previously reported that the crystal structure of SpoHCS is 

dimeric; whereas, analysis of the crystal structures that they reported for SpoHCS, using 

PISA,89 suggests that the most probable oligomeric assembly for this protein is tetrameric. In 

addition, except for the different structural conformation observed for the lid motif region in 

the crystal structures of SpoHCS, no further evidence was provided to support their proposed 
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hypothesis. Therefore, in order to address the gaps in the SpoHCS knowledge and to allow 

comprehensive comparison, the wild-type SpoHCS was studied first in this study, and its 

catalytic and regulation mechanisms were biochemically characterised. The results from this 

study provided further insight into the molecular mechanism of SpoHCS and the key features 

responsible for its functionality, which was compared to the results of the study conducted on 

the enzyme variants described in Chapter 3. 

The overexpressed SpoHCS protein was purified using IMAC, followed by TEV digestion to 

cleave the added His-tag, and finally polished using SEC. The purified protein was assessed 

by MS and CD, where the outcome of the experiments showed that the protein was of the right 

mass and appropriately folded, with a higher α-helix composition than the β-strand content. 

Bulfer et al. have previously reported SpoHCS as a homodimer based on the characterised 

crystal structures of the protein.31, 73 However, by using a similar purification and buffering 

conditions to those previously, both the evaluation of the solution-state oligomeric structure 

using analytical gel filtration and results from NATIVE-PAGE indicate that SpoHCS is 

tetrameric in solution, similar to the oligomeric state previously described for the HCS from A. 

fumigatus,74 which is also consistent our preliminary structural analysis using PISA,89 

suggested that the most probable assembly for SpoHCS is tetrameric. 

The heat stability of SpoHCS was also evaluated using DSF, in which the melting temperature 

of the protein was found to be 46.1 ± 0.1 °C, which was higher than the growth temperature of 

S. pombe (18 to 37 °C).94 The thermal stability of the enzyme was also studied in the presence 

of 250 µM of various ligands, in which enzyme-ligand complexes revealed that both L-lysine 

and α-KG poorly increased the thermal stability of the enzyme. 

The SpoHCS protein presented in this study was catalytically active with a kcat turnover rate of 

4.2 s-1, and kinetic analysis resulted in apparent KM values of 27 µM and 156 µM for AcCoA 

and α-KG substrates, respectively. Although the KM value for AcCoA was 3-fold higher, the 

determined kinetic parameters were remarkably similar to the values that have been previously 

published for this enzyme by Bulfer et al.73 It is likely that the slight variations in the above 

parameters are due to differences in the methods used to carry out the kinetic assays. In 

addition, the temperature dependency of SpoHCS was investigated by performing kinetic 

assays over a diverse range of temperatures between 15 and 40 °C. Our data revealed that the 

optimal temperature for enzymatic activity is 30° C, and the loss of activity at temperatures 

above 40 °C predicted to be due to enzyme denaturation, which is consistent with the thermal 
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stability profile of the enzyme. The pH dependency of enzyme functionality was also 

investigated using a direct assay by measuring the loss of AcCoA at 234 nm, where the initial 

velocity data were determined over a range of pHs between 5.5 and 9. The velocity profile was 

bell-shaped with the highest enzymatic activity observed at pH 7.0. 

Furthermore, enzyme kinetics properties were studied in viscous environments by adding 

various concentrations of viscogens such as glycerol and sucrose to the assay solutions. It has 

been proposed that studying enzyme kinetics in viscous environments can deliver insight into 

the dynamics and conformational changes of a protein. One example is a study carried out by 

Sekhar et al.100 in which the conformational change of a four-helix bundle FF domain was 

investigated using viscosity-dependent kinetics. According to Kramers’ theory,100, 101 an 

increase in the viscosity of the solvent results in friction against the motile enzyme in solution. 

Kramers proposed that the friction imposed by solvent viscosity is inversely proportional to 

the diffusion of molecules in solution, making the kinetic steps outlined by rate constants (k1, 

k-1, and kcat), shown in Figure 2.22, responsive to solvent viscosity. For example, the rate of 

product formation (kcat) is suggested to be inhibited because friction increases the activation 

energy needed by an enzyme to reach the transition state. Furthermore, it has been proposed 

that an increase in solvent viscosity will result in a corresponding decrease in the rate constant 

for the association of the substrate into enzyme-substrate complex (k1), and therefore a decrease 

in the kcat/KM value.  

 

Figure 2.22: Schematic of steps in enzyme catalytic reaction. 

 

Regarding the effect of increased solvent viscosity on SpoHCS catalysis, the kinetic data 

analysis revealed an increase in the apparent AcCoA KM value in all viscous environments 

compared to the aqueous solutions. On the other hand, the apparent KM value for α-KG 

decreased in the presence of glycerol, in contrast to the increase in apparent KM value observed 

for α-KG in a viscous environment containing sucrose. Interestingly, the enzyme turnover 

number increased in all viscous environments. Thus, the increase in the specificity constant 

(kcat/KM) value of the enzyme and the increase determined in AcCoA KM values in viscous 

environments, compared to those determined in the aqueous environment, indicate a change in 

enzyme dynamics.102  
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Considering that it is proposed if a catalytic reaction is fully controlled by the chemical steps 

of catalysis,100, 101 an increase in solvent viscosity will not affect kcat/KM, it is reasonable to 

hypothesise that the increase observed in apparent KM and kcat/KM values of the enzyme imply 

that the flexibility and movement of protein domains are involved in enzyme activity.  

L-Lysine inhibition of SpoHCS was investigated, and the inhibition constants were found to be 

20.9 ± 1.4 µM for AcCoA and 4.8 ± 0.4 µM for α-KG. L-Lysine inhibition data versus α-KG 

was best fitted to a competitive inhibition model suggesting that L-lysine is a competitor of α-

KG, while the L-lysine inhibition data versus AcCoA was best fitted to a non-competitive 

model. Our data is consistent with the L-lysine inhibition profiles previously reported for HCSs 

from diverse microorganisms.22, 71, 73 L-Lysine inhibition of SpoHCS in a viscous environment 

was also studied, in which the apparent Ki value for L-lysine significantly decreased in viscous 

environments compared to aqueous environments.   

Finally, the crystal structure of SpoHCS complexed with Zn2+ was solved to a resolution of 

2.47 Å. From the symmetry of the unit cell, it was revealed that the crystal structure of SpoHCS 

is a tetramer formed by the interaction of two identical homodimers, which was consistent with 

the analytical SEC results. Divalent metal ions (Zn2+) were detected at both the enzyme active 

site and the catalytic domain interface of the diverse dimers. Structural alignment between the 

crystal structure of SpoHCS solved in this study, and the previously reported crystal structures 

of the enzyme revealed that they are superimposable with an RMSD of 0.23 Å. Although the 

α-KG substrate was added to the crystallisation conditions, there was not sufficient density to 

support atomic modelling of the substrate at the enzyme active site. The divalent metal ion 

(Zn2+) was detected at the active site in a similar location compared to that shown in previously 

published crystal structures (PDBs: 3IVT, 3IVS, 3IVU).73 It has been proposed that the divalent 

metal ion (Zn2+) in the active site coordinates to Glu44, His224, His226, and a water molecule. 

It has also been suggested that the C1-carboxyl and C2-oxo groups of α-KG, in α-KG-

complexed structures, form hydrogen-bonds with Zn2+. Given the structural similarity observed 

between the current and previously characterised crystal structures of SpoHCS, it is reasonable 

to assume that α-KG binds to the active site of SpoHCS as has been described by Bulfer et al.73 

in which Arg43 predicted to form a hydrogen-bond interaction with the C2-keto group of α-

KG, and the C1-carboxyl group of α-KG forms a hydrogen-bond with Thr197. Furthermore, 

hydrogen bond interactions were suggested between the C5-carboxyl group of the substrate 

and His103, Arg163, and Ser165 (Figure 2.23). 
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Figure 2.23: The active site of SpoHCS (PDB:3IVT).73 

α-KG and Zn2+ are shown in green and purple, respectively. 

Dashed lines (black) show the electrostatic interactions with active-site residues (yellow). 

 

Overall, although the solvent viscosity effects on the apparent KM and the kcat/ KM values 

determined in this study propose that the binding of substrates to SpoHCS enzyme is not 

diffusion-controlled, it is sensible to assume that the increase observed in the kcat/ KM value and 

significant changes determined in apparent KM values are due to the fluctuations in dynamics 

and conformational flexibility of the protein, particularly in the subdomains, as a result of 

increased viscosity. In conclusion, our data imply that the SpoHCS catalytic activity was 

significantly influenced as the viscosity of the reaction solvent increased, suggesting that the 

dynamics and conformational flexibility are significantly involved in enzyme functionality, 

which agrees with previously published reports. However, it should be noted that the 

contribution of viscosity effects on enzyme catalysis depends on viscogenic and chemical 

properties of a viscogen, so that it may have an inhibitory effect on the enzyme; therefore, it is 

critical to use multiple microviscogens with diverse chemical structures to eliminate unspecific 

effects on enzyme activity. We hypothesise that the viscosity of the solution influences the 
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conformational flexibility of HCS, especially the mobility of the accessory domain (subdomain 

I and II), which is proposed to play a pivotal role in AcCoA substrate binding, suggesting that 

the protein may adopt a conformation that is less suitable for AcCoA binding. This agrees with 

a study carried out by Bulfer et al.31, 73 which proposed conformational changes in subdomain 

I take place upon AcCoA binding. 
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 : Determination of the influence of the 

accessory domain substitutions on SpoHCS catalytic 

activity 

 

3.1 Overview 

The accessory domain in SpoHCS is believed to play a fundamental role in enzyme 

functionality due to the conformational changes that have been observed by comparing the 

ligand-free and α-KG-complexed crystal structures of the enzyme.73  This study was designed 

to observe the influence of the accessory domain on SpoHCS catalytic activity. To this end, 

several amino acids that are assumed to be important in the accessory domain were substituted. 

The following residues were chosen to be substituted, and the details of the choice of residues 

are explained further in this chapter. Residue Gly310 was substituted for proline (G310P) and 

phenylalanine (G310F) to restrict enzyme flexibility, while Glu333 was replaced by alanine 

(E333A) and glutamine (E333Q) to disrupt and weaken the structural stability within 

subdomain I. Substitutions of Lys317 to alanine (K317A), and Tyr271 to phenylalanine 

(Y271F) were made to alter enzyme dynamics without interfering with the structural 

conformation of the accessory domain. Finally, Leu326 was substituted for serine (L326S) to 

change the hydrophobicity and alter ligand accessibility to the enzyme active site. Protein 

folding, thermal stability, and oligomeric state of the variants were investigated and compared 

to that of wild-type SpoHCS. The catalytic activity and inhibition of the enzyme variants were 

also investigated. Finally, the partial crystal structures of K317A, E333A, and E333Q variants 

were solved.  

Overall, the results of this study support the hypothesis that the structural conformation and 

flexibility of the accessory domain play an essential role in enzyme functionality so that a single 

substitution in the accessory domain could substantially alter or destroy the functionality of the 

enzyme. 
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3.2 Background 

The crystal structure of SpoHCS that has been reported in this study, along with the previously 

characterised crystal structures of this protein,31, 73 has revealed that the enzyme is composed 

of a catalytic domain and an accessory domain extended to the C-terminus of the catalytic 

domain. The enzyme has been previously reported as a homodimer stabilised by domain-

swapping between the catalytic and regulatory domains of adjacent monomers;73 however, we 

have shown that SpoHCS is a tetramer formed by two intertwined homodimers (Figure 2.21). 

The catalytic domain is formed by a TIM-barrel fold, and the active site is located at the center 

of the barrel, where the α-KG-complexed crystal structure demonstrates that the substrate binds 

to the active site of the enzyme via hydrogen bonds and coordination to a divalent metal ion 

located at the active site. The accessory domain consists of two smaller subdomains 

(subdomain I & II) formed by a mixture of α-helices and β-sheets. 

Despite the interactions observed between α-KG and the residues within the active site, no 

direct interaction has been determined between the substrate and the accessory domain. 

However, a previous study, carried out by Bulfer et al.73 illustrated perturbations in part of 

subdomain I, also known as the lid motif, by comparing the ligand-free (PDB:3IVS)73 and α-

KG-complexed (PDBs: 3IVT, 3IVU)73 crystal structures of SpoHCS. It has been determined 

that the lid motif conformation in apo-form SpoHCS and one of the α-KG-complexed crystal 

structures (PDB:3IVT)73 prevents the substrate from having access to the active site, while the 

lid motif conformation was found disordered in the second α-KG-complexed crystal structure 

(PDB: 3IVU),73 as shown in Figure 3.1. It has been proposed that the lid motif represents an 

entrance that controls substrate access to the active site by adopting open and closed 

conformations.  

Both kinetic data and the L-lysine bound crystal structure of SpoHCS (PDB: 3MI3)31 have 

shown that L-lysine directly competes with α-KG for binding to the active site, in which Bulfer 

et al.31 have reported that L-lysine binding also leads to conformational changes in subdomain 

I. In addition to playing the role of gating access for α-KG and L-lysine, it has also been 

suggested that the conformation of the enzyme accessory domain mediates the accommodation 

of AcCoA.31  These findings propose that the dynamics and structural conformation of the 

accessory domain may play a role in the functionality of SpoHCS.  

 



68 

 

 

Figure 3.1: Superimposition of apo-form and α-KG-complexed crystal structures of SpoHCS. 

A) The dimeric crystal structure of SpoHCS (PDB: 3IVS),73 in which one chain is shown in grey. 

The catalytic domain of the second chain is shown in pink, subdomain I is shown in blue (the 

lid motif region is coloured yellow), and subdomain II is shown in green.  B) Superimposition 

of apo-form SpoHCS (PDB: 3IVS) and the α-KG-complexed crystal structure (PDB: 3IVT, 

cyan).73 C) Superimposition of apo-form SpoHCS and the second α-KG-complexed crystal 

structure (PDB: 3IVU),73 in which part of the lid motif (shown in dashed red line) is 

disordered. Zn2+ and α-KG are shown in black and orange at the active site, respectively. 
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This research aimed to investigate this outlook by altering the residues which are predicted to 

be involved in the dynamics and conformation of the accessory domain. To this end, protein 

sequences of previously studied HCSs from S. pombe, A. vinelandii, A. fumigatus, T. 

thermophilus, S. cerevisiae, P. chrysogenum, and C. albicans were chosen alongside with α-

IPMS from M. tuberculosis and CMS from L. interrogans, then BLAST and ESPript sequence 

similarity searching algorithms were used to identify residues that are conserved within the 

accessory domain of the enzyme family (Appendix II). The Gly310, Glu333, Lys317, Tyr271, 

Leu326, and Asp339 residues were identified to be highly conserved across the enzyme family 

and selected for potential mutations to investigate the dynamic and conformational influences 

of the accessory domain on enzyme functionality. 

 

3.2.1 Choice of residues for mutations 

Multiple sequence alignment (Appendix II) shows that Gly310 residue in SpoHCS is well 

conserved among all HCS enzymes. Glycine is a very flexible amino acid due to the absence 

of any dihedral angle restriction, and Gly310 is located in a flexible loop connecting the 

catalytic domain to subdomain I, which suggests that it may contribute to the flexibility and 

dynamics of the accessory domain. Analysis of SpoHCS crystal structures shows that Gly310 

forms hydrogen bond interactions with Asn306 and Ala313 within the flexible loop (Figure 

3.2).  

Proline is a unique amino acid argued to be the opposite of glycine since it has a restricted 

conformational space with a substantially limited range of allowed Phi/Psi angles, which means 

that it is incapable of occupying the main chain conformations that easily adopted by glycine.103 

Structural analysis revealed that the mutation of Gly310 for proline would also minimize the 

hydrogen bond interactions (Figure 3.2). Therefore, Gly310 was substituted for proline to 

confine the flexibility of the loop and subsequently the mobility of subdomain I to investigate 

the significance of this residue on subdomain I flexibility and enzyme functionality. 

Furthermore, a G310F mutation was created by random. Phenylalanine is a hydrophobic amino 

acid with a relatively non-reactive aromatic sidechain that prefers the hydrophobic protein 

cores.103 Structural analysis suggests that, as a result of G310F substitution, the sidechain of 

phenylalanine will be buried within the flexible loop, accommodate between Asn306 and 

Ala313 (Figure 3.2). These data propose that the G310F mutation could minimise the flexibility 
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of the loop; therefore, it could be disruptive for the functionality of the enzyme, which has been 

investigated.  

 

 

Figure 3.2: The Gly310 interactions (A) determined from the crystal structure of SpoHCS (PDB: 

3IVS).73 The predicted structure and interactions of G310P (B) and G310F (C) substitutions in 

SpoHCS. Monomers are shown in orange and cyan. Yellow dashes indicate hydrogen bond 

interactions. 
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The second SpoHCS mutation site was at Glu333, a conserved residue within the enzyme 

family, which is part of the lid motif region. Glutamic acid is a polar, negatively charged amino 

acid proposed to play a key role in protein stability, as it is usually involved in salt-bridges that 

leads to creating stabilised hydrogen bonds.103 Analysis of the ligand-free crystal structure of 

SpoHCS shows that Glu333 is hydrogen bonded to the ε2-amine of His316 and three water 

molecules (Figure 3.3A), while in the α-KG-complexed structure, the amine and carboxyl 

groups of glutamic acid are hydrogen bonded to the carboxyl group of Thr331 and the Cε-

amine group of Lys336, respectively (Figure 3.3B). These data suggest that Glu333 plays a key 

role in the conformation stability of subdomain I.  

Alanine is an amino acid with a very non-reactive sidechain that is not usually involved in 

protein function.103 Structural analysis suggests that the Glu333 substitution to alanine would 

not affect the protein backbone; however, it would abolish subdomain I internal residue 

interactions (Figure 3.3C) that could destabilise its conformations. Therefore, Glu33 was 

substituted to alanine to assess the importance of this residue for conformational stability and 

flexibility of subdomain I in SpoHCS.   

Glutamine is a polar, uncharged amino acid that is structurally similar to glutamic acid except 

for oxygen of its functional group replaced with an amine group in glutamine.103 Structural 

analysis suggests that the E333Q substitution would keep the interaction determined from the 

crystal structure of WT-SpoHCS (Figure 3.3D). However, it was hypothesised that E333Q 

mutation could weaken these interactions.  Therefore. E333Q substitution was created further 

to investigate its importance in the conformational stability of subdomain I. 
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Figure 3.3: Glu333 interactions determined from crystal structures of SpoHCS. 

A) Ligand-free crystal structure of the enzyme (PDB: 3IVS).73 B) The α-KG-complexed crystal 

structure (PDB: 3IVT).73 C) The predicted structure and interactions of E333A (purple) substitution in 

subdomain I. D) The predicted structure and interactions of E333Q (purple) substitution in subdomain 

I. Monomers are shown in cyan and orange, water molecules are shown as red spheres, and the yellow 

dashed lines indicate hydrogen bonds. 

 

A combination of structural analysis and multiple sequence alignment proposed that Lys317 is 

also involved in the conformation stability and flexibility of subdomain I. Lys317 is a 

differentially conserved residue in HCSs, in which hydrogen bond interactions between Lys317 

and  His321 in the lid motif, and also Glu46ʹ, Phe48ʹ, Ala51ʹ, and Glu256ʹ in the catalytic 

domain of the adjacent monomer are observed in the ligand-free crystal structure of SpoHCS 

(Figure 3.4A). These interactions for Lys317 are also conserved in the α-KG-complexed crystal 
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structure, except for the hydrogen bond with His321 (Figure 3.4B), which suggests that Lys317 

plays an important role in SpoHCS structure. It was hypothesised that shortening the positively 

charged sidechain of Lys317 could abolish determined interactions and disrupt the structural 

conformation of the enzyme. Therefore, Lys317 was substituted to alanine, a small non-polar 

amino acid with a non-reactive sidechain, to investigate the role of this residue and its hydrogen 

bond interactions in the accessory domain of SpoHCS.  

 

Figure 3.4: Lys317 interactions determined from crystal structures of SpoHCS. 

Monomers are shown in cyan and orange, and the yellow dashed lines indicate hydrogen bonds. A) 

Ligand-free crystal structure of the enzyme (PDB:3IVS).73 B) The α-KG-complexed crystal structure 

(PDB: 3IVT).73 C) The predicted structure and interactions of K317A (purple) substitution in 

SpoHCS. 
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Leu326 in SpoHCS is highly conserved in HCSs, where it is replaced with tyrosine in the HCS 

from T. thermophilus. A comparison between the closed and open conformations of subdomain 

I in SpoHCS demonstrates that the hydrophobic sidechain of Leu326 is positioned towards the 

active site in the closed conformation (Figure 3.5). This suggests that this residue may play an 

important role in controlling the access of water molecules to the active site. Leu326 was 

mutated to serine, a slightly polar amino acid consists of a reactive hydroxyl group that can 

form hydrogen bonds with polar molecules,103 to restrict the hydrophobicity and determine the 

significance of this feature in enzyme functionality. 

 

Figure 3.5: The conformation of Leu326 in crystal structures of SpoHCS. 

A) Ligand-free crystal structure of the enzyme (PDB: 3IVS).73 B) The α-KG-complexed crystal 

structure of the enzyme (PDB: 3IVT)73 shows that the hydrophobic sidechain of Leu326 is positioned 

towards the active site. α-KG (green) and Zn2+ (purple sphere) are shown at the active site. Monomers 

are shown in cyan and orange. C) Protein is shown in surface mode, in which the hydrophobic 

environment is shown in orange. D) Leu326 is shown as a hydrophobic residue at the hydrophobic 

pocket in the enzyme active site. 
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Although Asp339 in SpoHCS is not conserved within the enzyme family, the interactions that 

this residue share with Tyr271 and Arg275, located in the catalytic domain (Figure 3.6A), 

implicate that Asp339 plays an important role in the overall conformation and dynamics of the 

accessory domain of SpoHCS. Asp339 was substituted to alanine to remove these interactions 

and determine the importance of hydrogen bonds in enzyme conformation stability and 

functionality. However, it was predicted that the D339A mutation would create a hole (Figure 

3.6B) and lead to protein misfolding and precipitation. Therefore, Tyr217 was also substituted 

to phenylalanine, a similar hydrophobic amino acid that varies only in its aromatic benzene 

ring where it lacks a hydroxyl group (Figure 3.6C), to restrict these interactions to determine 

the importance of this region. 

 

Figure 3.6: A) The interactions determined between Asp339, Tyr271, and Arg275 from the crystal 

structure of SpoHCS (PDB: 3IVT).73 

The predicted structure and interactions of D339A (purple) substitution in SpoHCS. C) The predicted 

structure and interactions of Y271F (purple) substitution in SpoHCS. Monomers are shown in orange 

and cyan. Yellow dashed lines indicate interactions between the mentioned residues. 
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3.3 Construction of the enzyme variants 

3.3.1 Isolation and cloning 

The lys4 gene, described in Section 2.3.1, was used as a template and the typical multi-step 

PCR was carried out to generate the SpoHCS variants, in which the appropriate base-pair 

changes were introduced using the mutagenic primers outlined in Table 3-1.  

The first PCR step was designed to amplify the lys4 gene into two smaller fragments, where 

the mutations of interest were constructed using the designed primers. As an example, the 

forward primer designed for the wild-type enzyme and the reverse primer designed for a variant 

were used in one reaction to amplify one part of the lys4 gene, while the reverse wild-type 

primer and forward variant primer were used to amplify the second part of the gene. Then, the 

amplified DNA fragments were gel-purified, and a second PCR step was carried out to allow 

fusion at their overlapping sequences. Finally, a third PCR step was performed in which the 

fused fragments were amplified using the wild-type primers. The amplified DNA fragments 

related to each variant were gel purified, digested using XhoI and NheI restriction enzymes, 

and cloned into a pET28a plasmid, where a TEV cleavable N-terminal His-tag would be 

introduced to the constructs. The overall steps that have been taken to clone the enzyme variants 

are shown in Figure 3.7. 

The plasmids were transformed into stellar E. coli competent cells, purified, and sequenced. 

Those plasmids bearing the mutated genes were transformed into E. coli BL21 DE3 cells, 

which were used for protein expression.  
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Table 3-1: The primers designed to create mutations in SpoHCS. 

The coding sequences for the target substituted amino acids are coloured in red. 

Enzyme 

variants 

Primer Sequence (5’–3) 

G310P Forward TTTAACAACTATATCACCCCAATGTGTGCCTTTACCCAT 

Reverse ATGGGTAAAGGCACACATTGGGGTGATATAGTTGTTAAA 

G310F Forward TTTAACAACTATATCACCTTTATGTGTGCCTTTACCCAT 

Reverse ATGGGTAAAGGCACACATAAAGGTGATATAGTTGTTAAA 

E333A Forward AATCCGAGCACCTATGCCATTCTGAAACCGGAA 

Reverse TTCCGGTTTCAGAATGGCATAGGTGCTCGGATT 

E333Q Forward AATCCGAGCACCTATCAAATTCTGAAACCGGAA 

Reverse TTCCGGTTTCAGAATTTGATAGGTGCTCGGATT 

K317A Forward TGTGCCTTTACCCATGCAGCAGGTATTCATGCA 

Reverse TGCATGAATACCTGCTGCATGGGTAAAGGCACA 

Y271F Forward CTGGCACGTATGTTTGTTACCGATCGT 

Reverse ACGATCGGTAACAAACATACGTGCCAG 

L326S Forward ATTCATGCAAAAGCCATTTCGGCAAATCCGAGC 

Reverse GCTCGGATTTGCCGAAATGGCTTTTGCATGAAT 

D339A Forward CTGAAACCGGAAGCTTTTGGTATGAGC 

 Reverse GCTCATACCAAAAGCTTCCGGTTTCAG 
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Figure 3.7: Overall steps carried out to generate SpoHCS variants and their cloning into pET28a. 

The blue lines signify the lsy4 DNA fragment, red lines are variants primers introducing substitutions. 

XhoI and NheI restriction sites were used to insert the amplified DNA fragments into a pET28a 

plasmid. 

 

3.4 Protein expression and purification 

All SpoHCS variants were expressed as described for the wild-type enzyme in Chapter 2. 

Cultures were grown using E. coli BL21 DE3 cells at 37 °C, and protein expression was 

induced by adding IPTG at 23 °C; cell pellets were harvested and kept at ˗80 °C. 

The G310P, G310F, E333A, E333Q, K317A, L326S, D339A, and Y271F variants were 

purified following the same protocol outlined for wild-type SpoHCS in Section 2.3.3. The 

harvested cells were resuspended in lysis buffer [50 mM sodium phosphate (pH 8.0), 500 mM 

NaCl, and 20 mM imidazole] and lysed using sonication. The D339A variant was precipitated 

(broken down to small insoluble parts) after cell lysis, even in the presence of protease 

inhibitor, and further attempts to stabilise this variant by using different buffer conditions were 

not successful. This could be due to misfolding of the enzyme in response to structural changes 
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caused by the aspartic acid to alanine substitution. Therefore, variant D339A was not studied 

further. Proteins were purified using IMAC and digested by TEV protease, followed by SEC. 

SDS-PAGE was carried out for the purified proteins, in which all variants were found with 

enough purity and at a similar size to wild-type SpoHCS, as shown in Figure 3.8 

 

Figure 3.8: SDS-PAGE photo of the purified SpoHCS variants compared to the wild-type protein. 

The protein ladder is labelled in kDa. 

 

3.5 Physical characterisation 

3.5.1 Presence of secondary structure 

The protein variants were diluted to a final concentration of 0.01 mg/mL in 10 mM boric acid, 

and the protein folds were evaluated using CD at 20 °C. The obtained CD spectra suggest that 

the enzyme variants shared a similar fold to that of the wild-type enzyme (Figure 3.9). 

However, data analysis using the K2D3 server92 determined that the secondary structure 

compositions of a few of the purified protein variants (Table 3-2) were slightly different 

compared to that of estimated from the crystal structure of the wild-type, as discussed in Section 

2.3.2. It is reasonable to hypothesise that residues substitutions have altered the structural 

conformation of the protein and changed the solvent accessibility of the enzyme structure; 

however, it should also be noted that the variation in calculated secondary structures could be 

due to the presence of the unspecific contaminant proteins. 
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Figure 3.9: CD spectra for the SpoHCS variants. 

 

 

Table 3-2: Secondary structure composition for the SpoHCS variants calculated using the K2D3 

server.92 

Protein α-helix% β-sheet% 

WT-SpoHCS 32.1 19.1 

E333A 36.2 16.6 

E333Q 31.5 18.9 

G310F 35.9 18.1 

G310P 39.6 14 

K317A 39.7 15 

L326S 42.9 14 

Y271F 44.1 11.6 

 

 

3.5.2 Oligomeric structure 

The oligomeric state of the purified variants was investigated using analytical gel filtration. 

The column (Section 8.5.4) was equilibrated, and known sized proteins outlined in Table 2-2 

were used to generate a standard curve, in which a line best fitted was calculated as y= ˗1.47x 

+ 4.27 with an R2=0.99. 

The SpoHCS variants were eluted in a range of elution volumes between 11.7 and 12.6 mL, 

corresponding to trimeric and tetrameric oligomeric states. However, NATIVE-PAGE results 
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(Figure 3.10) suggest that all variants are in tetrameric states, similar to that of WT-SpoHCS. 

The diversity of elution volume of enzyme variants seen in analytical gel filtration is believed 

to be due to the effect of mutations on the quaternary structure of the enzyme.  

 

Figure 3.10: NATIVE-PAGE photo of the purified SpoHCS variants. 

The protein marker is labelled in kDa 

 

 

3.5.3 Thermal stability 

DSF was used to study the thermal stability of SpoHCS variants as described in section 2.3.4 

and section 8.5.6, in which the raw data is shown in Figure 3.11. The denaturation temperature 

for all variants was compared to that of wild-type SpoHCS (Figure 3.12), in which variants 

K317A and G310P were found to share similar stability compared to the wild-type enzyme. 

An increase of 1.8 °C and 1.5 °C was observed in the melting temperature of variants L326S 

and G310F, respectively. The DSF data suggest that Y271F, E333A, and E333Q destabilised 

the enzyme, as the denaturation temperatures of these variants decreased with the largest 

reduction of 4.3 °C seen for variant Y271F.  
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Figure 3.11:Raw data of differential scanning fluorimetry experiment carried out on SpoHCS 

variants. 

 

 

 

Figure 3.12: Melting temperatures for the SpoHCS variants. 

Error bars show the standard deviation of triplicate measurements. 
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3.6 Kinetic characterisation 

3.6.1 Michaelis-Menten kinetics 

The catalytic activity of the SpoHCS variants was evaluated using the DTP-coupled assay at 

324 nm, as previously described for the wild-type enzyme in Section 2.4.2. These observations 

revealed that G310P, G310F, E333A, and E333Q abolished the activity of SpoHCS. K317A, 

L326S, and Y271 were found to be active; therefore, kinetic assays were conducted. To 

determine the apparent KM value for α-KG, the concentration of AcCoA was kept at 250 µM 

for all variants, and varying concentration of α-KG was used. To find out the apparent KM value 

for AcCoA, the AcCoA was varied, while the concentration of α-KG was fixed at 3 mM, 1 

mM, and 15 mM for K317A, L326S, and Y271F variants, respectively. The obtained velocity 

data for each variant were plotted and fitted into the Michaelis-Menten equation using 

GraphPad Prism software (Figure 3.13). The apparent KM values and turnover numbers were 

calculated, as shown in Table 3-3.  

Residue substitutions significantly altered the amount of substrate required for maximum 

enzymatic activity, where the apparent KM values for AcCoA in K317A, L326S, and Y271F 

were higher by almost 5.7-fold, 3.8-fold, and 2.3-fold, respectively. The apparent KM values 

for α-KG also increased for all three variants, where the most intense increase, almost 13.3-

fold, was observed for Y271F. Furthermore, the turnover number in both K317A and Y271F 

was lower by an average of 2-fold, but the kcat value for L326S was highly similar to that of 

WT-SpoHCS. 

Table 3-3: Kinetic and inhibition parameters calculated for the SpoHCS variants. 

 

Protein 

KM (mM)  Ki (µM) 

AcCoA α-KG kcat (s
˗1) AcCoA α-KG 

WT-SpoHCS 0.027 ± 0.002 0.16 ± 0.01 4.2 ± 0.1 21 ± 1 4.8 ± 0.4 

K317A 0.15 ± 0.01 0.64 ± 0.05 1.5 ± 0.1 77 ± 4 5.5 ± 0.2 

L326S 0.11 ± 0.01 0.31 ± 0.03 5.6 ± 0.2 37 ± 1  2.2 ± 0.1 

Y271F 0.063 ± 0.004 2.1 ± 0.2  1.9 ± 0.1 23 ± 2 12 ± 1 
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Figure 3.13: Kinetic plots generated for the SpoHCS variants. 

The apparent KM values were determined by fitting the data into the Michaelis-Menten equation. Error 

bars show the standard deviation of duplicate samples. 

3.6.2 Inhibition 

The feedback regulation of the enzyme variants in the presence of L-lysine was also studied. 

The kinetic assays were carried out as described previously (Section 2.5.3), where the 

concentration of α-KG was fixed at 3 mM, 1 mM, and 15 mM, and varying concentration of 

AcCoA was used to determine the L-lysine inhibition constant with respect to AcCoA for 

K317A, L326S, and Y271F variants, respectively. To determine the Ki value for L-lysine versus 

α-KG, the concentration of AcCoA was kept at 250 µM for all variants, and reactions were 

initiated by the addition of varying concentrations of α-KG.  

The inhibition data were plotted by fitting the results to a competitive model for α-KG and a 

non-competitive model for AcCoA, which are shown in Figure 3.14. The L-lysine Ki values in 
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all three active enzyme variants were calculated with respect to both substrates, as shown in 

Table 3-3. The interpretation of the results demonstrates that the inhibition constant for L-lysine 

was slightly altered in all variants; however, the Ki values were found in the close range 

micromolar concentrations suggesting that the L-lysine inhibition was not much impaired. 

 

 

Figure 3.14: Inhibition plots generated for the SpoHCS variants. 

L-Lysine inhibition versus α-KG was fitted to a competitive model, while the inhibition versus 

AcCoA was fitted to a noncompetitive model. 
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3.7 Structure of SpoHCS variants 

3.7.1 Crystallisation 

The SpoHCS variants were subjected to the hanging drop vapour diffusion technique as 

described previously in Chapter 2 of this thesis (Section 2.6.1), in which purified proteins were 

buffer exchanged into 25 mM Tris (pH 9.0) containing 50 mM NaCl, 1 mM ZnSO4, and then 

2 µL × 20 mg/mL of each of the protein solutions were mixed with 2 µL of the reservoir 

solution [1.2-1.8 M phosphate buffer with a pH range of 5.8-6.4]. Attempts were made to 

crystallise the proteins in both the apo-form and in the presence of potential ligands (α-KG and 

L-lysine); therefore, 50 mM α-KG and 1 mM L-lysine were added to the protein solutions where 

necessary.  

Hexagonal bipyramid protein crystals, similar to those previously observed for the wild-type 

enzyme but considerably smaller in size, were grown in different conditions for a few of the 

enzyme variants (Figure 3.15). The protein crystals for E333A [1.6 M phosphate buffer (pH 

6.2), containing 50 mM α-KG] were cryo-protected in 20% glycerol, the E333Q crystals [1.4 

M phosphate buffer (pH 6.0)] were cryo-protected in 50% sucrose, and the K317A crystals [1.4 

M phosphate buffer, (pH 5.8)] were cryo-protected in 50% sodium acetate, and then all were 

frozen in liquid nitrogen to be examined for structure determination.  

 

Figure 3.15: Protein crystals grown for A) E333A, V) E333Q, and C) K317A variants of SpoHCS. 
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The diffraction data of the crystallised enzyme variants were obtained using the MX2 beamline 

at the Australian Synchrotron96 to resolutions of 2.47 Å for both E333Q and E333A and 2.57 

Å for K317A. The SpoHCS full-length crystal structure (PDB: 3IVT)73 was employed to solve 

the crystal structures of the enzyme variants using molecular replacement. WinCoot97 and 

REFMAC98 were used to build and refine the structures, for which the data collection and 

refinement statistic details are presented in Table 3-4. 
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Table 3-4: Data collection and refinement statistics for the crystal structures solved for E333Q, 

E333A, and K317A. 

 E333A E333Q K317A 

Data collection and processing 

Space group P6222 P6222 P6222 

Unit cell a, b, c (Å) 134.94, 134.95, 122.96 135.07, 134.98, 123.82 134.56, 134.52, 123.44 

Resolution range (Å) 45.45 to 2.60 45.69 to 2.47 45.51 to 2.85 

Measurements 557027 (68973) 657112 (72613) 421461 (58380) 

Unique reflections 20915 (2489) 24578 (2692) 15965 (2259) 

Completeness (%) 100 (100) 99.9 (99.3) 100 (100) 

Multiplicity 26.6 (27.7) 26.7 (27.0) 26.4 (25.8) 

I/σ(I) 16.9 (0.8) 15.3 (1.0) 14.5 (0.9) 

R merge  0.165 (5.643) 0.175 (4.035) 0.189 (4.572) 

CC1/2 1.000 (0.490) 0.999 (0.469) 0.999 (0.494) 

Refinement     

R factor 0.2153 0.2168 0.2094 

R free 0.2660 0.2564 0.2533 

Rms Bondlength  0.0082 0.0085 0.0074 

Rms Bondangle  1.6724 1.6192 1.6070 

Rms Chirvolume 0.0692 0.0640 0.0639 

Mean B (Å2)    

Protein 83.88 67.453 96.393 

Ligand (Zn2+) 75.41 101.480 93.130 

Ligand (α-KG)  84.69 - 125.325 

Ramachandran    

Preferred% 88.60 92.51 89.32 

Allowed% 8.29 6.20 7.03 

Outliers% 3.11 1.29 3.65 
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First, the crystal structure of the K317A variant complexed with α-KG was solved (Figure 

3.16), in which the data demonstrate that part of subdomain I in the structure was disordered. 

Due to low resolution and density, the enzyme structure in this region could not be resolved 

unambiguously. The changes in subdomain I conformation could be due to the loss of 

interactions between the substituted Ala317 and its surrounding residues that were naturally in 

coordination with Lys317, as it was hypothesised that this mutation would reduce the 

conformational stability of subdomain I. Despite the conformational changes observed in the 

enzyme crystal structure, kinetic assays have shown that the K317A variant was catalytically 

active, suggesting that the substrates could still bind to the enzyme. The characterised crystal 

structure of the K317A variant shows that both α-KG and Zn2+ are bound to the active site at 

positions similar to that previously reported for the wild-type enzyme. Structural analysis also 

indicates that except for the disordered region of subdomain I (known as the lid motif), the 

crystal structure of K317A and the wild-type enzyme are superimposable (RMSD=0.37 Å), 

suggesting that the K317A mutation has not affected the structural conformation of the catalytic 

domain and subdomain II (Figure 3.16). 

 

Figure 3.16: The crystal structure solved for the K317A variant of SpoHCS. 

A) Structural alignment of WT-SpoHCS-KG (PDB: 3IVT)73 shown in green and the 

characterised structure of the K317A variant (orange) complexed with α-KG (yellow and 

purple), which also shows Zn2+ (black and grey spheres) and the substrate at the active site. B) 

The crystal structure of the monomeric subunit of the K317A variant showing that part of 

subdomain I is disordered. 
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The second determined crystal structure was related to the E333A variant, which was 

complexed with the α-KG substrate (Figure 3.17). This characterised enzyme structure 

illustrates that upon the mutation of Glu333 to alanine, the conformation of the lid motif 

(subdomain I) significantly transformed; however, the full crystal structure of this region was 

not solved either. It was initially predicted that Glu333 plays an essential role in the 

conformational stability of the enzyme, and its mutation to alanine could abolish the 

interactions necessary for this stability, which is consistent with the characterised crystal 

structure of the E333A variant. The characterised crystal structure of the E333A variants shows 

the α-KG substrate and Zn2+ bound to the active site, which underlines that the α-KG substrate 

binding to the active site is independent of subdomain I. However, the lack of enzyme activity 

suggests that the conformation of subdomain I plays a crucial role in the catalytic mechanisms 

for SpoHCS. 

As shown in Figure 3.17, no significant changes were found in the structural conformation of 

the catalytic domain and subdomain II, and the structure of the E333A variant aligned well 

(RMSD=0.35 Å) with the crystal structure of WT-SpoHCS.  

 

 

Figure 3.17: The crystal structure solved for the E333A variant of SpoHCS. 

A) Structural alignment of WT-SpoHCS-KG (PDB: 3IVT)73 shown in green and the 

characterised structure of the E333A variant (blue) complexed with α-KG (yellow and 

purple), which also shows Zn2+ (black and grey spheres) and the substrate at the active site. B) 

The crystal structure of the monomeric subunit of the E333A variant shows that part of 

subdomain I is disordered.  
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The apo-form crystal structure of the E333Q variant was also determined, as shown in Figure 

3.18. The data show that the structural conformation of the lid motif region in the E333Q 

variant also changed, but the alterations seem less significant compared to those observed for 

E333A. Given that this E333Q variant was also not catalytically active, these observations 

indicate that Glu333 is a key residue that contributes to the conformational stability of the 

enzyme. Similar to the E333A variant, the crystal structure of the E333Q variant also aligned 

well (RMSD=0.305 Å) with the crystal structure of WT-SpoHCS, except for the disordered 

region of subdomain I (Figure 3.18). 

 

 

 

Figure 3.18: The crystal structure solved for the E333Q variant of SpoHCS. 

A) Structural alignment of WT-SpoHCS-KG (PDB: 3IVT)73 shown in green and the 

characterised structure of the apo-form E333Q variant (pink), which also shows Zn2+ (black 

and grey spheres) at the active site. B) The crystal structure of the monomeric subunit of the 

apo-form E333Q variant showing that part of subdomain I is disordered. 
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3.8 Discussion 

The conformational flexibility and domain movements have been demonstrated to be crucial 

for the functionality of several multi-domain proteins,104, 105 and it has been proposed that 

studying the flexibility-function of proteins can provide insight into further drug design and 

development.106 Previously, the characterised crystal structures of SpoHCS revealed different 

structural conformations for a flexible lid motif region located in subdomain I of the SpoHCS, 

which is proposed to play a role as a gate keeper regulating the ligands access to the active 

site.31, 73 Sequence and structural analysis suggest that SpoHCS is a homologue of α-IPMS, in 

which the conformational flexibility of subdomains has been demonstrated to be critically 

important for the enzyme functionality.47 The biochemical characterisation of the enzyme 

kinetics, described in Chapter 2, also suggests that protein dynamics influence the catalytic and 

inhibition mechanisms of the enzyme. These data suggest that conformational flexibility, 

particularly in subdomains, plays a role in the enzyme functionality. 

Therefore, multiple sequence alignment and structural analysis were employed, and the 

residues predicted to be involved in conformational stability and flexibility of subdomain I 

were substituted to investigate the above hypothesis. Point mutations in SpoHCS at Gly310, 

Glu333, Lys317, and Leu326, located in subdomain I, and Tyr271 in the catalytic domain, were 

generated to investigate the flexibility of subdomain I and its importance in the functionality 

of the enzyme. The G310P, G310F, E333A, E333Q, K317A, L326S, and Y271F variants were 

successfully cloned and purified using IMAC and SEC, as described in Chapter 2 for the wild-

type enzyme. 

The secondary structure composition of the variants was evaluated using CD spectroscopy, in 

which the results suggested that the variants were properly folded. Nevertheless, the spectra 

deviation observed for the variants and the diversity in their secondary structure compositions 

(α-helices and β-sheets), compared to that estimated for the wild-type enzyme, indicate some 

differences in the secondary structures. These data propose that the substituted residues may 

have affected protein folding; however, in contrast to the inactive variants such as E333Q that 

share a highly similar structure to that of the wild-type protein, a few of the purified protein 

variants with larger secondary structure variations were found to be catalytically active. It has 

been previously determined that a protein’s shape and stability can be altered by a single 

residue substitution,107, 108 while some misfolded proteins may stabilise by a fold that differs 

from the native form of the protein.109 It is reasonable to speculate that the residue substitutions 
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could have altered the protein structure, result in the differences observed for the protein fold 

of the variants compared to the wild-type enzyme. However, it should be noted that the 

estimation of the secondary structure composition of a protein in solution relies on the solvent-

accessible surface of a protein and the estimation of secondary structure composition for the 

exposed residues in α-helix and β-sheet structures vary from the buried, hydrophobic residues, 

which can significantly influence the CD results.110, 111 Therefore, it is also plausible that the 

slight variations observed in the secondary structure composition of variants are due to solvent 

accessibility of the intrinsic hydrophobic regions of the enzyme. Furthermore, DSF 

experiments demonstrated that the K317A and G310P variants share similar thermal stabilities 

to the wild-type enzyme, while Y271F, E333A, and E333Q mutations destabilised the enzyme 

as indicated by the lower melting temperatures of 41.7 °C, 44.2 °C, and 44.5 °C, respectively. 

By contrast, the L326S and G310F substitutions increased the melting temperatures of the 

enzyme to 47.9 °C and 47.6 °C, respectively. Considering the diversity observed in the 

secondary structure and thermal stability of the SpoHCS variants, it is reasonable to speculate 

that residue substitutions may have affected the quaternary structure and conformation of the 

enzyme. However, both the NATIVE-PAGE and analytical gel filtration results strongly 

suggest that the purified protein variants were tetrameric in solution, similar to that of 

determined for the wild-type enzyme. Moreover, it should be considered that these techniques 

are not sensitive enough to show subtle differences in conformation associated with a single 

point mutation; therefore, further studies using techniques such as NMR112 should be 

undertaken to obtain more information. 

Although less disruption was determined in the secondary structure of variants G310P and 

G310F compared to the wild-type protein, no enzymatic activity was observed for these 

variants, suggesting that Gly310 and subsequently the flexibility of the loop region 

accommodated this residue is essential for the subdomain I flexibility. This data is consistent 

with our hypothesis suggesting that the flexibility of the loop region connecting catalytic 

domain and subdomain I in SpoHCS is necessary for the motion of the lid motif and allows it 

to form the open and closed conformations, which have been proposed by Bulfer et al.31, 73 

Furthermore, the substitution of Glu333 for alanine and glutamine has also abolished the 

catalytic activity of the enzyme. Since Glu333 forms multiple intrinsic hydrogen-bond 

interactions (Figure 3.3), it was suggested to play a role in the conformational stability of the 

lid motif. Therefore, the absence of catalytic activity in variant E333A is predicted to be due 

to conformational destability in the subdomain I of the enzyme caused by the loss of the internal 
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interactions.  An unexpected result is the lack of catalytic activity in variant E333Q. Given the 

structural similarity between glutamic acid and glutamine, described in Section 3.2.1, it was 

preliminarily hypothesised that the Glu333 substitution for glutamine would not completely 

destroy the enzymatic activity of SpoHCS. However, the absence of enzymatic activity in 

variant E333Q indicates that the structural conformation of the subdomain is critically 

important, and even slight alteration could adversely affect the functionality of the enzyme. An 

interesting result achieved from the characterised crystal structure of variant E333A is the 

presence of α-KG at the active site,  indicating that substitutions of Glu333 within the lid motif 

do not affect the binding of α-KG at the active site, which suggests that the lack of enzymatic 

activity may be due to the perturbation in the conformation of the lid motif.  Given that the 

conformation of subdomain I was also suggested to be involved in AcCoA binding,73 it is 

hypothesised that the lack of enzymatic activity could be due to the inability of AcCoA to bind 

to subdomain I. Our data are favourably consistent with the previously published report 

suggested that the lid motif in SpoHCS does not directly interact with ligands at the active 

site.31, 73 

Contrary to the variants described above, the kinetic results revealed that K317A, L326S, and 

Y271F variants were catalytically active; however, the relevant residues substitutions have 

substantially increased the apparent KM for both substrates compared to the wild-type enzyme.  

Substituting Lys317 for alanine proposed to remove the predicted interactions shown in Figure 

3.4 and destabilising the subdomains by increasing conformational flexibility. Previous studies 

have shown that the conformational stability and flexibility of subdomains are important for 

AcCoA binding in IPMS-like enzymes;47 also a ternary model of SpoHCS bound to AcCoA 

generated by Bulfer et al.,73 suggests that the lid motif is involved in binding of AcCoA. Our 

hypothesis is that the increased KM values and lower kcat value in K317A, compared to the wild-

type enzyme, is possibly due to the perturbation in subdomains that disrupted the binding of 

the substrates, particularly AcCoA. Furthermore, variant L326S was active, in which the 

apparent KM values were higher by almost 2-fold and 4-fold for α-KG and AcCoA, 

respectively, compared to that of the wild-type enzyme. This data indicates that removing the 

hydrophobicity at this position is destructive for the binding of substrates and proposes that the 

hydrophobicity of Leu326 is necessary for the binding of substrates. It is reasonable to 

speculate that the substitution of Leu326 for serine alters the solvent accessibility of the active 

site by allowing more water molecules to occupy the active site. 
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Finally, the variant Y271F showed a substantially higher KM value for α-KG and lowered the 

kcat value, compared to the wild-type enzyme. Tyr271 is located in the catalytic domain of the 

protein, which has been predicted to form hydrogen-bond interactions with surrounding 

residues, including Asp339 in subdomain I (Figure 3.6). Our initial hypothesis was that these 

interactions are important in the structural conformation of protein and stability of subdomain 

I. The slight increase (almost 2-fold) observed for the apparent KM of AcCoA in variant Y271F, 

compared to the wild-type enzyme, suggests that this substitution did not significantly 

influence the conformation of subdomain I. On the other hand, given the substantial increase 

observed in apparent KM for α-KG, it is appealing to speculate that Y217F has reduced 

hydrophobicity, allowing water molecules to access the inner hydrophobic regions and the 

active site of the enzyme. However, in the absence of a crystal structure, it is very difficult to 

predict the actual consequence of the substitution of Tyr271 for phenylalanine, and more data 

is needed to interpret this. 

The results of this study provide more evidence for the importance of subdomain I in the 

catalytic activity of SpoHCS and suggest that each of the residues substituted in this study are 

critically important for the enzyme functionality, as residues substitutions caused a significant 

increase in the KM of the substrates or completely abolished catalytic activity of the enzyme. 

Given that Bulfer et al.31, 73 have previously demonstrated that the lid motif (subdomain I) in 

SpoHCS does not directly interact with the ligands at the active site, it is reasonable to speculate 

that the adverse kinetic results are due to the changes in structural conformation and flexibility 

of the protein, particularly in subdomain I. 
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 : α-IPMS from Neisseria meningitidis with 

added C-terminal appendage domains 

 

4.1 Introduction  

Although proteins were once assumed to be static entities, current protein-based studies 

revealed that they are conformationally flexible, and there is significant evidence suggesting 

that protein dynamics are necessary for biologically fundamental processes, including 

allosteric and catalytic mechanisms.113-118 So far, various types of protein movements have 

been determined. One such movement is local flexibility, which is defined as a highly localised 

motion of the backbone atoms that allows for flexibility in the sidechain motion. This kind of 

movement can be determined by nuclear magnetic resonance (NMR) or by observing B-factors 

in high-resolution crystallography.119 Sawaya et al.104 have also demonstrated that the motion 

of flexible loop regions is necessary for the catalytic mechanism of dihydrofolate reductase 

from E. coli, where the flexibility of a loop region plays a crucial role in transitioning between 

the recognised kinetic states in catalysis. In addition, Avlani et al.105 have shown that a flexible 

loop can also regulate the ligands access in a G-protein coupled receptor. Furthermore, protein 

domains, usually connected by linkers or flexible loops, have also been shown to shift relative 

to each other in multi-domain proteins, which is believed to be of significance for allosteric 

regulation. Cross et al.120 for example, have shown that when tyrosine, as an allosteric inhibitor, 

is bound to 3-deoxy-D-arabino-heptulosonate 7-phosphate (DHA7P) synthase from T. 

maritima, the regulatory domain moves and physically prevents ligand access to the active site. 

In addition, a study conducted by Mauldin et al.121 has shown that the inhibitors binding to 

dihydrofolate reductase influenced the dynamics of the NADH cofactor binding site, in which 

collective movements in the timescale of microseconds to milliseconds have been observed in 

loops surrounding the active site. These movements have proposed to disrupt the exchange of 

NADH and NAD+ and subsequently inhibit the enzyme catalysis.62, 121 Although the exact 

mechanism of allostery is still ambiguous, these data propose that protein dynamics and 

allosteric regulation are closely related.  

In general, allostery is known as a molecular transmission process that regulates enzymes, by 

which actions on one side of the enzyme extend to a remote active site. The allosteric regulation 

term is also applied to communication between protein domains or even spatially remote 
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binding sites in one domain.103 While it has been believed that a conformational change, like 

the structural rearrangements reported for haemoglobin,51 is required for allosteric regulation, 

there are many examples of dynamic changes of structured allosteric proteins where binding 

of a ligand has regulated enzyme activity without any substantial conformational change.55, 56, 

58, 59, 122, 123 This implies that the absence of conformational changes does not necessarily mean 

that allostery is not at play,124 which underlines the significance of understanding dynamics in 

allosteric control and how protein conformational changes influence the catalytic activity; 

particularly when allosteric ligands are bound at a region far from the active site. Several factors 

such as ligand binding, protein-protein interactions, molecular forces, and electrical gradients 

have been previously proposed as external perturbations that can alter the structural dynamics 

and subsequently induce allostery or alter its function.63, 125, 126 More recently, it has been 

proposed that allosteric regulations can be due to shifting between active and inactive states of 

a protein, as a result of mechanical forces that change the protein dynamics and structure.64, 127 

For example, while no apparent conformational change has been observed for allostery in 

methionine repressor MetJ, Seifert et al.63 have shown that the allosteric signal is promoted 

due to the slight, only a few degrees, movement of an α-helix positioned adjacent to the co-

repressor binding site. Molecular dynamics analysis has also shown that the binding of 

allosteric ligands influences the dynamics of the protein by altering the equilibrium between 

its different conformational states.64, 123  

Allosteric feedback regulation of an enzyme, usually catalysing the first step of a metabolic 

pathway, by the end product of the pathway has been frequently reported. One such enzyme is 

α-IPMS, an enzyme that catalyses the primary step in the biosynthetic pathway of L-leucine by 

utilising the condensation reaction between AcCoA and α-KIV to produce α-IPM, where its 

catalytic activity is allosterically inhibited by the end product of the pathway, L-leucine.30, 36 

Previously, α-IPMS has been extensively studied, and its wild-type and variant crystal 

structures have been characterised from a wide range of microorganisms such as M. 

tuberculosis,46 N. meningitidis,41 and L. biflexa.47 However, the most in-depth studies have 

been carried out on MtuIPMS, where the full-length crystal structures of the enzyme, 

previously described in Section 1.5.4, have been characterised,46 which has established the 

basis for further research on the enzyme family. In summary, the characterised crystal 

structures of the MtuIPMS revealed that the enzyme is an asymmetric homodimer, composed 

of an N-terminal catalytic domain connected to a C-terminal regulatory domain via two 

subdomains (I and II), where subdomain I and the catalytic domain of one chain are rotated 
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relative to each other with subdomain II and the regulatory domains positioned on top of the 

active site of the catalytic domain (Figure 1.9). The characterised L-leucine-complexed crystal 

structure of MtuIPMS (PDB:3FIG)46 has revealed that the allosteric L-leucine inhibitor binds 

at the dimer interface of the regulatory domains, almost 50 Å away from the active site, and 

thereby regulates enzyme catalysis. A comparison between the apo-form and L-leucine-bound 

crystal structures of MtuIPMS, carried out by Koon et al.46 suggests that a flexible loop 

(residues 558–567) that covers the L-leucine binding site has become more ordered in the 

presence of L-leucine; however, no substantial conformational changes were observed, and a 

similar structural asymmetry was determined for both the L-leucine-complexed and apo-form 

crystal structures (Figure 4.1).  

 

Figure 4.1: Alignment of L-leucine-complexed and apo-form crystal structures of MtuIPMS. 

Left: Superimposition of the apo-form MtuIPMS crystal structure (PDB: 1SR9)46 shown in pink and 

the L-leucine-bound structure (PDB: 3FIG)46 shown in blue. Right: A flexible loop covering the L-

leucine binding site has become more arranged upon L-leucine binding. 

 

Several studies have been previously carried out to determine the allosteric mechanism in α-

IPMS and to investigate the dynamic effect of the regulatory domain in enzyme catalysis. For 

instance, de Carvalho et al.40 studied the mechanism of L-leucine inhibition in the absence of 

detectable conformational change by substituting Y410F (MtuIPMS numbering), a residue 
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positioned in a region of subdomain I that crosses over to the adjacent monomer and forms part 

of the active site. Although the Y410F substitution is located over almost 40 Å from the L-

leucine binding site on the regulatory domain, no L-leucine inhibition was observed in the 

generated variant, which proposed that there may be a communication network, transmitting 

through the subdomains, that is imperative for the allosteric mechanism.40 Furthermore, 

Frantom et al.37 employed solution-phase hydrogen-deuterium exchange (HDX) to investigate 

how the allosteric regulatory signal is transmitted in MtuIPMS, in which it has been determined 

that a hydrophobic region in subdomain II comes into contact with the regulatory domain, that 

has been implicated in transmitting the allosteric signal to the catalytic domain. In addition to 

MtuIPMS, the importance of the subdomains in the functionality of α-IPMSs from L. biflexa, 

described in Section 1.5.4, has also been investigated, in which it was demonstrated that upon 

removal of the regulatory domain from the long-form LbiIPMS, the enzyme maintained almost 

90% of its activity. However, further removal of residues from subdomain II remarkably 

damaged or destroyed enzyme activity.47 Furthermore, previous studies have illustrated that 

the removal of regulatory domains in MtuIPMS and NmeIPMS eliminates the catalytic activity 

of these enzymes.18, 41 However, it has been demonstrated that the substrates were still able to 

bind to the site of NmeIPMS and that the enzyme was still capable of independently 

hydrolysing the AcCoA substrate.18, 41 Though these data show that there may be various 

mechanisms involved in α-IPMSs allostery, they propose that the presence of the regulatory 

domain and its dynamics is necessary for enzyme functionality, probably through mechanisms 

that are not detectable from crystal structures.  

Our understanding of allostery, which rests on our knowledge of molecular dynamics and how 

the binding of allosteric molecules alters protein dynamics and protein structure,62-64, 123 allows 

us to propose a new allosteric mechanism for α-IPMS. As previously described, the 

characterised crystal structures of MtuIPMS revealed an asymmetry arises from the different 

juxtaposition of subdomain I and subdomain II of the accessory domain, which has been frozen 

near one end of the pendulum swing (Figure 1.8). It is hypothesised that the complex allosteric 

regulatory response in α-IPMS is based on modifying molecular dynamics, which is disclosed 

by modifying the oscillation of a molecular pendulum. It has been suggested that α-IPMS 

oscillates between asymmetric conformational states and that L-leucine binding regulates its 

enzymatic function by disrupting the dynamic motion of the proposed swinging pendulum 

assembly (Figure 4.2). 
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Figure 4.2: Schematic demonstration of proposed conformational oscillation between asymmetric 

states of α-IPMS. 

Catalytic domains are shown in cyan, subdomains I are in green, subdomains II are purple, and the 

regulatory domain is coloured in orange. 

 

The α-IPMS from N. meningitidis was chosen for this study, as this enzyme is a fascinating 

dynamic protein, and its allosteric mechanism is not well recognised. In addition, N. 

meningitidis is a human pathogen responsible for meningitis, a cause of death and 

developmental impairment, which makes its enzymes valuable targets for drug development. 

A plausible theory underlying this study was that the added mass would result in physical forces 

that could disrupt the perturbation induced due to the binding of L-leucine to the regulatory 

domain. Therefore, this study was aimed to determine the influence of added mass (as an 

additional domain partner) to the C-terminus of the regulatory domain on the enzymatic activity 

and dynamics of NmeIPMS. To this end, NmeIPMS was expressed with added C-terminal 

glutathione S-transferase and thioredoxin proteins, which are referred to as GST-tag and TRX-

tag in the study, respectively. Thioredoxin is a small (∽12 kDa) protein, which is demonstrated 

to be very effective as a solubilising protein tag and is unique among epitope tags in being 

stable up to 80 °C.128 Furthermore, glutathione S-transferase is a known ∽26 kDa protein, 

which is being frequently used as a fusion tag to enhance the solubility of recombinant proteins, 

and it allows purification to be achieved based on the affinity of GST to the glutathione ligand 
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conjugated to a matrix.128 The use of different sizes of appendage protein domains would lead 

to a better understanding of the influence of the added mass on enzyme dynamics and function.  

 

4.2 Constructs details 

4.2.1 Isolation of the LeuA gene 

A glycerol stock of E. coli One Shot TOP10 cells harbouring the already verified LeuA gene 

encoding α-IPMS from N. meningitidis serogroup B (Appendix III), previously subcloned into 

a pFH01 plasmid by Dr. Frances HA Huisman, was already available within the Parker 

Laboratory. Cells were grown overnight at 37 °C in 5 mL of LB media containing ampicillin. 

The pFH01-NmeLeuA plasmids were purified from overnight cultures using a Monarch® 

Plasmid Miniprep Kit, then E. coli BL21 DE3 cells were transformed with purified plasmids 

and plated on LB agar. A single colony containing the target construct (verified by colony 

PCR) was chosen to grow an overnight cell culture, which was then mixed with sterilised 

glycerol and stored at ˗80 °C to be used for further expression.  

The purified plasmids were also used as a PCR template to isolate the DNA fragment of the 

LeuA gene. The LeuA gene was amplified using the primers outlined in Table 4-1, where 

Phusion® High-Fidelity PCR Master Mix was used to perform PCR. The primers were designed 

to amplify the NmeIPMS DNA fragment with an N-terminal NheI restriction site and C-

terminal sequences to allow for fusion with GST and TRX proteins, as described in Section 

4.3.2 and Section 4.3.3, respectively. The quality of the amplified NmeIPMS DNA fragment 

was evaluated using agarose gel electrophoresis (Figure 4.3). 
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Table 4-1: The primers designed to amplify the NmeIPMS constructs. 

The NheI and HindIII restriction sites are shown in blue and red, respectively. The overlap sequences 

designed to allow fusion of NmeIPMS and GST proteins are shown in purple, and the overlap 

sequences designed to allow fusion of NmeIPMS and TRX proteins are shown in green. 

DNA 

Fragment 

Primer Sequence (5’–3’) 

 

 

NmeIPMS 

Forward GTTGTTGCTAGCATGACACAGACCAACCGC 

Reverse  

(GST fusion) 

GCCGCTCGCGCCGCTAATCGTACCGCTGCC 

 

Reverse  

(TRX fusion) 

AATCGTACCGCTGCCCTG 

 

 

 

GST 

Forward AGCGGCGCGAGCGGCATGTCCCCTATACTAGGTTATTGGAAA 

Reverse GTTGTTAAGCTTATCCGATTTTGGAGG 

 

 

TRX 

Forward AAACCGAAAGCGCAGGGCAGCGGTACGATT 

 

Reverse AACAACAAGCTTCGCCAGGTT 

 

 

 

4.2.2 Isolation of gene encoding GST (GST-tag) 

The pDest15 plasmid contains a gene from Schistosoma japonicum that encodes glutathione S-

transferase (GST). Therefore, E. coli TOP10 cells bearing the pDest15 plasmid (glycerol stock 

was available at the Parker Lab) were inoculated into 5 mL of LB media containing ampicillin. 

The culture was grown in a shaking incubator overnight at 37 ˚C. The plasmids were purified, 

as described in Section 8.2.7 of this thesis, and used as a template for PCR to allow for the 

isolation of DNA fragments encoding the GST protein using the primers outlined in Table 4-1. 

The amplified DNA fragments were constructed with a C-terminal HindIII restriction site and 

a 15 bp N-terminal overhang sequence designed to allow fusion with the NmeIPMS DNA 

fragment. Agarose gel electrophoresis was used to evaluate the generated GST fragments 

(Figure 4.3).  

 

4.2.2.1 Fusion of NmeIPMS with GST 

The overlap extension PCR was carried out to fuse the NmeIPMS and GST DNA fragments 

using overlap sequences at their 3’ and 5’ ends, respectively. Accordingly, both fragments were 

https://www.uniprot.org/taxonomy/6182
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mixed (1:1 ratio) and subjected to 15 cycles of PCR with no primers present in the mixture to 

allow for fusion of the fragments by their overlap extensions. Then, the NmeIPMS forward 

primer and GST reverse primer were added, and the reaction mixture was subjected to 20 cycles 

of PCR to amplify the fused NmeIPMS-GST DNA fragment. Agarose gel electrophoresis was 

performed to evaluate the PCR product (Figure 4.3), then a Monarch DNA Gel Extraction Kit 

was used to purify and isolate the NmeIPMS-GST DNA fragment from the gel. 

 

 

Figure 4.3: Agarose gel of the NmeLeuA and GST DNA fragments. 

A) Amplified GST DNA fragment (687 bp), B) isolated NmeLeuA DNA fragment (1578 bp), and 

C) fused NmeLeuA-GST (2250 bp). DNA marker is labelled in bp. 

 

4.2.3 Isolation of TRX (TRX-tag) 

The trxA gene encoding the thioredoxin protein from E. coli (strain K12) was chosen to be 

added to the C-terminus of the NmeLeuA gene. The trxA gene was used to design a template in 

which a TEV cleavage site and a 30 bp flexible linker were added to the N-terminal of the trxA 

gene to allow for cleavage of the tagged protein. In addition, 30 bp from the NmeLeuA C-

terminus was added to the N-terminal of the trxA gene as an overlap sequence to allow for 

fusion with the NmeLeuA gene. A HindIII restriction site was also incorporated at the C-

terminus of the trxA gene to allow for ligation of NmeIPMS-TRX with the destination vector 

(pET21a). Finally, a DNA sequence encoding a His-tag would be appended to the C-terminus 
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of the NmeIPMS-TRX protein, thus allowing for purification of the tagged protein. Figure 4.4 

displays the overall structure of the designed trxA gene construct, which was obtained from 

GeneArt. A sample with a concentration of 20 ng/µL was used as a template for fusion.  

 

 

Figure 4.4: A schematic diagram of the trxA DNA template designed to be added to NmeIPMS. 

The His-tag was introduced to the sequence after NmeIPMS-TRX was cloned into pET21a plasmid.  

 

4.2.3.1 Fusion of NmeIPMS with TRX 

The NmeLeuA and trxA DNA fragments were designed to contain an overlap sequence at their 

3’ and 5’ ends, respectively, which was employed in a two-step PCR to fuse them. First, 15 

cycles of PCR (annealing and extension) were performed for a mixture of both DNA fragments 

(1:1 ratio), in the absence of any primers, to allow the DNA fragments to be fused by their 

overlap extensions. Then, the primers (Table 4-1) designed to amplify the fused NmeIPMS-

TRX fragment were added to the mixture, and PCR was carried out for another 20 cycles. 

Agarose gel electrophoresis was used to confirm the success of the fusion and amplification of 

the target DNA fragment (Figure 4.5).  

 

Figure 4.5: Agarose gel of the NmeLeuA and TRX DNA fragments. 

The figure shows the NmeLeuA DNA fragment (1551 bp), the designed trxA gene construct (420 bp), 

and the NmeLeuA-TRX fused fragment (1944 bp). 
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4.2.4 Cloning 

Each of the NmeIPMS-GST and NmeIPMS-TRX amplified DNA fragments were gel extracted 

and digested with appropriate restriction enzymes, as described in Section 8.2.3.5. In addition 

to the DNA fragments, previously purified pET21a plasmids were digested using the restriction 

enzymes to prepare linearised plasmids. Each of the ligated constructs was transformed into E. 

coli stellar competent cells and plated on LB agar medium containing ampicillin to isolate 

single colonies. Then, plasmids were purified from overnight cell cultures (grown using single 

colony) and sequence verified plasmids were transformed to target expression cells and 

glycerol stocks were prepared as previously described for WT-NmeIPMS in Section 4.3.1. The 

detailed experimental procedure for cloning is described in Section 8.2.3. 

 

4.3 Protein expression 

All three proteins were expressed using a similar method to that described in Section 8.4. 

Conical flasks containing 1 L of LB medium and appropriate antibiotics were inoculated with 

an overnight culture of transformed E. coli BL21 DE3 cells bearing pFH01-NmeIPMS or 

pET21a-NmeIPMS-GST or pET21a-NmeIPMS-TRX. The cultures were grown in a shaking 

incubator at 37 °C until an OD600 0.4-0.6 was reached. Protein expression was induced by the 

addition of 0.5 mM IPTG, and cultures were incubated at 18–23 °C overnight. Cells were 

harvested by centrifugation and resuspended in lysis buffer, and lysed by sonication. Soluble 

and insoluble fractions were loaded on to an SDS-PAGE gel to evaluate the overexpression 

and solubility of the target protein (Figure 4.6). All three proteins were expressed and found to 

be soluble since the protein bands were observed at their predicted sizes. 
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Figure 4.6: Solubility evaluation of the expressed proteins on an SDS-PAGE gel. 

A) WT-NmeIPMS, B) NmeIPMS-GST, C) NmeIPMS-TRX. Novex® Sharp Unstained Protein 

Standard was used for WT-NmeIPMS and NmeIPMS-GST, while PageRuler Prestained 

Protein Ladder was used for NmeIPMS-TRX.  

 

4.4 Protein purification 

Multiple steps were taken to purify each of the expressed proteins, and a summary of the 

purification procedures is shown in Figure 4.7. WT-NmeIPMS was expressed with an N-

terminal His-tag, which was subsequently cleaved using TEV protease, while both NmeIPMS-

GST and NmeIPMS-TRX were expressed with a C-terminal His-tag. The presence of a His-tag 

allowed IMAC to be used as the initial step to purify the target proteins. The desalting steps 

were carried out to remove undesired components from purified protein solutions, and the SEC 

was carried out to polish the purified proteins. As for the NmeIPMS-GST protein, a second 

affinity chromatography step using a GSTrap column was carried out to increase the purity of 

the purified protein. 
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Figure 4.7: Purification procedures employed for each NmeIPMS enzyme. 

 

4.4.1 WT-NmeIPMS 

IMAC was employed using a HisTrap column to purify the WT-NmeIPMS protein from the 

lysed cells. Imidazole was removed using a desalting column, and the His-tag was removed 

from the purified protein by TEV protease cleavage. Once again, the desalting column was 

used to remove DTT and EDTA, and the protein mixture was loaded on to the HisTrap column 

to isolate the TEV cleaved proteins. Finally, the SEC was used to improve the purity of the 

target protein. A sample of purified protein from each step was loaded on an SDS-PAGE gel 

to evaluate the yield and purity of the protein (Figure 4.8). 
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Figure 4.8: SDS-PAGE of the purified WT-NmeIPMS enzyme. 

From left to right; lane 1 shows the His-tagged protein purified using a HisTrap column (IMAC1), 

lane 2 shows the TEV cleaved protein with no His-tag (IMAC2), lane3 shows TEV protease that 

bound to the His-trap column, and lane 4 shows the protein that eluted from SEC. Despite the 

presence of a few unspecific protein bands on the gel, the target protein was found with enough purity 

to be used for further experiments. Protein marker is labelled in kDa. 

 

4.4.2 NmeIPMS-GST 

Due to the presence of a His-tag at the C-terminus of NmeIPMS-GST, an IMAC purification 

step was carried out to isolate the protein from the crude lysate. However, the His-tag was not 

cleaved as the objective was to study the added mass at the C-terminus of the enzyme. The 

protein was also expressed with a GST-tag attached to its C-terminus. Therefore, imidazole 

was removed from the solution, and the protein mixture was buffer exchanged into 20 mM 

sodium phosphate buffer (pH 7.5) containing 150 mM KCl, to be compatible with the GSTrap 

column. Affinity chromatography using a GSTrap column was carried out to purify GST-

tagged protein, which was then polished using SEC. Although SDS-PAGE showed the purified 

protein at the expected protein mass (Figure 4.9), the observation of multiple elution peaks in 

the SEC demonstrated protein heterogeneity (Figure 4.10). These peaks indicated protein 

aggregation, which could have happened during protein expression or purification. Since no 

sign of protein aggregation was observed for the purified wild-type enzyme, the fused affinity 

GST tag was believed to be the cause of the aggregation. A few strategies were employed to 

overcome NmeIPMS-GST protein aggregation, where the lysis buffer conditions were 

optimised by using additives such as β-mercaptoethanol (reducing agent), Triton X-100 
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(detergent), and adjusting the pH of the buffer to eliminate protein aggregates. In addition, ion-

exchange chromatography (cation exchange column) was carried out to resolve aggregation 

and improve protein homogeneity. Despite all attempts made, a significant amount of 

aggregation remained in the purified protein sample. Furthermore, analytical gel filtration was 

carried out to isolate the homogeneous NmeIPMS-GST, which is discussed further in Section 

4.6.2.3. 

 

Figure 4.9: SDS-PAGE of the purified NmeIPMS-GST protein. 

A) Protein marker labelled in kDa. B) Insoluble cellular debris after cell lysis. C) Crude 

lysate shows that the expressed protein is highly soluble. D) The protein that was 

purified using a His-trap column. E) The protein that was purified using a GSTrap 

column. F) Protein polished using SEC. 

 

 

Figure 4.10: Elution trace of the NmeIPMS-GST protein that was purified using SEC. 

The data show that the protein was in multiple oligomeric states, suggesting protein aggregation. 
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4.4.3 NmeIPMS-TRX 

Like the GST-tagged protein, NmeIPMS-TRX was expressed with the addition of a C-terminal 

His-tag, which was not supposed to be cleaved. Therefore, the NmeIPMS-TRX enzyme was 

purified by carrying out IMAC using a His-Trap column and polished using SEC. As shown in 

Figure 4.11, SDS-PAGE was employed to evaluate the purified enzyme, and a protein band at 

the expected enzyme molecular mass was observed.  

 

 

Figure 4.11: SDS-PAGE of the purified NmeIPMS-TRX protein. 

A) The protein ladder is labelled in kDa. B) NmeIPMS-TRX protein purified using a His-

Trap column. C) The protein purified using SEC. 

 

4.5 Physical characterisation 

4.5.1 Presence of secondary structure 

The secondary structure of the purified protein was assessed using CD spectroscopy, which is 

displayed in  Figure 4.12.  K2D3 online software92 was employed to determine the α-helix and 

β-strand composition of WT-NmeIPMS, NmeIPMS-GST, and NmeIPMS-TRX, which is 

presented in Table 4-2. The existence of secondary structure in the proteins suggests they were 

folded, and further characterisation could proceed. The secondary structure composition 

estimated for WT-NmeIPMS is consistent with the expected structure predicted using the 

enzyme homology model. Also, the α-helix and β-strand structure calculated for NmeIPMS-

TRX matches with the expected percentages. As for NmeIPMS-GST, the calculated β-strand 

composition is consistent with the predicted theoretical structure, but the rate of α-helix 
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composition is lower by almost 1.5-fold compared to the predicted rate. This could be due to 

the protein aggregation observed for this protein or the presence of unspecific contaminant 

proteins purified with the NmeIPMS-GST.  

 

 

Figure 4.12: CD spectra for NmeIPMS and NmeIPMS-TRX. 

 

 

Table 4-2: The estimated secondary structure composition of purified NmeIPMSs. 

Protein α-helix% β-strand% 

WT-NmeIPMS 37.2 16.2 

NmeIPMS-TRX 24.7 23.0 

NmeIPMS-GST 27.7 20.3 

 

 

4.5.2 Oligomeric structure 

Analytical SEC, a method that allows for the characterisation of proteins with minimum 

influence on their structural conformation, was carried out at 4 °C to determine the oligomeric 

state of the purified enzymes (Section 8.5.4). Protein standards of known size (Sigma), outlined 
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in Table 2-2, were used to generate standard curves, in which blue dextran (2000 kDa) was 

used as the void volume (V0).  

 

4.5.2.1 WT-NmeIPMS 

WT-NmeIPMS and standard proteins were each eluted in a buffer containing 50 mM Tris-HCl 

(pH 7.5) and 100 mM KCl. The standard curve was generated, and a line of best fit for the 

curve was calculated as 𝑦 = −1.83𝑥 + 4.65 with 𝑅2 = 0.98 (Figure 4.13). The protein elution 

volume (14.1 mL) was converted to a molecular weight of 120 kDa using the above equation, 

suggesting that the WT-NmeIPMS is dimeric in solution, given the theoretical mass of the 

monomer is ~56 kDa.  

 

 

Figure 4.13: Analytical SEC curve plotted for WT-NmeIPMS. 

The molecular weights of the protein standards are labelled, and WT-NmeIPMS is shown as a green 

triangle. 

 

4.5.2.2 NmeIPMS-TRX 

As for NmeIPMS-TRX, protein samples were eluted in 50 mM Tris (pH 7.5) with 100 mM 

NaCl, in which the standard curve equation was computed as 𝑦 = −1.35𝑥 + 4.04 with 

𝑅2 =0.97 (Figure 4.14). An elution peak related to NmeIPMS-TRX protein was observed at 

11.8 mL corresponding to the molecular weight of 169 kDa, consistent with the theoretical 

mass of a dimer (141 kDa).  
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Figure 4.14: Analytical SEC elution trace for NmeIPMS-TRX. 

A 500 µL protein sample (2 mg/mL) was eluted at pH 7.5, which is shown as a green square.   

 

 

4.5.2.3 NmeIPMS-GST 

Although protein aggregation has been reported for NmeIPMS-GST, an analytical SEC was 

performed to determine the oligomeric state of the purified protein. Similar to the SEC data, 

three elution peaks at ~9.92 mL, ~10.4 mL, and ~11.8 mL (referred to as P1, P2, and P3, 

respectively) were observed, suggesting that the protein was present in different oligomeric 

states (Figure 4.15). The same equation described in Section 4.6.2.2 was used, and the elution 

volumes of P1, P2, and P3 were converted to molecular weights of 338 kDa, 275 kDa, and 169 

kDa, respectively. This data suggests that the NmeIPMS-GST protein is in an equilibrium 

between multiple oligomeric states (a mixture of dimeric, trimeric, and tetrameric states) under 

the conditions of analysis.  
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Figure 4.15: Analytical SEC elution trace observed for NmeIPMS-GST. 

A 500 µL protein sample (2 mg/mL) was eluted in 50 mM NaCl (pH 7.5) with 100 mM NaCl. The 

eluted protein peaks are labelled and are shown in green. 

 

An attempt was made to isolate the homogeneous form of the protein by collecting the last 

fractions of the latest elution peak, protein eluted between 12.5 mL and 14 mL highlighted in 

Figure 4.15, which was believed to be related to the dimeric form of NmeIPMS-GST. The 

collected protein sample was pooled and concentrated, and then the analytical SEC was used 

to elute series of samples with diverse concentrations (0.5, 2, and 10 mg/mL) to investigate the 

homogeneity of protein (Figure 4.16).  
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Figure 4.16: Analytical SEC elution traces obtained for NmeIPMS-GST samples with different 

concentrations. 

 

While our data strongly suggest that the majority of the injected samples were eluted at an 

elution volume related to the dimeric form of NmeIPMS-GST, a mixture of oligomeric states 

was still present (Figure 4.16). Although it is consistent with our earlier hypothesis, which was 

indicating that the protein is in an equilibrium between various oligomeric structures, our data 

showed that increasing the concentration of the protein sample shifts the ratio of its oligomeric 

state towards the trimeric and tetrameric forms, suggesting that the protein would be in dimeric 

form when diluted. Therefore, the eluted protein fractions predicted to be in a dimeric state, 

those eluted from the second round analytical SEC as shown in Figure 4.16, were collected and 

diluted to 2 mg/mL, in which the majority of the protein was expected to be in a dimeric state, 

and then stored at ˗80 °C to be used for further experiments.  

 

4.5.3 Thermal stability 

DSF (Section 8.5.5) was carried out to measure the thermal stability of both WT-NmeIPMS 

and NmeIPMS-TRX in the presence and absence of the potential ligands to investigate the 

influence of the added mass. The protein samples (0.1 mg/mL) were prepared in a buffer 
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containing 50 mM HEPES (pH 7.5), 20 mM MgCl2, and 20 mM KCl. The concentrations of 

the substrates were kept at 250 µM, while various concentrations of L-leucine (250 µM and 

500 µM) were used. SYPRO® Orange dye was added, and the samples were loaded into a 96-

well plate (in triplicate), then covered and exposed to a thermal melt program from 10 to 90 °C 

with 0.015 °C increasement (Figure 4.17).   

 

Figure 4.17:Raw data of differential scanning fluorimetry experiment carried out on NmeIPMSs. 

 

The DSF results (Table 4-3) indicate that the WT-NmeIPMS was stable up to 47.1 ± 0.1 °C in 

the absence of the ligands, and the presence of AcCoA had no effect on enzyme stability. 

However, the enzyme thermal stability slightly increased in the presence of α-KIV and a 

mixture of AcCoA and α-KIV, which suggests that the binding of the α-KIV substrate increased 

enzyme stability. In addition, the enzyme denaturation temperature increased to 47.9 ± 0.1 °C 

and 48.6 ± 0.1 °C in the presence of 250 µM and 500 µM L-leucine, respectively.  

Regarding the NmeIPMS-TRX, the DSF data (Table 4-3) shows that the added TRX-tag 

resulted in lower thermal stability than the apo-form WT-NmeIPMS, as the melting temperature 

of the apo-form NmeIPMS-TRX was found to be 44.9 ± 0.4 °C. Unlike the wild-type enzyme, 

no significant change in the melting temperature of NmeIPMS-TRX was determined in the 

presence of the substrates. However, the enzyme melting temperature in the presence of 250 
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µM and 500 µM L-leucine significantly increased to 47.2 ± 0.1 °C and 48.1 ± 0.1 °C, 

respectively, compared with those of WT-NmeIPMS (Figure 4.18). 

As for NmeIPMS-GST, the melting temperature for the apo-form enzyme was determined to 

be 55.4 ± 0.1, which was higher than that of the wild-type enzyme, suggesting that the added 

GST-tag has increased the thermal stability of the enzyme. Our data indicate that the enzyme 

melting temperature was slightly increased in the presence of α-KIV, and the combination of 

both α-KIV and AcCoA, suggesting that α-KIV is bound to the enzyme and increases its 

stability. However, no alteration in the thermal stability of NmeIPMS-GST was observed in the 

presence of AcCoA. Moreover, although the presence of L-leucine illustrated an increase in the 

thermal stability of both WT-NmeIPMS and NmeIPMS-TRX, neither of the L-leucine 

concentrations described above altered the melting temperature of NmeIPMS-GST.  

 

 

Figure 4.18: Thermal stability comparison of WT-NmeIPMS and NmeIPMS-TRX. 
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Table 4-3: The measured melting temperatures for WT-NmeIPMS and NmeIPMS-TRX. 

Denaturation temperatures were determined in the presence and absence of the ligands.  

Ligand WT-NmeIPMS NmeIPMS-TRX NmeIPMS-GST 

No ligand 47.1 ± 0.1 44.9 ± 0.4 55.4 ± 0.1 

AcCoA (250 µM) 47.0 ± 0.1 44.8 ± 0.3 55.6 ± 0.1 

α-KIV (250 µM) 47.3 ± 0.1 44.8 ± 0.1 56.2 ± 0.1 

AcCoA + α-KIV (250 

µM) 

47.7 ± 0.1 44.7 ± 0.1 56.4 ± 0.1 

L-leucine (250 µM) 47.9 ± 0.1 47.2 ± 0.1 55.3 ± 0.1 

L-leucine (500 µM) 48.6 ± 0.1 48.1 ± 0.1 55.1 ± 0.1 

 

 

4.6 Kinetic characterisation 

The kinetics of the enzymes were characterised to determine the influence of the added mass 

on enzyme functionality. The catalytic constants for WT-NmeIPMS, NmeIPMS-TRX, and 

NmeIPMS-GST (purified fractions predicted to be in a dimeric form, as discussed in Section 

4.6.2.2) were experimentally measured for both AcCoA and α-KIV. L-Leucine inhibition was 

also investigated for all three enzymes.  

The kinetic assays were performed at 25 °C, using the DTP-coupled assay, as described in 

Section 8.6.3 of this thesis. All assays were prepared in 50 mM HEPES buffer (pH 7.5) 

containing 20 mM KCl and 20 mM MgCl2. 

 

4.6.1 Michaelis-Menten kinetics 

The initial rate of reactions were measured as described in section 2.4.2,and the kinetic data of 

all three proteins were plotted using GraphPad Prism (Figure 4.19) by fitting the data into the 

Michaelis-Menten equation to determine the apparent KM values and the turnover numbers, as 

shown in Table 4-4.  The kinetic data indicate that the apparent KM value for AcCoA is lower 

in WT-NmeIPMS than that of α-KIV. In contrast, the apparent KM value for α-KIV is lower in 

both NmeIPMS-TRX and NmeIPMS-GST, compared to the KM value of AcCoA.  Furthermore, 

the KM value for AcCoA was decreased by 1.4-fold and 1.2-fold in NmeIPMS-TRX and 
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NmeIPMS-GST, respectively, compared to that of the wild-type enzyme. The apparent KM 

value for α-KIV was also decreased by 4.3-fold and 5.1-fold in NmeIPMS-TRX and NmeIPMS-

GST, compared to the KM value determined for α-KIV in the wild-type enzyme. The turnover 

number for both NmeIPMS-TRX and NmeIPMS-GST decreased by almost 3-fold compared to 

the wild-type enzyme. 

 

Table 4-4: Kinetic parameters found for WT-NmeIPMS, NmeIPMS-TRX, and NmeIPMS-GST. 

 KM (µM)  

kcat (s
-1) 

AcCoA α-KIV 

WT-NmeIPMS 35 ± 2 87 ± 5 14.6 ± 0.3 

NmeIPMS-TRX 24 ± 1 20 ± 1 5.1 ± 0.1 

NmeIPMS-GST 27 ± 1 17 ± 1 4.3 ± 0.1 
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Figure 4.19: Kinetic data plotted for A) WT-NmeIPMS, B) NmeIPMS-TRX, and C) NmeIPMS-GST. 

In order to determine the apparent KM value for AcCoA, the concentration of α-KIV was kept at 500 

µM for all three proteins, and various concentration of AcCoA was used; while to determine the 

apparent KM value for α-KIV, the concentration of AcCoA was kept at 250 µM, and α-KIV was used 

at varying concentrations. Error bars represent the standard deviation of the duplicate measurements. 

As for the AcCoA plot of WT-NmeIPMS, the error bars are short and contained within the symbols. 
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4.6.2 Allosteric inhibition 

L-Leucine allosterically inhibits α-IPMS catalytic activity. L-Leucine inhibition of WT-

NmeIPMS was studied, and the inhibition constants were determined with respect to both 

AcCoA and α-KIV. The experiments were performed as described in Section 4.6, in which one 

substrate was kept at saturation concentration (250 µM), varying the concentration of the other 

substrate, and various concentrations of L-leucine (0, 10, 50, and 100 µm) were used to 

determine the inhibition constants. 

Inhibition data were analysed using GraphPad Prism software (Figure 4.20), in which the L-

leucine inhibition of the wild-type enzyme (for both AcCoA and α-KIV) was fitted to a non-

competitive model. The Ki values were calculated to be 52 ± 2 µM and 56 ± 1 µM with respect 

to AcCoA and α-KIV, respectively. No significant inhibition was observed for L-leucine at 

concentrations up to 2 mM for the tagged proteins.  

 

 

Figure 4.20: L-Leucine inhibition plots for WT-NmeIPMS. 

Inhibition data were fitted to a non-competitive model for both AcCoA and α-KIV. 

 

 

 

 

 

 



122 

 

4.7 Isothermal titration calorimetry 

Isothermal titration calorimetry (ITC) is a valuable analytical technique used to understand the 

in-solution thermodynamic of biomolecular interactions and determine binding affinity in a 

single experiment by measuring the heat either discharged or consumed during the 

biomolecular interaction.129  

ITC was used to investigate L-leucine binding in WT-NmeIPMS and to determine whether it 

was still binding to the C-terminally tagged NmeIPMS’s. The experiments were carried out at 

25 °C, and the proteins were buffer exchanged into the buffer solution used for kinetic 

characterisation. L-Leucine binding to both WT-NmeIPMS and NmeIPMS-TRX was observed, 

while no binding was determined for NmeIPMS-GST.  

The binding isotherm for L-leucine interaction with WT-NmeIPMS was best fitted to a 

multiple-binding site model in the NanoAnalyze software, in which the endothermic heats of 

binding relating to consecutive injections of 1 µL aliquots of L-leucine into the protein along 

with the fit obtained are shown in Figure 4.21. This data indicates two L-leucine binding sites 

on the protein, in which one is determined to have a higher affinity for L-leucine than the other 

one. L-Leucine titration into the WT-NmeIPMS solution provided the following 

thermodynamic parameters for the binding site with higher affinity, where n1=0.6, Kd1= 1.6 × 

10-6 M, ∆H1= 4.3 kJ.mol-1, and ∆S1=125 J.mol-1.K-1, while the underlying parameters 

calculated for the low-affinity L-leucine interaction are as follow; n2=0.9, Kd2= 1.1 × 10-4 M, 

∆H2= 44.1 kJ.mol-1, and ∆S1=223 J.mol-1.K-1 (Table 4-5).  

Although no L-leucine inhibition was previously observed in the C-terminally tagged proteins, 

the ITC data shows that L-leucine did bind to NmeIPMS-TRX. An isotherm for the binding of 

L-leucine to NmeIPMS-TRX is presented in Figure 4.21, demonstrating an endothermic 

binding curve similar to what has been observed for the wild-type enzyme. The ITC data were 

best fitted to a multiple-binding site model and analysed as described above. Data analysis 

revealed that the L-leucine binding in NmeIPMS-TRX followed a similar pattern compared to 

the wild-type protein, suggesting that the ligand was bound to two binding sites with different 

affinities. Analysis of L-leucine binding in NmeIPMS-TRX yielded n1=0.7, Kd1= 1.2 × 10-5 M, 

∆H1= -1.55 kJ.mol-1, and ∆S1=88.7 J.mol-1.K-1 for the interaction with higher affinity. In 

addition, n2=1.02, Kd2= 1.7 × 10-4 M, ∆H2= 44.6 kJ.mol-1, and ∆S2=221 J.mol-1.K-1 were 

determined for the L-leucine interaction with lower affinity (Table 4-5).  
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As described above, the interaction of L-leucine with WT-NmeIPMS is endothermic, where 

both enthalpy and entropy parameters for L-leucine binding are positive, indicating that the 

spontaneity of the L-leucine interaction with the protein depends on the temperature. This data 

strongly suggests that the binding of L-leucine is governed entropically.124, 130 The positive 

entropy indicates that conformational flexibility is increased in all or part of the protein; 

however, it could also be an indication of partial desolvation as a result of L-leucine binding to 

the protein.131 The entropically driven L-leucine interaction suggests that allosteric regulation 

in NmeIPMS is dynamically driven over L-leucine binding to the regulatory domain, in the 

absence of detectable conformational change, which is consistent with the previously reported 

data that proposed the regulatory mechanism in α-IPMS is due to dynamical effects and domain 

movement in the protein.14, 37, 40  

Interestingly, while L-leucine binding to NmeIPMS-TRX is also entropically favoured, the 

entropy of the L-leucine interaction is lower than the wild-type enzyme, suggesting that the 

conformation of the TRX tagged protein is less disordered upon L-leucine binding. 

Furthermore, a comparison between the Kd values indicates that L-leucine had a higher binding 

affinity for both binding sites in NmeIPMS-TRX compared to that of the wild-type enzyme. 

These data, in addition to the similar endothermic sigmoidal curves observed for both wild-

type and C-terminal TRX tagged proteins, suggest the TRX-tag added to the C-terminal 

regulatory domain of NmeIPMS does not prevent L-leucine from binding to its binding site and 

that L-leucine similarly binds to both proteins, which is in contrast with the NmeIPMS-TRX 

enzyme kinetic data where no L-leucine inhibition was observed. However, the absence of L-

leucine inhibition in NmeIPMS-TRX and the reduced entropy leads to a plausible theory 

proposing that the added mass has probably disrupted the allosteric mechanism by limiting the 

dynamics of the regulatory domain.  

As described in Section 4.1 of this thesis, it is believed that α-IPMS oscillates between two 

asymmetric conformations, in which L-leucine binding regulates the enzyme function by 

modifying this oscillation. Therefore, it is reasonable to speculate that the lack of L-leucine 

inhibition in NmeIPMS-TRX is because of the absence or disruption of the molecular pendulum 

oscillation due to the added mass (TRX domain), which predicted to induce physical forces 

into the regulatory domain. This is in agreement with the previously published studies, where 

it has been demonstrated that mechanical factors and physical forces could alter enzymatic 

mechanisms.63, 132, 133 
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Figure 4.21: ITC curves for L-leucine binding to WT-NmeIPMS (top) and NmeIPMS-TRX (bottom). 

The experiments were performed at 25 °C, with a protein concentration of 90 µM for WT-NmeIPMS 

and 99 µM for NmeIPMS-TRX. The L-leucine concentration in the syringe was 5 mM for both 

enzymes. 
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Table 4-5: Thermodynamic parameters found for WT-NmeIPMS and NmeIPMS-TRX. 

Multiple site 

model 

WT-NmeIPMS NmeIPMS-TRX 

Ka1 (M-1) 5.96 × 105 8.05 × 104  

Ka2 (M-1) 8.83 × 103  5.66 × 103 

n1 0.66 0.79 

n2 0.97 1.02 

ΔH1 

(kJ/mol) 

4.3 -1.5 

ΔH2 

(kJ/mol) 

44.1 44.6 

Kd1 (M) 1.67 × 10-6  1.24 × 10-5  

Kd2 (M) 1.13 × 10-4  1.76 × 10-4 

ΔS1 

(J/mol.K) 

1.25 × 102  8.87 × 101  

ΔS2 

(J/mol.K) 

2.23 × 102  2.21 × 102 
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4.8 Small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) experiments were performed to determine any 

conformational changes in NmeIPMS upon L-leucine binding and investigate the influence of 

the added TRX tag on enzyme dynamics. SAXS data were collected for both WT-NmeIPMS 

and NmeIPMS-TRX in their apo-form and the presence of 1 mM L-leucine (Figure 4.23).   

 

 

Figure 4.22: SAXS data for the NmeIPMSs. 

A) Apo WT-NmeIPMS, B) L-leucine bound WT-NmeIPMS, C) Apo NmeIPMS-RX, and D) L-

leucine bound NmeIPMS-TRX. 

 

 

Guinier plots were generated for all SAXS data (Figure 4.23), in which no significant 

aggregation was observed for the apoenzymes, and the radius of gyration (Rg) and intensity of 

the samples were determined (Table 4-6). The L-leucine-bound plots for both enzymes 

indicated protein aggregation; therefore, no further data analysis was carried out.  
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Figure 4.23: Guinier distribution plots for WT-NmeIPMS and NmeIPMS-TRX. 

The plots were generated using SAXS data for the enzymes in the presence or absence of 1 mM L-

leucine. 

 

Pairwise distribution plots were generated for the apo-forms of both WT-NmeIPMS and 

NmeIPMS-TRX, which are shown in Figure 4.24. The Rg and I (0) parameters were determined 

and compared with those of the Guinier distributions (Table 4-6), in which the consistency 

between the Guinier and pairwise results confirmed that there was no considerable protein 

aggregation.  

The Porod estimate of excluded volume and the maximum dimension of the molecule (Dmax) 

were also calculated for both apo-form enzymes using the pairwise distribution data. The 

molecular masses of the proteins were calculated using their Porod estimates and compared 

with the theoretical molecular masses, suggesting that both enzymes were in a dimeric form in 

solution, which was consistent with the analytical SEC results.  
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Figure 4.24: Pairwise distribution plots for WT-NmeIPMS and NmeIPMS-TRX. 

 

 

Table 4-6: SAXS parameters calculated for WT-NmeIPMS-and NmeIPMS-TRX. 

 WT-NmeIPMS NmeIPMS-TRX 

Structural parameters 

 

I (0) (cm ˗1) 

Guinier I (0) 

Rg (Å
3) 

Guinier Rg 

Dmax 

Porod volume estimate (Å3) 

 

 

0.04 

 

0.08 

0.04 ± 0.0001 0.08 ± 0.0002 

34.6 43 

34.6 ± 0.1 42.1 ± 0.2 

120 153.6 

174432 212000 

 

 

Molecular mass estimate 

 

Mass estimation from Porod (Da) 

Monomeric molecular weight (Da) 

Possible oligomeric structure 

 

 

 

109020 

 

 

132000 

55000 70000 

Dimer Dimer 
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4.8.1 Structures 

The solution structure of TRX from E. coli has already been characterised (PDB: 1M7T),134 

and shows that the protein is a monomer composed of four α-helices surrounding five central 

β-strands (Figure 4.25).  

 

Figure 4.25: The solution structure of the TRX protein determined by NMR (PDB: 1M7T).134 

 

Since the NmeIPMS enzyme crystal structure has not been solved, the SWISS-MODEL 

server135 was used to generate a homology model structure for WT-NmeIPMS, in which the 

protein sequence was used to identify suitable templates within the database of available 

structures. The NmeIPMS homology model, which was generated based on the crystal 

structures of MtuIPMS, was a homodimer using residues 5 to 503. The modelled NmeIPMS 

was comparable with the characterised crystal structure of MtuIPMS (PDB: 3FIG),46 and a 

truncated crystal structure of the NmeIPMS catalytic domain (PDB: 3RMJ)41 with RMSD 

values of 2.3 Å and 2 Å, respectively (Figure 4.26). 
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Figure 4.26: The NmeIPMS enzyme homology model. 

The homology model (orange) superimposed on the crystal structure of MtuIPMS (PDB: 3FIG,46 

blue) and the crystal structure of the truncated NmeIPMS catalytic domain (PDB: 3RMJ, green).41 

 

4.8.2 Rigid body modelling 

Rigid body modelling using SAXS data was carried out to determine the relative position of 

the added TRX-tag in the protein structure and to predict the solution shape of the NmeIPMS-

TRX protein complex in the absence of L-leucine. The theoretical scattering of both the 

NmeIPMS homology model and the TRX subunit was calculated using CRYSOL136 and then 

applied to a comprehensive rigid body modelling program known as SASREF.137 

Since the structure of the linker sequence connecting the NmeIPMS and TRX proteins was not 

known, multiple SASREF runs considering the distance between the subunits were performed, 

and the model most comparable to the SAXS data had χ2 value of 1.04 (Figure 4.27). The 

modelled structure suggested that the NmeIPMS-TRX protein was a homodimer, where the 

TRX protein was positioned alongside the regulatory domain of each NmeIPMS monomer. 
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Figure 4.27: Rigid body model of NmeIPMS-TRX. 

One chain of the homology model of NmeIPMS is shown in gray, while the other chain shows the 

catalytic domain in blue, the accessory domain in yellow, and the regulatory domain in pink. The 

TRX protein is shown in cyan. 
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4.9 Discussion 

α-IPMS from N. meningitidis was chosen for this study as it had been reported to be a highly 

dynamic protein,18, 41 and despite several studies demonstrating that protein dynamics and 

allosteric regulation are closely related (described in Section 4.1),18, 40, 41, 47, 113-115 the precise 

allosteric mechanism and the relationship between the dynamics of the regulatory domain and 

enzyme function remained incomplete. The functionality and the allosteric response of the 

enzyme, mediated by conformational change, were characterised by focusing on the effects of 

protein domains fused to the C-terminus of the regulatory domain of the enzyme. 

The wild-type enzyme was expressed and purified using an N-terminal cleavable His-tag. Two 

variants of the NmeIPMS protein were successfully cloned, one with a 26 kDa C-terminal GST-

tag (NmeIPMS-GST), and the other with a 12 kDa TRX-tag (NmeIPMS-TRX), whereas an 

extra His-tag was also added to the C-terminus of both proteins to aid purification. NmeIPMS-

TRX was successfully expressed and purified using IMAC, but the NmeIPMS-GST protein 

was found to be aggregated, probably because of GST’s tendency to dimerise, leading to the 

oligomerisation of the target protein and formation of large complexes.138, 139 Therefore, this 

protein was not characterised in every respect. 

CD spectra suggest that all three NmeIPMSs were folded properly, though they represent a 

considerably different secondary structure composition compared to each other, which is 

predicted to be due to the diversity in the secondary structure of the added TRX and GST 

proteins. Analytical gel filtration results revealed that both WT-NmeIPMS and NmeIPMS-TRX 

were dimeric in solution, while NmeIPMS-GST was found in multiple oligomeric states 

believed to be due to aggregation of the GST protein, which has been frequently reported.140, 

141 Multiple attempts were made to reduce protein aggregation, which were not successful 

under the conditions of analysis. It is believed that protein-protein interactions or misfolding 

of the GST-tagged protein could be the reason for protein aggregation. However, analytical gel 

filtration was used to isolate protein fractions, predicted to be in dimeric form at low 

concentration, which was used for further study. 

The study of the thermal stability of the purified proteins has shown that the wild-type enzyme 

was thermally stable up to 47 °C at pH 7.5, which increased in the presence of L-leucine. 

Moreover, no significant alteration was observed in the presence of potential substrates, while 

it has previously been reported that the thermal stability of the enzyme increased in the presence 
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of α-KIV at pH 7.0.41 As for NmeIPMS-TRX, although thioredoxin has been reported to be 

stable up to 80 °C and induce thermostability on its fused recombinant protein, the denaturation 

temperature of NmeIPMS-TRX was substantially lower than WT-NmeIPMS. However, despite 

the decreased stability observed for the apo-form NmeIPMS-TRX, the presence of L-leucine 

elevated the melting temperature of the protein similar to that of WT-NmeIPMS, suggesting 

that L-leucine binding stabilises the enzyme conformation. In contrast to NmeIPMS-TRX, the 

melting temperature of apo-form NmeIPMS-GST increased compared to the wild-type enzyme; 

however, no substantial change was observed in the thermal stability of the enzyme in the 

presence of potential ligands.  

The catalytic activity of all three NmeIPMSs was studied, and their Michaelis-Menten kinetic 

parameters were compared to investigate the influence of the added mass on enzyme 

functionality. The apparent KM values for WT-NmeIPMS were found to be 35 µM for AcCoA 

and 87 µM for α-KIV. The enzyme turnover number was calculated to be 13 s-1, consistent 

with the kcat value reported for this enzyme.18 The apparent KM values of both NmeIPMS-TRX 

and NmeIPMS-GST were significantly lower than those of the wild-type enzyme, especially 

for α-KIV, where the apparent affinity increased by almost 4-fold in both enzymes. It has been 

illustrated that the presence of the regulatory domain may not be necessary for catalysis in α-

IPMS-like enzymes;47 however, given the increased flexibility observed in subdomains of 

MtuIPMS, upon the removal of the regulatory domain,41 it has been suggested that the 

conformational flexibility and dynamics of the regulatory domain are required for the dynamic 

motions of subdomains in α-IPMS that enable catalysis. The essentiality of subdomain I and 

subdomain II in the functionality of α-IPMSs has been previously demonstrated.37, 47 Besides 

the alteration reported in the conformational equilibrium and molecular dynamics of 

subdomain II in MtuIPMS,37 subdomain II is proposed to be involved in the recruiting and 

binding of AcCoA in IPMS-like enzymes.47 In addition, increased flexibility in subdomain I of 

MtuIPMS has also been reported, which is proposed to play an essential role in positioning 

substrates, mainly by providing some crucial hydrogen bonds to AcCoA.41 One reasonable 

explanation for the decreased KM values observed for both AcCoA and α-KIV in NmeIPMS-

TRX, compared to the wild-type enzyme, is that the added mass has limited the conformation 

flexibility of the regulatory domain, and subsequently the subdomains. In other words, the 

subdomains in NmeIPMS-TRX may more likely be in a conformation that can bind AcCoA 

and allow α-KIV to bind. Furthermore, product release is proposed to be the rate-limiting step 

for α-IPMS;40 therefore, given the considerable decrease observed in turnover numbers of the 
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NmeIPMSs with added C-terminal protein mass, compared to the wild-type enzyme, it is 

plausible that protein dynamics play a crucial role in product release in α-IPMS. It is reasonable 

to hypothesise that the reduction in kcat values is because the added mass has disrupted the 

proposed molecular pendulum and consequently induced limitation into the protein dynamics, 

which is consistent with the decreased KM values described above. 

The L-leucine inhibition of WT-NmeIPMS was fitted to a non-competitive model, in which the 

Ki value was consistent with previously published data.18 Although DSF data suggest L-leucine 

bound to at least NmeIPMS-TRX, no allosteric inhibition was observed to take place in either 

of the tagged proteins. ITC was used to determine the thermodynamic parameters correlated 

with L-leucine binding to WT-NmeIPMS and to investigate whether L-leucine could still bind 

to the NmeIPMS-TRX and NmeIPMS-GST proteins. The results demonstrated L-leucine 

binding in both WT-NmeIPMS and NmeIPMS-TRX, but no binding was observed in 

NmeIPMS-GST, consistent with the DSF data.  

L-Leucine binding in both enzymes was endothermic, and the binding curves were fitted to a 

multiple-site model. Both the ∆H and ∆S for the binding of L-leucine and WT-NmeIPMS were 

positive, showing that the binding interaction is entropically favoured, which corresponds well 

with the ITC data that have been previously reported for α-IPMSs from different organisms.40, 

90 The entropic control of the L-leucine interaction implies that hydrophobic interactions play 

the most prominent role in the association between L-leucine and WT-NmeIPMS. Besides, it 

has been illustrated that the L-leucine binding site is composed of a hydrophobic pocket that 

accommodates the ligand.46 This data agrees with a previous study carried out by Frantom et 

al.37 in which it has been demonstrated that L-leucine binding results in a shift in the 

conformational equilibrium of a hydrophobic region in subdomain II of MtuIPMS. In addition, 

the increase in entropy implies that L-leucine binding has increased the conformational 

flexibility of the enzyme, suggesting that protein dynamics are involved in the allosteric 

mechanism in NmeIPMS, which is consistent with previously published reports suggesting that 

allosteric molecules alter protein dynamics and protein structure.62, 63  

Although an endothermic curve with increased entropy is also achieved for L-leucine binding 

to NmeIPMS-TRX, both the Kd values and the entropy of the L-leucine interaction were lower 

than those of the wild-type enzyme. In the absence of L-leucine inhibition in NmeIPMS-TRX, 

it is plausible to assume that the mass (TRX protein) added to the C-terminal regulatory domain 

of the enzyme has disrupted the dynamic motion of the protein by limiting the allowed 
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pendulum oscillation proposed for this enzyme. Therefore, while L-leucine still binds to the 

regulatory domain of NmeIPMS-TRX, it is not capable of inducing allosteric inhibition.  

SAXS data were collected for both WT-NmeIPMS and NmeIPMS-TRX to study their 

conformational changes in the presence of L-leucine in solution. The pairwise distribution plots 

suggest that the apo-forms of both proteins were globular dimers in solution. While no 

aggregation was observed in the apo-form proteins, the Guinier plot demonstrated that both 

enzymes were aggregated in the presence of the ligand. The SAXS data obtained for the wild-

type enzyme strongly correlated with the previously measured X-ray scattering of NmeIPMS 

in solution,90, 99 in which the best fit to the SAXS data was determined for the dimer form of 

the protein, suggesting that this is the oligomeric structure of NmeIPMS in solution. Previously, 

multiple model structures were simulated to characterise the solution-phase structure of 

NmeIPMS and investigate the proposed domain movement in the asymmetric protein.99 

However, it has been reported that SAXS data could not be used to determine the asymmetry 

in the NmeIPMS sample. Unfortunately, our SAXS data were also not appropriate in studying 

protein dynamics due to the protein aggregation found in the presence of the ligand. 

Nevertheless, a homology model of WT-NmeIPMS, together with a known structure of TRX, 

was used to generate a rigid body model of NmeIPMS-TRX. The aim was to investigate the 

probable conformation of the protein and to determine the relative position of the added TRX 

domain to the regulatory domain. The rigid body model demonstrated that the added TRX 

domains were extended from the side of the regulatory domain of the enzyme, which confirms 

that the added TRX does not block L-leucine access to the L-leucine binding site in the 

regulatory domain. Considering the molecular pendulum oscillation proposed for NmeIPMS, 

it is a plausible hypothesis that the positioning of TRX domains at the sides of the regulatory 

domain could disrupt the molecular dynamics of the regulatory domain. This is consistent with 

the absence of L-leucine inhibition and the decreased flexibility observed for NmeIPMS-TRX, 

as described above. These data together suggest that the conformational dynamics of the 

enzyme are decisively related to the mechanism of enzymatic catalysis and allosteric inhibition. 

However, in the absence of a crystal structure and detectable domain movement, performing 

more experiments such as solution phase hydrogen-deuterium exchange37 for wild-type and 

TRX-tagged proteins could provide further information on how the molecular dynamics 

mediate the allosteric regulation in NmeIPMS. 
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 : Altering the allosteric specificity of 

Mycobacterium tuberculosis α-isopropylmalate 

synthase through rational design 

 

5.1 Introduction 

Traditional orthosteric drugs are designed to directly target an enzyme’s primary active site (or 

an orthosteric receptor site of the biomolecule) and inhibit function by restricting substrate 

binding at the active site.142-144 Despite their high affinity and proven effectiveness on specific 

diseases, orthosteric drugs have multiple disadvantages, such as undesirable side effects due to 

binding to various enzymes with a similar active site, being a complete activator or inhibitor, 

and the evolution of drug resistance.143 Therefore, regardless of considerable advances in drug 

design, identifying new candidates as drug targets is essential for developing novel antibiotics 

to target a large number of diseases.143, 145 While drug discovery is still emerging, researchers 

have focused on manufacturing new drug modulators targeting the activity of the enzymes 

based on the secondary binding sites called allosteric sites, wherein binding of an effector 

biological macromolecule at a binding site, not the active site, regulates enzyme activity.1, 18, 

51, 55, 56 In this regard, the key enzymes that catalyse the metabolic pathways in microorganisms 

have been of interest, as many of them have been demonstrated to be allosterically inhibited by 

the end-products of their pathways. For instance, aspartate kinase catalyses the reaction 

between pyruvate and aspartate in L-lysine biosynthesis (DAP pathway) and is feedback 

regulated by the end-product of the pathway.146 It has been proposed that L-lysine binds to the 

regulatory domain of the enzyme and prevents the substrate from binding to the active site by 

inducing conformational changes in the catalytic domain.146 Furthermore, ATP-phosphoribosyl 

transferase (ATP-PRTase) that catalyses the first reaction in the biosynthesis of L-histidine is 

also allosterically feedback regulated, in which the binding of histidine induces significant 

changes in the conformation of the dimer interface.147, 148 

Recent advances in structural biology and understanding of the biophysical aspects of proteins 

have provided the tools for the rational design of allosteric sites, where a small structural 

change in the allosteric-binding site could modulate inhibitor selectivity; therefore, enzymes 

with allosteric sites are targeted for drug development. One such enzyme that has previously 
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been targeted is CMS from L. interrogans,9, 21 an enzyme that catalyses the first step of the 

citramalate pathway in the biosynthesis of L-isoleucine by catalysing the condensation reaction 

between AcCoA and pyruvate to form citramalate. CMS belongs to the Claisen-condensation 

family and has been demonstrated to be a homologue of α-IPMS as they both catalyse the metal 

ion-dependent transfer of an acetyl group from AcCoA to an α-keto acid, and their catalysis is 

allosterically inhibited by the end product of their metabolic pathways, L-isoleucine and L-

leucine, respectively.9, 15, 20  

The L-isoleucine-bound crystal structure of the regulatory domain of LinCMS (PDB:3F6G)21 

has revealed that L-isoleucine binds in a hydrophobic pocket at the dimer interface of the 

regulatory domain, in which the amino and carboxyl groups of the bound L-isoleucine form 

multiple hydrogen-bond interactions with various residues in the regulatory domain from both 

subunits, while the hydrophobic sidechain of the ligand is accommodated in a hydrophobic 

pocket formed by Y430, L451, Y454, I458′, and V468′ residues (LinCMS numbering, prime 

(′) indicates residues from the adjacent subunit) (Figure 5.1).  

 

Figure 5.1: The L-isoleucine binding site in the regulatory domain of LinCMS (PDB: 3F6G).21 

A) Dashed lines (black) indicate the hydrogen-bond interactions between the amino and carboxyl 

groups of the ligand (yellow) and the surrounding residues (grey). The water molecule is 

shown as a red sphere. B) The sidechain of L-isoleucine sits in a hydrophobic pocket formed 

by hydrophobic residues shown in orange. 

 

LinCMS and MtuIPSM share low sequence similarity (28% for the regulatory domain);21 

however, their regulatory domain structures align well (Figure 5.4). Zhang et al.21 have 
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constructed enzyme variants by substituting residues predicted to be important in inhibitor 

selectivity of LinCMS to their corresponding residues in MtuIPMS and carried out biochemical 

studies to investigate the mechanism of feedback inhibition and inhibitor selectivity of 

LinCMS. They suggested that L-isoleucine strongly inhibits the enzymatic activity of LinCMS 

by influencing the binding of both AcCoA and pyruvate, following a K-type inhibition. It has 

been suggested that the high selectivity for L-isoleucine in LinCMS is predominantly dictated 

by the residues that form the hydrophobic pocket of the inhibitor binding site. It is interesting 

to note that while L-leucine and L-isoleucine are analogues, no L-leucine inhibition has been 

reported in LinCMS. However, it has been shown that the substitution of hydrophobic residues 

in the inhibitor binding site adversely influences the L-isoleucine inhibition in LinCMS, and 

substantial L-leucine inhibition has been reported in some of the generated variants such as 

V458A (LinCMS numbering). This data suggests that CMS and α-IPMS are evolutionarily 

related, and the substitution of hydrophobic residues has constructed a hydrophobic pocket that 

is appropriate for L-leucine binding. 

α-IPMS catalyses the divalent metal ion-dependent condensation between α-KIV and AcCoA 

to produce α-IPM,35and its catalytic activity is allosterically regulated by L-leucine, as the end 

product of the metabolic pathway. L-Leucine biosynthesis has been shown to be necessary for 

the proliferation of microorganisms so that the leuA gene (encoding α-IPMS) knockout has led 

to auxotrophic mutants that have not been able to grow without L-leucine supplementation.149-

151 Also, given that no alternative pathway is known for the biosynthesis of L-leucine,90 it has 

been proposed that α-IPMS is the ancestor of CMS and HCS enzymes, homologues of α-IPMS, 

and that they evolved from this enzyme. These data together have proposed α-IPMS as a 

valuable target for allosteric drug design.  

This study aimed to explore the inhibitor specificity of α-IPMS and investigate whether the 

inhibitor selectivity of the enzyme could be altered or evolved. To this end, α-IPMS from M. 

tuberculosis (Appendix IV), the causative agent of tuberculosis,152 was chosen and its inhibitor 

selectivity was explored by substituting amino acid residues in the allosteric binding site of the 

enzyme. Previously, MtuIPMS has been well studied, and the full-length crystal structure of 

the enzyme with L-leucine bound to its regulatory domain (PDB: 3FIG) has been characterised 

(described in Section 1.5.4.2),46 which was used to predict the residues involved in ligand 

binding. As described in Section 5.1.2, rational design based on multiple sequence alignment 

and structural comparison of MtuIPMS and LinCMS was carried out to identify the key 

residues involved in the binding of the allosteric inhibitor in MtuIPMS and their corresponding 
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counterparts in LinCMS. Then, the predicted key residues were rationally substituted in the 

allosteric binding site of MtuIPMS to study the selectivity of the enzyme for binding potential 

allosteric ligands to determine whether the enzyme’s preference for allosteric inhibitor could 

be altered.  

It should be noted that the development of effective allosteric drug modulators depends on both 

recognising the allosteric sites and designing ligands that can bind to the identified allosteric 

sites and stimulate favourable inhibition in the enzyme of interest. Although it is predominately 

reported that L-leucine inhibits the catalytic activity of MtuIPMS,35 Webster et al.33 have shown 

that the catalytic activity of α-IPMS from N. neurospora can also be inhibited by L-valine and 

L-isoleucine. These three amino acids, also known as branched-chain amino acids (BCAAs), 

are similar hydrophobic amino acids that share the same amino and carboxyl functional groups 

but differ in their branched aliphatic sidechains (Figure 5.2). It is hypothesised that in addition 

to the structure of the ligand-binding site, the length and structure of the aliphatic sidechain of 

these amino acids could also play a role in the inhibitor specificity of the enzyme, so they were 

proposed as potential allosteric ligands. Therefore, while the main objective of this study was 

to determine whether L-leucine inhibition in MtuIPMS can be exchanged with L-isoleucine, L-

valine was also used to investigate the inhibitor specificity of MtuIPMS. Moreover, L-

norvaline, which is an isomer of L-valine being one carbon longer (Figure 5.2) and has been 

widely used in pharmaceuticals,153, 154 was also used as a potential allosteric ligand to examine 

the above theory. 

In this study, multiple MtuIPMS variants were manufactured and their physical and kinetic 

characteristics were determined in the presence of potential allosteric ligands and compared to 

that of the wild-type enzyme. In addition, DSF was used to study the effects of the substitutions 

on enzyme stability in the presence and absence of the proposed allosteric ligands. Finally, ITC 

was used to observe the binding of the allosteric ligands within MtuIPMS and its variants and 

determine their thermodynamic parameters. 

 

Figure 5.2: Chemical structures of the amino acids used as potential allosteric ligands. 

L-leucine, L-isoleucine, and L-valine are branched-chain amino acids. L-norvaline is an un-branched 

isomer of L-valine. 
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5.1.2 Rational design of MtuIPMS variants 

Characterisation of the L-leucine-bound crystal structure of MtuIPMS illustrates that the 

carboxyl and amine groups of L-leucine form hydrogen-bond interactions with surrounding 

residues at the inhibitor-binding site, and the L-leucine sidechain is accommodated in a 

hydrophobic pocket composed of residues Leu535’, Val551’, Ala558, Ala567, and Ile627 

(Figure 5.3).  

 

Figure 5.3: L-leucine binding site in MtuIPMS (PDB: 3FIG).46 

A) L-Leucine (yellow) interactions with surrounding residues (teal) at the inhibitor binding site of 

MtuIPMS (dashed lines indicate hydrogen-bond interactions). (B) The hydrophobic pocket composed 

of hydrophobic residues (orange) accommodates the sidechain of L-leucine (yellow). The two 

MtuIPMS chains are shown in green and cyan (pink dashed lines show the closest distance between 

the hydrophobic residues and the L-leucine sidechain). 

 

The crystal structures of the regulatory domain of MtuIPMS (PDB: 3FIG)46 and LinCMS 

(PDB:3F6G)21 were aligned with an RMSD of 2.5 Å to assess their inhibitor-binding sites 

(Figure 5.4), in which Val551, Ala558, Ala567, and Ile627 of MtuIPMS, correspond to Leu451, 

Ile458, Val468, and Gln495 in LinCMS, respectively. This is consistent with the results of a 

multiple sequence alignment carried out for MtuIPMS and LinCMS sequences (Appendix V), 

which demonstrates the correlation between the residues described above, suggesting that they 

are important for L-leucine binding.  
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Figure 5.4: Crystal structure alignment of the regulatory domains of MtuIPMS and LinCMS. 

A) The regulatory domains of MtuIPMS (PDB: 3FIG,46 cyan) and LinCMS (PDB: 3F6G,21 grey) 

aligned with an RMSD of 2.5 Å. L-Leucine and L-isoleucine are indicated in yellow and 

green, respectively. B) Overlay of the hydrophobic residues predicted to be important in the 

allosteric inhibitor binding sites of MtuIPMS (cyan) and LinCMS (grey), with L-leucine 

(yellow) and L-isoleucine (green) bound. C) Alternative view of the overlaid residues. 

 

In addition to the structural alignment, a multiple sequence alignment (Appendix V) was also 

generated for α-IPMSs from diverse organisms to determine whether the residues predicted to 

be involved in L-leucine binding in MtuIPMS are conserved across α-IPMSs. The multiple 
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sequence alignment demonstrates that both Ile627 and Ala567 residues (MtuIPMS numbering) 

are identically conserved across α-IPMS sequences, while other residues are differentially 

conserved. In addition to being highly conserved, Ile627 and Ala567 illustrate the closest 

distance to the bound L-leucine in MtuIPMS, suggesting that they play a key role in ligand 

binding specificity. Thus, these residues were rationally substituted to investigate the allosteric 

ligand specificity in MtuIPMS, as described below.    

 

A567V 

As described previously, Ala567 in MtuIPMS is a well conserved residue among various α-

IPMS enzymes. Analysis of the crystal structure of MtuIPMS suggests that I627 forms 

hydrophobic interaction with the L-leucine sidechain, which is equivalent to the L-isoleucine 

sidechain interaction with Val468 in LinCMS. Therefore, Ala567 was substituted for valine 

(A567V) to attempt to enable L-isoleucine binding in the MtuIPMS allosteric binding site and 

to study L-isoleucine inhibition of MtuIPMS. It was hypothesised that the A567V substitution 

would lower the distance between the substituted residue and the hydrophobic sidechain of the 

L-isoleucine ligand. This could result in a stronger hydrophobic interaction, similar to that 

predicted for Val458 and L-isoleucine in LinMCS, and consequently allow L-isoleucine 

inhibition of MtuIPMS. 

 

I627A 

Ile627 in MtuIPMS, which is equivalent to Gln495 in LinMCS and is conserved across the 

various α-IPMSs (Appendix V), was also selected for substitution. First, an Ile627 to glutamine 

(I627Q) mutation was considered but not attempted because when an L-isoleucine molecule 

was docked into the MtuIPMS allosteric binding site (according to the L-leucine position), 

steric hindrance between the methyl group at Cɣ2 of L-isoleucine and the sidechain of Ile627Q, 

similar to that observed between Ile627 and Cɣ2 of docked L-isoleucine, was predicted (Figure 

5.5). This indicated that I627Q could introduce steric clashes into the allosteric site. It was 

hypothesised that shortening the sidechain at this position could create enough space to 

accommodate L-isoleucine, so Ile627 was substituted for alanine (I627A) (Figure 5.5) to 

examine this theory and investigate the probable shift in inhibitor selectivity of MtuIPMS. 
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Figure 5.5: A) L-Isoleucine (green) docked into the MtuIPMS inhibitor binding site. 

B) Substitution of Ile627 for Gln suggests hindrance between the methyl group at Cɣ2 of L-

isoleucine and the sidechain of Ile627Q. B) When Ile627 was mutated to alanine, no steric 

conflict was observed between the docked L-isoleucine and I627A. The van der Waals 

surfaces are displayed with dots. 

 

A567V/I627A 

Given the above description, and since both Ile627 and Ala567 are highly conserved in α-

IPMSs but differ from their corresponding residues in LinCMS, it was hypothesised that the 

generation of simultaneous I627A and A567V substitutions would allow for creating a more 

LinCMS-like allosteric site, which could provide further insight into the inhibitor specificity of 

the enzyme. Therefore, an enzyme variant containing the A567V/I627A double substitution 

was generated to explore this theory and investigate the possibility of altering the inhibitor 

selectivity of MtuIPMS. 
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5.2 Constructs details  

5.2.1 Isolation and cloning of MtuIPMS enzyme variants  

A glycerol stock of E. coli One Shot TOP10 cells transformed with a pProEX-HTa vector 

bearing the LeuA gene (encoding WT-MtuIPMS protein), previously prepared by Dr. Frances 

HA Huisman, was available at the Parkers Lab.41 A 5 µL sample of cells was inoculated into 5 

mL LB medium containing ampicillin and grown at 37 °C overnight. Cells were harvested, and 

plasmids were purified according to the protocol described in Section 8.2.7 of this thesis, to be 

used as a template for PCR, where Phusion® High-Fidelity PCR Master Mix with HF buffer 

(NEW ENGLAND BioLabs) was used to amplify the synthetic MtuIPMS gene. Then, single 

mutation variants were generated via the amplified LeuA gene, where a two-step PCR was 

carried out to construct MtuIPMS mutations using the primers specified in Table 5-1. DNA 

fragments generated from the first round of PCR were mixed (ratio 1:1) to allow fusion at their 

overlapping sequences. The second round of PCR was carried out using wild-type primers to 

amplify the fused fragments (Figure 5.6).  

 

 

Figure 5.6: Agarose gel showing enzyme variants generated using two PCR steps. 

DNA marker is labelled in bp. 
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The amplified fused DNA fragments were gel-purified, and each was cloned into a pET28a 

plasmid at its XhoI and NheI restriction sites, where the tobacco etch virus (TEV) protease site 

and an N-terminal His-tag would be added to the protein. The WT-MtuIPMS construct was 

also sub-cloned into pET28a to be expressed in a similar system compared to the variants. 

Sequencing was performed (Macrogen Inc), and the plasmids bearing the targeted sequences 

were transformed into E. coli BL21 (DE3) cells to be used for protein expression. The plasmid 

bearing the A567V mutation was used to create variant A567V/I627A, as described above. 

 

Table 5-1: List of primers used to construct the MtuIPMS variants. 

XhoI (CTCGAG) and NheI (CATATG) restriction sites were designed to clone all constructs into the 

pET28a expression vector. The sequences encoding target amino acids are coloured in red. 

Primers Sequences 5’–3’ 

Wild-type Forward GTTGTTCATATGGAGGATCTGTACTTTCAGAGCGGAGGAAGCGGAGG 

AGTGACAACTTCTGAATCGCCC 

 

Wild-type Reverse GTTGTTCTCGAGCTAGCGTGCCGCCCG 

 

A567V Forward GACGCTCAGGTTGCCGCGTATGTG 

 

 

A567V Reverse CACATACGCGGCAACCTGAGCGTC 

 

I627A Forward ATCGCACCGTCAGCCACCACCGCG 

 

I627A Reverse CGCGGTGGTGGCTGACGGTGCGAT 

 

 

 

5.3 Protein expression  

All MtuIPMS variants were expressed and purified using a similar protocol. Cell cultures were 

grown in a 1L sterile LB medium containing kanamycin at 37 °C. IPTG (0.5 mM) was added 

to the cell culture at OD600 0.4–0.6 to induce protein expression, followed by overnight 

incubation in a shaking incubator at 23 °C. Cultures were centrifuged, and the harvested cells 

were resuspended in 50 mM potassium phosphate (pH 8.0), 300 mM KCl. Sonication was 

carried out, and the lysate was isolated.  
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5.4 Protein purification  

IMAC was carried out, and proteins were purified using a HisTrap column equilibrated with 

binding buffer containing 50 mM potassium phosphate (pH 8.0), 20 mM imidazole, and 300 

mM KCl, where the clarified cell lysate of each protein was filtered and injected into the 

column. Proteins were eluted in a buffer containing 50 mM potassium phosphate (pH 8.0), 150 

mM imidazole, 300 mM KCl. The purified proteins were pooled, and buffer exchanged into a 

low salt buffer [50 mM sodium phosphate (pH 8.0) and 100 mM KCl] using a desalting column. 

Then, desalted proteins were treated with TEV protease at 4 °C for 24 h to cleave the His-tag 

from the recombinant proteins. The untagged proteins were isolated using a second IMAC step 

and subjected to SEC to remove any remaining impurities, where the proteins were eluted in a 

buffer containing 25 mM Tris-HCl (pH7.5), 125 mM NaCl, and 5 mM KCl.  

 

5.5 Physical characterisation  

5.5.1 Presence of secondary structure  

The protein fold of variants A567V, I627A, and A567V/I627A was investigated by obtaining 

CD spectra, and comparison to that of WT-MtuIPMS showed that they adopted similar folds. 

The secondary structure compositions of WT-MtuIPMS and the variants were also calculated 

using the K2D3 server, as demonstrated in Figure 5.7.  

 

Figure 5.7: CD spectrum data for WT-MtuIPMS and variants. 
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5.5.2 Oligomeric structure  

Analytical gel filtration was employed to assess the oligomeric state of WT-MtuIPMS and the 

variants in aqueous solution. For each protein, a 500 µL (2 mg/mL) of sample was injected into 

a Superdex® 200 10/300 GL column (GE Healthcare) column and eluted in 25 mM Tris-HCl 

buffer containing 125 mM NaCl and 5 mM KCl. The sizes of the protein standards (Table 2-2) 

were used to generate a standard curve, with a line of best fit calculated as [𝑦 =  −1.51𝑥 +

4.32, 𝑅2 = 0.99]. Variants A567V, I627A, and A567V/I627A eluted at a similar elution 

volume (~11.8 mL) compared to the wild-type enzyme, as shown in Figure 5.8. The above 

equation was used to convert the elution volume of each variant to a molecular weight of 158 

kDa, suggesting that all variants were in a dimeric state according to the molecular mass of ~71 

kDa for a single chain. Analytical gel filtration data were supported by a NATIVE-PAGE 

experiment, which also demonstrated that all four proteins were dimeric (Figure 5.9). 

 

 

 

Figure 5.8: Analytical gel filtration data for WT-MtuIPMS and the variants. 
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Figure 5.9: NATIVE-PAGE of WT-MtuIPMS and the variants.  

A) WT-MtuIPMS, B) A567V, C) I627A, D) A567V/I627A. Marker weights are indicated in kDa. 

 

5.5.3 Thermal stability  

Differential scanning fluorimetry (DSF) was carried out,, as outlined in section 8.5.6, to 

investigate the effect of potential allosteric ligands on the thermal stability of WT-MtuIPMS 

and the variants (Figure 5.10). Melting temperatures (Tm) were determined for the apo-forms 

(no ligand-bound) and in the presence of 500 µM L-isoleucine, L-leucine, L-valine, and L-

norvaline as potential ligands (Table 5-2).  

Table 5-2: The melting temperatures determined for WT-MtuIPMS and variants. 

All experiments were carried out in 50 mM HEPES buffer (pH 7.5) contained 20 mM KCl, 20 mM 

MgCl2, and 0.1 mg/mL protein. All ligands were used at a final concentration of 500 µM. The errors 

represent the standard deviation of triplicate samples.  

 

Protein 

Melting temperature (°C) 

No ligand L-leucine L-isoleucine L-valine L-norvaline 

WT-MtuIPMS 47.3 ± 0.2 55.6 ± 0.1 47.4 ± 0.1 47.2 ± 0.1 47.8 ± 0.1 

A567V 51.5 ± 0.1 52.6 ± 0.1 51.5 ± 0.1 51.4 ± 0.1 53.5 ± 0.1 

I627A 48.2 ± 0.2 48.7 ± 0.1 48.7 ± 0.1 48.7 ± 0.1 48.6 ± 0.1 

A567V/I627A 52.9 ± 0.1 52.9 ± 0.1 52.9 ± 0.1 52.9 ± 0.1 52.9 ± 0.1 
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Figure 5.10: Raw data of differential scanning fluorimetry experiment carried out on WT-MtuIPMS 

and its variants. 

 

WT-MtuIPMS denatured at 47.3 ± 0.2 °C in the absence of ligands, whereas the presence of L-

leucine significantly increased the melting temperature of the protein to 55.6 ± 0.1 °C. 

Although L-isoleucine and L-valine showed no remarkable effect, the thermal stability of the 

enzyme increased slightly to 47.8 ± 0.1 °C in the presence of L-norvaline. It has been 

determined that A567V substitution improved the thermal stability of apoenzyme with a 

melting temperature of 51.5 ± 0.1 °C, where L-leucine and L-norvaline increased the 

denaturation temperature to 52.6 ± 0.1 °C and 53.5 ± 0.1 °C, respectively; however, no change 

in thermal stability was seen for L-isoleucine and L-valine.  The I627A mutation also stabilised 

the enzyme by increasing the melting temperature to 48.2 ± 0.2 °C, which subsequently 

increased by almost 0.5 °C in the presence of all ligands. The largest increase in enzyme 

stability was observed for the apo-form A567V/I627A variant with a denaturation temperature 

of 52.9 ± 0.1 °C. However, no significant change was observed in the stability of this variant 

in the presence of ligands (Figure 5.11).  

The obtained data suggest that both L-leucine and L-norvaline can bind to the wild-type enzyme 

and A567V variant, and subsequently increase the overall conformation stability of the 
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enzymes. Also, the slight increases observed in the thermal stability of the I627A variant 

suggest that ligands were binding to this protein. Regarding the A567V/I627A variant, it should 

be considered that the residue substitutions have provided significant stability in the protein 

compared to the wild-type enzyme, which was predicted to be due to the increased rigidity in 

enzyme conformation. Therefore, it is reasonable to speculate that the lack of alteration in the 

thermal stability of the protein is because that even if ligands can bind to the enzyme, they 

cannot induce further stability. 

Overall, the increases observed in the melting temperatures of the apo-form variants, compared 

to that of the wild-type enzyme, suggest that even a single residue substitution in the regulatory 

domain of the enzyme can influence the overall conformational stability of MtuIPMS. 

 

 

 

Figure 5.11: The column chart represents the denaturation temperatures of WT-MtuIPMS and the 

constructed variants. 

All experiments were performed in a buffer containing 50 mM HEPES buffer (pH 7.5), 20 mM KCl, 

20 mM MgCl2, and 0.1 mg/mL protein. The final concentration of all ligands was 500 µM. Error bars 

show the standard deviation of triplicate measurements. 
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5.6 Kinetic characterisation  

5.6.1 Michaelis-Menten kinetics  

Kinetic experiments were carried out at 25 °C using a Cary spectrophotometer (UV-Vis series, 

Agilent Technologies) to evaluate the catalytic activity of WT-MtuIPMS and the variants.  

Initial velocity data were obtained using DTP-coupled assays at 324 nm, as described in section 

2.4.2, monitoring the production of CoASH (ε = 1.98 × 104 L mol–1 cm–1).41 Previously, the 

apparent KM values for AcCoA and α-KIV in MtuIPMS have been reported as 140 µM and 15 

µM, respectively.99 The similarity between the MtuIPMS that has been previously studied and 

the protein purified in this study was suggesting that they should demonstrate similar kinetic 

parameters. Therefore, the kinetic reactions were conducted by keeping the concentration of 

the AcCoA substrate at 500 µM (saturated) and varying the α-KIV concentration to determine 

the KM value for α-KIV. To determine the KM value for AcCoA, α-KIV was kept at 250 µM, 

and varying concentration of AcCoA was used. The results of the initial characterisation of 

WT-MtuIPMS kinetics demonstrated apparent KM values of 133 µM and 16 µM for AcCoA 

and α-KIV, respectively, which were similar to those reported previously.99 In addition, a 

preliminary kinetic study was also carried out to determine whether the residues substitutions 

have influenced the KM values for the substrates in enzyme variants and compared to that of 

the wild-type enzyme, in which no considerable changes in the enzyme affinity for the 

substrates was observed (data not shown). Given that no substantial changes observed in the 

variant’s affinity for the substrates, and also this study was mainly focused on the determination 

of the inhibitor specificity of the manufactured variants and wild-type enzyme, all kinetic 

studies were carried with respect to α-KIV. The reactions were undertaken by varying the 

concentration of α-KIV, and AcCoA was kept at 500 µM, in which the apparent KM values and 

turnover numbers (kcat) for the enzymes for α-KIV were calculated (Table 5-3) by fitting the 

kinetic data to the Michaelis-Menten equation. The kinetic parameters for WT-MtuIPMS were 

found to be similar to the previously determined values.17, 155 In addition, variants were found 

to be catalytically active with similar KM values compared to those of WT-MtuIPMS. The 

A567V variant demonstrated a comparable turnover number compared to that of WT-

MtuIPMS, but an increase in kcat was observed for I627A and A567V/I627A (Table 5-3). 
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Table 5-3: The kinetic parameters found for WT-MtuIPMS and the prepared variants. 

 WT-MtuIPMS A67V I627A A567V/I627A 

KM–α-KIV (µM) 16.2 ± 1 18.7 ± 1.2 18.8 ± 1.3 15.6 ± 1.4 

kcat–α-KIV (s-1) 3.8 ± 0.1 3.8 ± 0.1 5.5 ± 0.1 5.4 ± 0.2 

 

 

5.6.2 Inhibitor selectivity  

Previously, MtuIPMS has been reported to display slow-onset feedback inhibition in the 

presence of L-leucine, in which L-leucine displays V-type inhibition, not affecting the KM 

values of the substrates. Also, analysis of the initial velocity data, carried out by Carvalho et 

al.35 demonstrated that L-leucine displays linear noncompetitive inhibition against α-KIV. 

Therefore, kinetic assays were carried out using saturation concentration of the substrates, 500 

µM for AcCoA and 100 µM for α-KIV, and the inhibition response of WT-MtuIPMS and the 

variants were assessed in the presence of varying concentrations (0.1–1 mM) of L-leucine, L-

isoleucine, L-valine, and L-norvaline. Assay solutions containing allosteric ligand were 

prepared as described in Section 8.6.2, α-KIV was added to initiate the reactions, and the initial 

reaction rates were determined. The residual activity of the enzyme was normalised to the 

maximum activity seen in the absence of potential inhibitors and then plotted against the 

concentrations of the ligands used to inhibit the catalytic activity of the enzymes (Figure 5.12).  
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Figure 5.12: The inhibition profiles for WT-MtuIPMS and the variants. 

Assay solutions were prepared using 100 µM and 500 µM α-KIV and AcCoA, respectively, and the 

reduction in enzyme activity was measured in the presence of various concentrations of ligands (0.1 

mM, 0.25 mM, 0.5 mM, 0.75, mM, and 1 mM). The error bars show the standard deviation of 

duplicate measurements. 

 

The enzymatic activity of WT-MtuIPMS was strongly inhibited by L-leucine and L-norvaline, 

while limited inhibition was observed for L-isoleucine and L-valine (Figure 5.12). The enzyme 

activity decreased by more than 90% in the presence of 0.1 mM L-leucine and 0.5 mM L-

norvaline, whereas MtuIPMS activity reduced to ~40% and ~80% in the presence of 1 mM L-

isoleucine and L-valine, respectively. As for the inhibition profile of the A567V variant, the 

enzyme showed a similar inhibition response to L-leucine, L-valine, and L-norvaline compared 

to the WT-MtuIPMS, with a slight increase in L-norvaline inhibition. However, a substantial 

increase was determined for L-isoleucine inhibition, showing an ~80% reduction in enzyme 

activity in the presence of 0.25 mM L-isoleucine (Figure 5.12). Furthermore, the I627A mutant 

showed no significant inhibition in the presence of L-valine and L-norvaline, and 1 mM L-

isoleucine reduced enzymatic activity by ~20%. Despite the considerable L-leucine inhibition, 

the response of I627A was significantly lower compared to WT-MtuIPMS, where 0.1 mM L-

leucine only resulted in a ~30% reduction in enzymatic activity and the I627A variant kept 
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~15% of its enzymatic activity in the presence of 1 mM of L-leucine which was the highest 

concentration used in the experiment (Figure 5.12). The double mutant A57V/I627A showed 

no significant inhibition response in the presence of L-valine, and the ~30% reduction in 

enzymatic activity was determined using 1 mM of L-norvaline. The L-leucine inhibition effect 

was significantly reduced for the double mutant as 1mM L-leucine inhibited enzyme activity 

by ~10%. However, the L-isoleucine inhibition effect substantially increased to ~80% 

reduction in enzymatic activity compared to the wild-type enzyme (Figure 5.12). 

Moreover, the apparent inhibition constants (Ki) values for the potential inhibitors were 

characterised against α-KIV for the WT-MtuIPMS and variants (Table 5-3). The kinetic assays 

containing the various concentrations of the allosteric ligands were carried out, as described in 

Section 8.6.2, in which AcCoA concentration was kept at 500 µM (saturated), and the reactions 

were initiated by the addition of varying concentrations of α-KIV. Carvalho et al. have 

previously demonstrated that L-leucine inhibition in MtuIPMS follows a two-step mechanism; 

an initial rapid formation of the enzyme-leucine complex (E-I) followed by an isomerisation 

that results in a more tightly enzyme-leucine complex [E-I*], as shown below.  

 

 

 

It has been determined that the equilibrium of the formation of the first complex defines the 

inhibition constant (Ki) for the inhibitor. Therefore, the initial velocity data were fitted to a 

noncompetitive inhibition model using GraphPad Prism to determine the apparent Ki values 

(Table 5-4).  

The data showed that residues substitutions had diverse effects on inhibition of the enzyme 

variants in the presence of the inhibitors. Except for the MtuIPMS-A567V/I627A, in which L-

leucine showed no significant inhibition, the inhibition of A567V and I627A by L-leucine was 

dramatically lower (<18-fold and <348-fold, respectively) compared to that of WT-MtuIPMS. 

On the other hand, the inhibition of A567V/I627A and A567V by L-isoleucine was markedly 

higher by <2.5-fold and <8-fold, respectively, compared to WT-MtuIPMS. As for L-norvaline, 

a significant increase in the inhibition of the A567V variant (>11-fold) was determined 

compared to the wild-type enzyme. 
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Table 5-4: The apparent inhibition constant values determined for WT-MtuIPMS and its variants. 

 WT-MtuIPMS A67V I627A A567V/I627A 

Ki –L-Leucine (µM) 0.74 ± 0.05 13± 1 244 ± 6 NI* 

Ki –L-Isoleucine (µM) 1030 ± 67 127 ± 5 NI 383 ± 19 

Ki –L-Valine (µM) NI NI NI NI 

Ki –L-Norvaline (µM) 71 ± 6  6.3 ± 0.3 NI NI 

*NI: No Inhibition 

 

 

5.7 Ligand binding  

5.7.1 Isothermal titration calorimetry  

ITC was employed to thermodynamically characterise the protein–inhibitor binding 

interactions and to assess ligands binding (L-leucine, L-norvaline, and L-isoleucine) to the 

MtuIPMS variants by measuring the heat absorbed or released from protein–inhibitor 

interactions. The experiments were carried out on an affinity ITC (TA Instruments) at 25 °C.  

Purified protein samples were buffer exchanged into 50 mM HEPES buffer (pH 7.5) containing 

20 mM MgCl2 and 20 mM KCl using a HiTrap 5 mL desalting column (GE Healthcare), and 

the ligand solutions were prepared using the same batch of buffer that was used to purify the 

protein. The ITC cell was rinsed with de-gassed buffer (same batch that protein was eluted in), 

then buffer–exchanged protein samples were de-gassed, and 300 µL samples at 5–7 mg/mL 

were injected into the cell. The syringe was also washed with MilliQ water and de-gassed 

buffer. Ligands were injected (0.3–0.6 µL for the first injection, followed by multiple injections 

of 1–2 µL depending on ligand concentration and the targeted protein) into the cell every 240 

seconds with stirring at 125 rpm. 

Despite the lack of detectable L-isoleucine binding, exothermic binding curves for L-leucine 

and L-norvaline interactions with WT-MtuIPMS were observed. The achieved isotherms were 

significantly different from that of previously reported data for L-leucine binding in 

MtuIPMS;40 however, it is reasonable to speculate that this is due to the differences in the 

conditions that experiments were performed.  The ITC data for both ligands could be best fitted 
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to a multiple-sites model using NanoAnalyse (Figure 5.13), indicating two types of binding 

interactions between ligands and wild-type enzyme.130 The thermodynamic parameters 

calculated for the ligand interactions are shown in Table 5-5.  This data suggests that both L-

leucine and L-norvaline were binding to WT-MtuIPMS, in which L-norvaline interaction shows 

lower heats of binding compared to L-leucine interaction.  

Regarding the A567V variant, exothermic binding curves were also observed for the interaction 

of L-leucine, L-Isoleucine, and L-norvaline with this variant. The ITC data for both L-leucine 

and L-norvaline binding were best fitted to a multiple-sites binding model (Figure 5.14), in 

which the thermodynamic parameters of the protein–inhibitor binding interactions, described 

above, are shown in Table 5-6. In contrast to the L-leucine and L-norvaline interactions, the L-

isoleucine binding curve was best fitted to an independent model, as shown in Figure 5.15. 

However, ITC data for L-isoleucine was also fitted to a multiple-sites model, in which the 

thermodynamic parameters calculated from both models are shown in Table 5-7. 

Additionally, ligands binding interaction was investigated for the I627A variant, in which only 

an exothermic ITC binding curve, demonstrating L-leucine binding to the protein, was 

determined. The binding isotherm for L-leucine interaction with I627A protein was fitted to an 

independent model (Figure 5.16), and the calculated thermodynamic parameters for this 

interaction are shown in Table 5-8.  Furthermore, ligands binding was investigated in 

A567V/I627A variant, in which an exothermic binding curve for L-isoleucine interaction with 

the protein was observed. The L-isoleucine binding curve for A567V/I627A was also fitted to 

a multiple-sites model (Figure 5.17); however, a fit to an independent model is also shown in 

Figure 5.17, and the thermodynamic parameters calculated from each model are shown in Table 

5-9.  
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Figure 5.13: ITC curves observed for WT-MtuIPMS. 

A) The ITC thermogram of L-leucine (1.5 mM) binding to ~91 µM of WT-MtuIPMS (top) and 

its data fitted with a multiple site model (bottom). B) ITC data for WT-MtuIPMS (~87 µM) 

using 15 mM L-norvaline (top) fitted to a multiple site model (bottom). 

 

 

Table 5-5: The thermodynamic parameters determined for ligands interactions with WT-MtuIPMS. 

Multiple-sites model 

 Kd1 (M) Kd2 (M) ΔH1 

(kJ/mol) 

ΔH2  

(kJ/mol) 

n1 n2 ΔS1 

(J/mol.K) 

ΔS2 

(J/mol.K) 

L-leucine 6.2 × 10-8 2.1 × 10-6 ˗49.4 ˗16.8 0.9 1.1 ˗27.9 52 

L-norvaline 2.6 × 10˗5 0.001 ˗3.6 ˗3.7 5.5 9.9 75.4 44.9 
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Figure 5.14: ITC curves observed for L-leucine and L-norvaline interactions with the A567V variant. 

A) The ITC thermogram of L-leucine (1.5 mM × 2 µL injections) binding to ~91 µM of variant 

A567V (top) and its data fitted with a multiple site model (bottom). B) ITC data for variant 

A567V (~86 µM) using 1.5 mM L-norvaline (top) fitted to a multiple site model (bottom). 

 

 

Table 5-6: The thermodynamic parameters determined for interactions of L-leucine and L-norvaline 

with  A567V variant. 

Multiple-sites model 

 Kd1 (M) Kd2 (M) ΔH1 

(kJ/mol) 

ΔH2  

(kJ/mol) 

n1 n2 ΔS1 

(J/mol.K) 

ΔS2 

(J/mol.K) 

L-leucine 0.001 5.7 × 10-6 ˗174.2 ˗26.9 0.4 2.1 ˗520 9.7 

L-norvaline 1.3 × 10˗5 1.6 × 10˗5 198.7 ˗175.1 0.5 0.8 ˗759 ˗495 
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Figure 5.15: ITC curve observed for the interaction of L-isoleucine interaction with A567V variant. 

The isotherm for L-isoleucine (35 mM) binding to ~140 µM of variant A567V (top) and its data fitted 

to an independent binding model (bottom). 

 

 

 

Table 5-7: The thermodynamic parameters determined for L-isoleucine interactions with the A567V 

variant. 

Independent model 

 Kd (M) n ΔH (kJ/mol) ΔS1 (J/mol.K) 

L-isoleucine 1.4 × 10-4 4.4 ˗4.3 59.3 

Multiple sites binding model 

 Kd1 

(M) 
Kd2 (M) ΔH1 

(kJ/mol) 
ΔH2  

(kJ/mol) 
n1 n2 ΔS1 

(J/mol.K) 
ΔS2 

(J/mol.K) 

L-isoleucine 0.001 5.7 × 10-6 ˗174.2 ˗26.9 0.4 2.1 ˗520 9.7 
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Figure 5.16: ITC curve observed for the interaction of L-leucine interaction with I627A variant. 

The isotherm for L-leucine (30 mM) binding to ~174 µM of variant I627A (top) and its data fitted to 

an independent binding model (bottom). 

 

 

 

Table 5-8: The thermodynamic parameters determined for L-leucine interactions with the I627A 

variant. 

Independent model 

 Kd (M) n ΔH (kJ/mol) ΔS1 (J/mol.K) 

L-leucine 4.4 × 10-4 3.3 ˗3.6 52.1 

Multiple sites binding model 

 Kd1 

(M) 
Kd2 (M) ΔH1 

(kJ/mol) 
ΔH2  

(kJ/mol) 
n1 n2 ΔS1 

(J/mol.K) 
ΔS2 

(J/mol.K) 

L-leucine 0.001 3.6 × 10-4 ˗24.8 ˗3.1 0.1 3.1 ˗25 55 
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Figure 5.17: ITC curve observed for L-isoleucine binding interaction with the A567V/I627A variant. 

The isotherm of L-isoleucine (35 mM) binding to ~160 µM of A567V/I627A fitted to a multiple-sites 

model (A) and an independent model (B). 

 

 

Table 5-9: The thermodynamic parameters determined for L-isoleucine interactions with 

A567V/I627A variant. 

Independent model 

 Kd (M) n ΔH (kJ/mol) ΔS1 (J/mol.K) 

L-isoleucine 4.5 × 10-4 10 ˗1.7 58.2 

Multiple sites binding model 

 Kd1 (M) Kd2 

(M) 
ΔH1 

(kJ/mol) 
ΔH2  

(kJ/mol) 
n1 n2 ΔS1 

(J/mol.K) 
ΔS2 

(J/mol.K) 

L-isoleucine 1.3 × 10-4  0.001 ˗0.163 ˗7.3 2.1 2.5 73 32 
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5.8 Discussion  

α-IPMS catalyses the condensation reaction between AcCoA and α-KIV to form α-IPM as the 

first step in the L-leucine biosynthetic pathway, and its catalytic activity is allosterically 

feedback regulated by L-leucine.35, 46 The catalytic activity of α-IPMS in M. tuberculosis has 

been demonstrated to be crucial for both its proliferation and pathogenicity,151, 156 and since the 

L-leucine biosynthetic pathway is absent in humans, α-IPMS is considered as a potential target 

for allosteric drug design and development.  

In this study, α-IPMS from M. tuberculosis was chosen, and the inhibitor selectivity and the 

possibility to evolve the inhibition specificity were investigated. To this end, sequence and 

structural alignments between MtuIPMS and LinCMS were employed, and subsequently, 

residues that were predicted to play a role in recognition of the allosteric ligand were rationally 

substituted. Residue substitutions were made at the inhibitor binding site of the C-terminal 

regulatory domain of MtuIPMS. Variant A567V was constructed to allow accommodation of 

the sidechain of L-isoleucine in the hydrophobic pocket of the inhibitor binding site, whereas 

variant I627A was designed to accommodate the L-isoleucine sidechain at the Cɣ2 atom. 

Finally, variant A567V/I627A was designed to shift the inhibitor selectivity of MtuIPMS from 

L-leucine to L-isoleucine. All constructed variants and the wild-type enzyme were cloned 

successfully into the pET28a vector, and the overexpressed proteins were purified using IMAC 

and SEC. All variants were found to be properly folded with a similar secondary composition 

compared to the wild-type enzyme. Enzyme variants were dimeric in solution, which was 

favourably consistent with the oligomeric state of the wild-type enzyme. 

DSF was performed to investigate the effect of both the amino acid substitutions and ligands 

binding on the enzyme's thermal stability. The results indicated that the heat stability for the 

apo-form of all variants considerably increased, compared to the wild-type enzyme, with the 

highest increase seen for variants A567V/I627A, A567V, and I627A, respectively. The 

achieved data also show that the presence of L-leucine increased thermal stability in WT-

MtuIPMS and variants A567V and I627A, where the highest increase was observed in the wild-

type enzyme, and the lowest was seen in I627A. In addition, the presence of L-norvaline 

stabilised the enzymes described above, and the largest effect was observed for variant A56V 

with a 2 °C increase, while the melting temperature of WT-MtuIPMS and variant I627A 

increased by 0.5 °C. An increase in thermal stability in the presence of L-isoleucine was only 

determined for the I627A variant. No alteration in the melting temperature of the A567V/I627A 
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variant was detected in the presence of any of the ligands, and the presence of L-valine only 

influenced the thermal stability of variant I627A, in which its melting temperature slightly 

increased.   

Kinetic assays demonstrated that all variants were catalytically active with α-KIV KM values 

in the range of 15.6 µM to 18.7 µM, which were similar to the apparent KM value of 16.2 µM 

found for the WT-MtuIPMS enzyme. Although binding of a substrate does not directly 

correlate with the KM value, the close similarity between the KM values determined for the 

variants and the wild-type enzyme suggests that residue substitutions did not adversely 

influence the protein's ability to bind to its substrates. Therefore, it is reasonable to speculate 

that residue substitution did not affect the overall conformation of the protein, particularly the 

subdomains, as they have been proposed to be crucial for the binding of the substrates.37, 47 The 

turnover number of the variant A567V was found to be 3.8 s-1, which was similar to the kcat 

value calculated for the wild-type enzyme. However, the kcat value of variants I627A and 

A567V/I627A was found to be 5.5 s-1, which was slightly higher compared to the wild-type 

enzyme. Despite the increase observed in the turnover number of these variants, enzyme 

catalysis (kcat/KM) increased by almost 1.4–fold, proposing that the constructed substitutions 

did not make a significant contribution to enzyme catalysis. 

Inhibition studies showed that the residues selected for substitution in the regulatory domain 

of MtuIPMS were involved in the enzyme's specificity towards inhibitors. Strong inhibition 

effects were observed for L-leucine and L-norvaline in the wild-type enzyme with Ki values of 

0.7 µM and 71 µM, respectively, whereas relatively weak L-isoleucine inhibition with a Ki 

value of 1030 µM was found. L-Leucine and L-isoleucine are isomers and their only difference 

is that L-isoleucine has a branched methyl group at its Cβ position corresponding with the Cδ2-

methyl group of L-leucine. This suggests that the lack of significant L-isoleucine inhibition in 

MtuIPMS could be due to the steric hindrance between the Cβ-methyl group of L-isoleucine 

and surrounding residues, particularly the sidechain of I627 (Figure 5.5A), disrupting the 

binding of L-isoleucine, which is consistent with the previously calculated larger volume of the 

L-isoleucine binding pocket in LinCMS,21 compared to that of L-leucine in MtuIPMS. 

Furthermore, L-norvaline is known as an analogue of L-leucine,157 and it has been previously 

shown that L-leucine can be replaced by L-norvaline in the recombinant protein.158 The 

sidechain of L-norvaline is unbranched, which allows adequate flexibility. This suggests that 

L-norvaline inhibition is due to the flexibility of its sidechain allowing this ligand to adopt a 

stable conformation within the inhibitor binding site of MtuIPMS. However, it is also 
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reasonable to speculate that the difference between the inhibition constants determined for L-

leucine and L-norvaline in the wild-type enzyme is because L-norvaline lacks a methyl group 

corresponding to Cδ2 of L-leucine, resulting in weaker hydrophobicity. Regarding the A567V 

variant, residue substitution resulted in a drastic variation in the affinity of the enzyme for the 

inhibitor, in which the Ki value for L-leucine increased to 12.7 µM, while the Ki values for L-

isoleucine and L-norvaline decreased to 127 µM and 6.3 µM, respectively. These inhibition 

data can be interpreted using the crystal structure of MtuIPMS. The decrease in L-leucine 

inhibition for the A567V variant can be due to the increase in sidechain lengths of the 

substituted residue, decreasing the available space for the sidechain of L-leucine within the 

inhibitor binding site. In the L-leucine-bound crystal structure of the WT-MtuIPMS, Ala567 is 

located almost 3.9 Å from the sidechain Cδ1 atom of L-leucine, while the A567V substitution 

would significantly reduce this distance to almost 2.6 Å (Figure 5.18). Thus, the A567V 

substitution results in a steric conflict between A567V and the sidechain of L-leucine, 

disrupting L-leucine binding. 

 

Figure 5.18: Inhibitor binding site of MtuIPMS (PDB: 3IVT).46 

A) The Ala567 residue is 3.9 Å from the sidechain of L-leucine (green) in the inhibitor binding 

site of the WT-MtuIPMS. B) The A567V residue (orange) is predicted to be 2.6 Å from the 

sidechain of L-leucine (green). Yellow dashed lines show the distance between the sidechain 

of L-leucine and the target residue. 

 

This is consistent with a previously published report,21 where the docked L-leucine in the 

inhibitor binding site of LinCMS illustrated steric hindrance with Val468 (LinCMS 
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numbering), the counterpart of A567 in MtuIPMS. On the other hand, A567V would be located 

almost 3.4 Å and 4.1 Å from the Cγ and Cδ-methyl group of the sidechain of the docked L-

isoleucine, respectively, which is favourably similar to Val468 in LinCMS located about 4.0 Å 

and 5.1 Å from L-isoleucine (Figure 5.19); thus, L-isoleucine would become an effective 

inhibitor of the A567V variant. It can also be predicted that the A567V substitution would form 

stronger hydrophobic interactions with the sidechain of L-norvaline and increase its stability, 

which makes L-norvaline a more effective inhibitor in the A567V variant compared to the wild-

type enzyme. 

 

A) Figure 5.19: A) The A567V residue (orange) is predicted to be 3.4–4.1 Å from the sidechain 

of L-isoleucine (green) docked into the inhibitor binding site of MtuIPMS (PDB: 3IVT).46 B) 

Val468 in LinCMS located about 4.0 Å and 5.1 Å from L-isoleucine in the inhibitor binding 

site of LinCMS (PDB: 3F6G).21 Yellow dashed lines show the distance between the sidechain 

of L-isoleucine and the target residues. 

 

For the I627A variant, enzyme catalysis was inhibited only in the presence of L-leucine with a 

Ki value of 244 µM, whereas variant A567V/I627A was only sensitive to L-isoleucine 

inhibition with a Ki value of 383 µM. The crystal structure of MtuIPMS suggests that residue 

I627 has contacts with Cβ and Cγ of L-leucine (Figure 5.20) and the I627A substitution would 

result in the development of a larger binding pocket, in which L-leucine, L-isoleucine, and L-

norvaline could all be accommodated, probably with lower binding affinities. Thus, the I627A 

variant could still be inhibited by L-leucine at a significantly weaker level than the wild-type 

enzyme. This is consistent with the high Ki value determined for L-leucine in the I627A variant. 
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Figure 5.20: Inhibitor binding site of MtuIPMS (PDB: 3IVT).46 

B) The crystal structure of the inhibitor binding site of MtuIPMS suggests that the hydrophobic 

sidechain of Ile627 residue is 3.6–3.8 Å from the sidechain of L-leucine (green). The 

simulation of I627A substitution predicts that the substituted residue is located 5.2–5.4 Å 

from the sidechain of L-leucine (green). Yellow dashed lines show the distance between the 

sidechain of L-leucine and the target residues. 

  

On the other hand, it can be predicted that the absence of L-isoleucine and L-norvaline 

inhibition in I627A is related to the increased space in the inhibitor binding site, which results 

in disruption of the hydrophobic contacts of ligands with the residues in the inhibitor binding 

site (Figure 5.21). Besides, given the proposed role of the A567V residue in the binding of L-

isoleucine, it is reasonable to speculate that this ligand could not effectively bind to the 

modified binding pocket in the I627A variant. 
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Figure 5.21: L-Isoleucine (green) docked into the inhibitor binding site of MtuIPMS. 

A) Structural analysis suggests that the docked L-isoleucine cannot bind to the inhibitor binding 

site of MtuIPMS due to its steric clashes with the Ile627 residue, as the sidechain of Ile627 

would be located 1.4 Å from the sidechain of L-isoleucine. B) Substitution of Ile627 for 

alanine predicts increased distance between the sidechain of I627A (orange) and docked L-

isoleucine (green). 

 

The inhibition data determined for the enzyme variants containing a single residue substitution 

are significantly consistent with the inhibition specificity observed in the A567V/I627A 

variant, where simultaneous substitution of A567V and I627A disrupts the binding of L-leucine 

and abolishes its inhibition in MtuIPMS. Residue I627A is located almost 5.2–5.4 Å from the 

sidechain of L-leucine, compared to I627 located about 3.6–3.8 Å, which leads to the loss of 

hydrophobic contacts with the L-leucine and decreases its binding affinity. In addition, the 

A567V substitution would result in a hindrance conflict between the substituted residue and 

the sidechain of L-leucine and further destabilise L-leucine binding. As a result, L-leucine loses 

its ability to bind to the inhibitor binding site and induce inhibition. Moreover, as described 

previously, the I627A substitution would allow accommodation of the methyl group at Cγ2 of 

L-isoleucine, and A567V would increase the stability of the sidechain of L-isoleucine and 

increase its binding affinity. Therefore, L-isoleucine can effectively bind to the A567V/I627A 

variant and inhibit its catalytic activity. Given the above discussion, it can be hypothesised that 

the lack of L-norvaline inhibition in both I627A and A567V/I627A variants is due to the 

increased distance between I627A and the sidechain of L-norvaline, which destabilises the 

sidechain of L-norvaline and disrupt its binding. 
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Our data imply that in addition to the structural conformation of the inhibitor binding site, the 

chemical structure and hydrophobicity of ligands might also play a role in the allosteric ligand 

selectivity of MtuIPMS. This is consistent with the lack of L-valine inhibition in WT-MtuIPMS 

and the generated variants. Given that L-valine contains a short hydrophobic sidechain, it is 

reasonable to speculate that the sidechain of L-valine has no significant interaction with the 

residues that form the inhibitor binding pocket in MtuIPMS. These data strongly suggest that 

in addition to the hydrophobic residues substituted at the inhibitor binding site of MtuIPMS, 

the chemical structure and the hydrophobicity of the ligand play a vital role in the inhibitor 

selectivity of the enzyme. 

Furthermore, ITC experiments were carried out to investigate the binding interactions of 

MtuIPMSs and measure the dissociation constants of effective allosteric inhibitors. L-Leucine 

binding in WT-MtuIPMS was observed with Kd1 and Kd2 values of 0.06 µM and 2.8 µM, 

respectively, suggesting two inhibitor binding sites with different affinity for the ligand. 

Aligned with expectations, the binding affinity of both A567V and I627A variants for L-leucine 

was lower than that of the wild-type enzyme, and no considerable binding interaction was 

observed between L-leucine and the A57V/I627A variant.  In contrast, while no significant L-

isoleucine binding interaction was detected for the wild-type enzyme, substantial binding 

interactions for L-isoleucine with both A567V and A567V/I627A variants were observed. In 

addition, binding isotherms for the interaction of L-norvaline with both WT-MtuIPMS and the 

A567V variant were observed, in which the ITC data revealed that the affinity of A567V for 

this ligand was higher than that of the wild-type enzyme. Given that all interactions between 

the effective inhibitors and MtuIPMSs described above were found to be exothermic, it can be 

predicted that the ligand-binding mechanisms are similar in all proteins. 

Our data revealed that L-leucine inhibition in MtuIPMS can be altered to L-isoleucine by 

substituting key amino acids in the inhibitor binding site of MtuIPMS to their counterparts in 

LinCMS, which implies a common evolutionary origin for α-IPMS and CMS as previously 

predicted.14, 15, 21 This is consistent with the previously published reports, in which α-IPMS has 

been proposed to be evolutionarily related to CMS, an enzyme in the pyruvate pathway of the 

L-isoleucine biosynthesis, as both catalyse the transfer of an acetyl group from AcCoA to an 

α-keto acid.14, 15 Since the only known metabolic pathway for L-leucine biosynthesis is the L-

leucine biosynthetic pathway described in Section 1.2, but L-isoleucine can be synthesised 

through different pathways (Section 1.3) using enzymes that are not homologues to α-IPMS 

(Figure 1.2), α-IPMS has been suggested as the ancestral protein. It has been suggested that the 
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evolution of CMS in the L-isoleucine biosynthetic pathway (pyruvate pathway) has arisen from 

the duplication and divergence of the leuA gene that encodes α-IPMS in the L-leucine 

biosynthetic pathway.159 It has also been proposed that the above gene duplication and 

divergence have happened at least two times, resulting in the production of the M. jannaschii 

(Mja-like) CMSs and L. interrogans (Lin-like) CMSs.32, 159  

Although sequence comparison between MtuIPMS and LinCMS shows low sequence 

similarity,21 they are structural homologues. Both proteins consist of a common TIM (α/β)8 

barrel catalytic domain, a flexible linker region, and a C-terminal regulatory domain. The fold 

that makes up the catalytic domain in these proteins has been identified among many different 

proteins. However, their regulatory domains are composed of a unique fold that so far has been 

found only in these enzymes, which proposes that further gene duplication and divergence have 

taken place recently, which has led to the evolution of the regulatory domain in α-IPMS and 

CMS enzymes.160  
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 Citramalate synthase from Methanococcus 

jannaschii 

 

6.1 Introduction 

Most microorganisms synthesise L-isoleucine through the threonine pathway, in which 

aspartate is the starting metabolite (Figure 1.2).7, 19 However, it has been determined that 

archaea65, 66 and some other microorganisms such L interrogans,20, 21 the causative agent for 

leptospirosis, use an independent threonine pathway known as the citramalate pathway to 

synthesise L-isoleucine, in which pyruvate is the starting metabolite (Figure 1.2). The initial 

step in the citramalate pathway is the conversion of AcCoA and pyruvate to citramalate, 

catalysed by CMS. The catalytic activity of CMS is allosterically feedback inhibited by L-

isoleucine, as the end product of the pathway,20, 21 which makes CMS a potential protein to be 

targeted for drug design and development. 

L-Isoleucine biosynthesis through the citramalate pathway shares similarities to the L-leucine 

biosynthetic pathway.  α-IPMS catalyses the first step in L-leucine biosynthesis, producing α-

IPM by transferring an acetyl group from AcCoA to α-KIV,15, 46 which is similar to the reaction 

chemistry of CMS. Besides, the catalytic activity of α-IPMS is also allosterically feedback 

regulated by L-leucine. 

Previously, CMS from L. interrogans (LinCMS) has been studied,20, 21 in which the separate 

crystal structures of the catalytic and regulatory domains of the protein, complexed with 

various ligands, were reported. The characterised crystal structures of LinCMS have revealed 

that the protein is composed of an N-terminal (α/β)8 TIM barrel catalytic domain and a C-

terminal regulatory domain that adopts a βββ-α-βββ-α structure. The catalytic and regulatory 

domains of LinMCS have been proposed to be linked via ~60 unsolved residues, which are 

predicted to form a flexible linker region.20 Structural analysis has revealed that the catalytic 

and regulatory domains of MtuIPMS and LinCMS are very similar, suggesting that they are 

structurally homologues.20, 21 In addition to the common reaction chemistry, the structural and 

sequence similarities observed for α-IPMS, HCS, and CMS, propose that these proteins are 

evolutionarily related.  
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M. jannaschii is a known autotrophic hyperthermophile microorganism that grows at high 

temperatures of up to 94 °C and can withstand pressures of over 200 atm.161, 162 It was the first 

archaea to have a fully sequenced genome, which revealed several novel metabolic pathways; 

thus, the biological mechanisms that it uses to survive in hyperthermophilic environments and 

the evolutionary basis of these have been of major interest.161, 163 It has been proposed that 

studying the proteins that are specifically involved in metabolic pathways of this 

microorganism enables a greater understanding of their evolution, in which a few metabolic 

pathways such as 3-mercaptopropionic acid biosynthesis,164 and riboflavin biosynthesis have 

been already investigated.165 

L-Isoleucine biosynthesis in M. jannaschii has been demonstrated to taken place through the 

citramalate pathway.66 Although CMS from M. jannaschii (MjaCMS) is a thermophilic protein 

and is phylogenetically distinct from the mesophilic LinCMS, they share a very high sequence 

similarity (Appendix VI). Given that the thermophilic proteins have the outstanding ability to 

remain folded and functional at very high temperatures, where mesophilic proteins are usually 

inactive and unfolded, the sequence similarity between MjaCMS and LinCMS raises multiple 

interesting questions: What is responsible for MjaCMS stability? Is there a significant 

difference in MjaCMS functionality mechanisms compared to its mesophilic homologues?  Is 

there any systematic mechanism that MjaCMS may use to withstand such elevated 

temperatures? Is there any significant difference between the structural conformation of 

thermophilic and mesophilic protein homologues?   

It has been proposed that comparing proteins from mesophilic and thermophilic 

microorganisms could deliver insights into the mechanisms used by thermophiles that allow 

them to function at such high temperatures and may provide insights that enable researchers to 

design thermostable proteins.166-169 Several studies have previously been carried out to address 

similar questions by studying different thermophilic and mesophilic protein homologues.170-172 

This study aimed to understand MjaCMS in greater detail by investigating its biochemical and 

structural characteristics to develop a greater understanding of the evolutionary relationship 

between a thermophilic CMS and its mesophilic homologues. To this end, the wild-type 

MjaCMS was successfully expressed and purified, and its physical and biochemical features 

were studied. The protein was suggested to be folded appropriately due to the identification of 

its secondary structure, which was determined using CD spectra. MS was conducted to measure 

the protein's mass, and analytical gel filtration was carried out to determine the oligomeric 
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structure of the enzyme in solution. Finally, the catalytic activity of the enzyme was studied, 

in which its kinetic parameters were determined, and the L-isoleucine inhibition effect was 

observed.  

 

6.2 Construct detail 

A pET28a plasmid bearing the cimA gene (Mj1392), encoding CMS from M. jannaschii 

(Appendix VII), designed to bear an engineered N-terminal His-tag (His-MjaCMS) and a TEV 

protease cleavage site, was purchased from Epoch Life Science. The vector contained essential 

promoter regions for the induction of protein expression by IPTG and the kanamycin resistance 

gene.  

E. coli BL21 DE3 competent cells were transformed with the pET28a-cimA plasmid, according 

to the method described in Section 8.2.8, and plated on LB agar medium containing kanamycin. 

Cell cultures were grown using a single colony, and then a glycerol stock was made and kept 

at ˗80 °C to be used for protein expression. 

 

6.3 Protein expression 

MjaCMS protein expression was accomplished, as described in section 8.3.5. Overall, 5 µL of 

cells from the glycerol stock was added to 50 mL sterilised LB medium, and an overnight 

culture was grown at 37 °C. One liter autoclaved LB medium containing kanamycin antibiotic 

was inoculated with an overnight culture (1
50⁄ ) and cells were grown in a shaking incubator 

(200 rpm) at 37 °C until an OD600 of 0.4–0.6 was reached. Then, IPTG (0.5–1 mM) was added, 

and protein expression was achieved by incubating the cell culture at 23 °C in a shaking 

incubator over 14–16 h.  

The harvested cells were lysed using sonication. An EDTA-free protease inhibitor cocktail was 

used to inhibit the function of proteases. 
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6.4 Protein purification 

6.4.1 IMAC 

Steps from lysis to initial IMAC purification using a 5 mL His-Trap column were performed 

without delay to diminish the effects of proteolysis in the lysate. A GE Healthcare 

ÄKTApurifier™ 10 machine was used to perform chromatography at 4 ºC, where an increasing 

gradient of low to high concentration of imidazole was used to elute the proteins. Then, 

fractions containing purified protein were pooled together for further purification. A BoltTM 

10% Bis-Tris Plus pre-cast gel (1.0 mm × 12 well, Invitrogen) was used to run SDS-PAGE to 

evaluate the solubility and yield of the target protein (Figure 6.1). SDS-PAGE showed some 

unspecific proteins bound to the His-trap column, which were purified alongside the target 

protein. Higher concentrations of imidazole were used in the column equilibration buffer; 

however, the results remained the same. 

 

Figure 6.1: The SDS-PAGE of MjaCMS purified by IMAC. 

Protein was found to be highly soluble as most of the expressed proteins were detected in the lysate 

(left). IMAC purified protein bands related to MjaCMS were observed at ~56 kDa. MES SDS running 

buffer was used to run the gel. 
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6.4.2 TEV protease digestion 

The high imidazole concentration was removed from the purified protein mixture using a 

desalting column. Then, the TEV protease enzyme was added to the buffer exchanged proteins 

to cleave the His-tag. Attempts to cleave the His-tag were made over a range of temperatures 

from 4 to 30 °C and for 2 to 72 h. His SpinTrap single-use columns were used to investigate 

the TEV protease digestion of the His-MjaCMS protein, followed by SDS-PAGE (Figure 6.2). 

Unfortunately, TEV cleavage was not successful, suggesting that the TEV digestion site was 

not accessible for TEV protease. Therefore, the study was continued using the His-tagged 

MjaCMS protein. Once again, a desalting column was used, and the remaining protein was 

buffer exchanged into SEC buffer comprising 25 mM sodium phosphate (pH 7.5) and 150 mM 

NaCl.  

 

Figure 6.2: SDS-PAGE of TEV treated MjaCMS. 

Lane A is related to the His-tagged MjaCMS purified by IMAC, and lane B shows the His-

tagged MjaCMS treated with TEV protease, which was purified using the second round 

IMAC. Lane C shows the protein that was buffer exchanged using a desalting column. Protein 

bands related to MjaCMS are shown in a red box, and protein marker is labelled in kDa, 
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6.4.3 Size-exclusion chromatography 

SEC was carried using a HiLoad™ 26/60 Superdex™ 200 prep grade column to polish the 

purified proteins. The SEC buffer was used to equilibrate the column, then the filtered protein 

mixture was injected into the column and eluted as a single peak using SEC buffer. SDS-PAGE 

was performed for the eluted protein fractions to investigate the purity of purified protein 

(Figure 6.3). Although the protein eluted from SEC resulted in a protein band consistent with 

the expected molecular weight of MjaCMS (~56 kDa calculated using the protein sequence), 

some unspecific proteins remained with MjaCMS, as shown in Figure 6.3. Nevertheless, the 

target protein was found with enough purity to continue the study. 

 

Figure 6.3: SDS-PAGE of MjaCMS purified by SEC. 

Protein bands relevant to the MjaCMS protein are shown in a red rectangle and are labelled. 

 

Purified protein fractions were pooled and concentrated using a molecular weight cut-off 

device (10,000 Da Vivaspin 2, GE Healthcare). Centrifugation was repeatedly used at 4000 ×g 

until the desired concentration was achieved. The ProtParam online tool was employed,91 and 

the extinction coefficient value of the protein was calculated using its amino acid sequence, 

which was used to measure the concentration of the protein at 280 nm. The concentrated protein 

sample (2 mg/mL) was divided into aliquots of 500 µL and stored at ˗80 °C to be used for 

further study.  
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6.5 Physical characterisation 

6.5.1 Mass spectrometry 

MS measurement of MjaCMS was performed on a Bruker maXis 3G system at the School of 

Physical and Chemical Sciences, University of Canterbury, by Dr. Marie Squire. The mass of 

the protein was found to be 56,879.8 Da, which compared favourably to the theoretical mass 

of 56,881 Da calculated from the amino acid sequence of the protein using the ProtParam 

ExPASy online server.91  

 

6.5.2 Presence of secondary structure 

A CD spectrum was collected for MjaCMS to assess the secondary structure of the protein and 

to investigate the protein fold. The experiment was carried out on a JASCO J-815 Spectrometer 

at the School of Biological Science, University of Canterbury. The enzyme was diluted in 3 

mL of MilliQ H2O to a final concentration of 0.01 mg/mL. The CD spectrum of the protein 

was measured at 20 °C, over a range of wavelengths between 190 and 260 nm. The CD data 

were extracted using Jasco Spectra Manager Software (version1.5) and plotted in Excel (Figure 

6.4), in which the appearance of the detected spectrum was consistent with the predicted shape 

of a suitably folded protein. Data analysis on the K2D392 online server calculated that the 

protein was composed of 28.2% α-helices and 21.8% β-strands. The presence of secondary 

structure suggests that the protein was folded correctly.  

 

 

Figure 6.4: CD spectrum for MjaCMS curved using Excel. 
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6.5.3 Oligomeric structure 

Analytical gel filtration was performed by employing a Superdex R® 200 10/300 GL column 

(GE Healthcare) to investigate the multimeric state of MjaCMS in solution. SEC buffer was 

used to equilibrate the column, then the standard proteins (outlined in Table 2-2) were 

employed to generate a standard curve of y = ˗1.72x + 4.53, 𝑅2 = 0.98. A 500 µL protein 

sample (2 mg/mL) was manually injected on to the column and then eluted over one column 

volume. Multiple protein elution peaks were observed, and the vast portion of the protein eluted 

at 11.8 mL, which corresponded to a molecular mass of ~831 kDa (Figure 6.5).  

 

 

Figure 6.5: Analytical SEC elution trace for MjaCMS. 

The standard curve is shown at the top right of the figure. 

 

Detection of proteins of such high molecular weights suggested that the protein was 

aggregated, which is a commonly reported issue for several protein constructs when removed 

from their biological contexts,173-175 and the difficulty in removing the His-tag could also be 

related to the observed aggregation. 

Proteins are very sensitive to expression and purification conditions, and a broad range of 

physical or chemical factors such as pH of the buffer solution, temperature, and oxidation could 

affect protein stability resulting in protein aggregation. Therefore, the expression and 

purification conditions for MjaCMS were altered to reduce protein aggregation, as described 

below. 
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Change the pH of the buffers 

Proteins have been shown to be soluble at a pH away from their isoelectric point (pI). However, 

changing pH alters the net charge of proteins, which could lead to interactions that may cause 

aggregation.176 The pI of MjaCMS is 5.84, based on its amino acid sequence, and the enzyme 

was initially lysed and purified at pH 7.5. The effect of pH on MjaCMS protein aggregation 

was studied, where the expressed protein was lysed and purified at different pHs between 7 

and 8.5. Analytical gel filtration was employed to assess the oligomeric state of the purified 

proteins, in which protein aggregation was observed for all samples.  

Use of a reducing agent 

Oxidation of cysteine residues in a protein could mediate protein aggregation,177 and sequence 

analysis of MjaCMS revealed that the protein contained seven cysteine residues. Therefore, 10 

mM β-mercaptoethanol was added to the lysis and purification buffers (pH 7.5) to prevent 

oxidation. The purified protein was subjected to analytical gel filtration to evaluate its 

multimeric state, in which protein aggregation was observed, suggesting that cysteine oxidation 

was not the cause of MjaCMS protein aggregation.  

Adding a Non-denaturing detergent 

Hydrophobic interactions between protein molecules could also result in protein aggregation, 

while the use of a non-denaturing detergent could solubilise protein aggregates.178 Thus, 5 mM 

Triton X-100, a non-ionic detergent, was added to the lysis and purification buffers (pH 7.5). 

The effect of the detergent on MjaCMS aggregation was investigated using analytical SEC, 

where the protein was found to remain aggregated at a relatively similar size compared to that 

in the absence of the detergent, as described above. 

Expression temperature 

Since M. jannaschii is a thermophilic organism, protein expression at low temperatures could 

affect MjaCMS protein folding.  Therefore, cell culture was grown, and protein expression was 

induced at 37 °C for 4 h. The cells were lysed in a lysis buffer (pH 7.5), and the target protein 

was purified as described initially. Analytical SEC was carried out to evaluate the oligomeric 

state of the protein, and the protein was found to be aggregated. Contrary to previous results, 

only two prominent elution peaks were detected at 11.9 mL and 16.9 mL corresponding to a 

molecular mass of ~812 kDa and ~169 kDa, respectively (Figure 6.6).  
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Figure 6.6: Analytical SEC elution trace of MjaCMS expressed at 37 °C. 

 

As shown in Figure 6.7, the oligomeric states of the eluted protein related to each peak were 

investigated using NATIVE-PAGE. The observed protein bands were predicted to be related 

to ~360 kDa and ~190 kDa (Figure 6.7), which were different compared to the sizes calculated 

from the analytical SEC; however, the results confirm that the protein was aggregated. Due to 

the protein aggregation and lack of homogeneity, the characterisation of MjaCMS was not 

continued. However, as enzymatic activity was detected for the purified MjaCMS protein, 

enzyme kinetics were characterised and discussed further for the eluted fraction related to the 

smaller size protein. 

 

 

Figure 6.7: NATIVE-PAGE picture of purified MjaCMS. 

A) Protein bands related to the sample eluted at an earlier stage (11.9 mL). B) Protein eluted at 

the latest stage (16.9 mL). 
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6.6 Kinetic characterisation 

6.6.1 Michaelis-Menten kinetic 

Though the protein aggregation could adversely affect its functionality,179, 180 the enzymatic 

activity of MjaCMS was characterised, and its catalytic constants were determined for pyruvate 

and AcCoA. The concentration of both substrates was calculated using an enzyme-coupled 

assay system based on the Beer-Lambert Law (Beer’s Law). 

The kinetic assays were designed based on a method previously defined by de Carvalho et al.17 

as described in Section 8.6.2. The experiments were carried out at 37 °C using 1 cm pathlength 

quartz cuvettes on a Varian Cary 100 UV spectrophotometer. The assay solution contained 20 

mM NaCl, 5 mM MgCl2, and 100 µM DTP in 1 mL of 50 mM HEPES (pH 7.5), in the presence 

of 250 µM of one substrate and varying amounts of the second substrate. Then, 20 nM of 

enzyme was added to the assay to initiate the reaction. 

GraphPad Prism (version 8) was used to fit the determined initial rates of reactions to the 

Michaelis-Menten equation, as shown in Figure 6.8. The apparent KM values for MjaCMS were 

found to be 43 ± 2 µM for AcCoA and 74 ± 5 µM for pyruvate. The enzyme turnover number 

was calculated to be 1.15 ± 0.05 s-1, which was comparable to the kcat value of 1.41 ± 0.03 s-1 

reported by Kumar et al.32 

 

 

Figure 6.8: Michaelis-Menten kinetic plots for MjaCMS. 

Kinetic data show an alteration in the initial rates of reaction by increasing the substrate 

concentration. All reactions were performed in 50 mM HEPES buffer, including 5 mM MgCl2, 20 

mM NaCl, and 100 μM DTP. To determine the apparent KM values for each substrate, the 

concentration of the fixed substrate was kept at 250 µM, and varying concentrations of the other 

substrate were used. 
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6.6.2 Allosteric inhibition 

CMS catalytic activity is feedback regulated by L-isoleucine, as the end product of the CMS 

metabolic pathway.20, 21 Allosteric inhibition of L-isoleucine has been reported in LinCMS, in 

which a partial crystal structure for the enzyme has been solved with L-isoleucine bound to its 

regulatory domain.   

The L-isoleucine inhibition of MjaCMS has been studied, using the standard DTP-coupled 

assay at 37 °C, with holding one substrate at saturation concentration (250 µM) and varying 

the concentration of the second substrate (50–400 µM). All assays were performed in a typical 

buffer solution [50 mM HEPES (pH 7.5) 20 mM MgCl2, and 20 mM KCl], and varying 

concentrations of L-isoleucine (50–200 µM) were used to determine the Ki values. The 

inhibition data were fitted to a nonlinear, non-competitive inhibition model using GraphPad 

Prism software (Figure 6.9), and the Ki values were found to be 166 ± 9 μM and 152 ± 11 μM 

for pyruvate and AcCoA, respectively.  

 

 

Figure 6.9: L-Isoleucine inhibition plots for MjaCMS. 

The inhibition data were plotted using a nonlinear, non-competitive inhibition model. 
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6.7 Discussion 

Hyperthermophile organisms have been proposed as the preliminary life-forms that emerged 

on Earth.181 However, sequence alignments and crystal structure comparisons suggest that 

hyperthermophilic proteins catalysing the metabolic pathways share the same catalytic 

mechanisms as their mesophilic counterparts.182 Therefore, characterisation and modelling 

systems for hyperthermophilic proteins could provide insight into understanding the molecular 

mechanisms and evolution of enzymes. 

One such protein is CMS from M. jannaschii, a thermophilic protein that catalyses the 

conversion of AcCoA and pyruvate to citramalate, as the first step of L-isoleucine biosynthesis 

in the citramalate synthase.32, 66 Previous studies on CMS from L. interrogans, a mesophilic 

microorganism, revealed that CMS comprises a catalytic domain, a regulatory domain, and a 

flexible linker region connecting the regulatory and catalytic domains.20, 21 Although LinCMS 

and MjaCMS are phylogenetically distinct, multiple sequences alignment suggests that these 

proteins share high sequence homology (Appendix VI). In addition, due to the sequence, 

structural, and reaction chemistry similarities observed for CMS, α-IPMS, and HCS, 14, 15 it has 

been proposed that these proteins are homologues and are evolutionarily related.  

This study aimed to investigate the biochemical and structural characteristics of MjaCMS. It 

was hypothesised that comparing the catalytic and structural features of MjaCMS with its 

homologues could develop a greater understanding of the mechanisms by which it functions in 

thermophilic environments and deliver insights into their evolutionary relationships.  To this 

end, heterologous overexpression of the His-tagged MjaCMS was successfully carried out in 

E. coli BL21 DE3 cells, and protein purification was accomplished using IMAC and SEC. The 

secondary structure composition of the enzyme was determined from the CD spectrum, and the 

theoretical molecular weight of the protein was found to be in agreement with the molecular 

mass detected by MS. However, the analysis of analytical gel filtration results followed by 

NATIVE-PAGE indicated that the protein was aggregated. Several attempts, such as varying 

the pH of the solutions, using β-mercaptoethanol as a reducing agent, the use of Triton X-100 

as a detergent, and protein expression at 37 °C were made to reduce or prevent protein 

aggregation. However, none of the efforts described above was successful. Unfortunately, 

MjaCMS protein aggregation prevented further characterisation of the enzyme because protein 

aggregation could lead to unrealistic results in most biophysical techniques. 
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Despite the protein aggregation observed for the purified MjaCMS, the enzyme was 

catalytically active; thus, its enzymatic activity was investigated. The acquired apparent KM 

value of MjaCMS for pyruvate was found to be 74 ± 5 µM, which was consistent with the value 

of 75.6 ± 9 µM previously reported for this enzyme.32 The apparent KM value of 43 ± 2 µM, 

which was determined for AcCoA in this study, could not be compared because no value has 

been reported for AcCoA using a DTP-coupled assay.  The enzyme turnover number was 

calculated as 1.15 ± 0.05 s-1, comparable with the kcat value of 1.41 ± 0.03 s-1 reported by Kumar 

et al.32 However, it should be noted that the protein aggregation could have adversely affected 

this, for both the current and the previous study. The presence of L-isoleucine inhibited the 

catalytic activity of MjaCMS, and the inhibition data were fitted to a non-competitive model, 

where L-isoleucine inhibition was found to be effective in micromolar concentrations with Ki 

values of 166 ± 9 μM and 152 ± 11 μM for pyruvate and AcCoA, respectively, which are 

significantly higher to L-isoleucine Ki of 19 μM reported in LinCMS.  

A comparison of this data with the previously published reports revealed that the apparent 

pyruvate KM value determined for MjaCMS is consistent with that of LinCMS,20 while the 

apparent KM value reported for AcCoA in LinCMS is almost 26-fold higher than that calculated 

for MjaCMS.20 Previous studies have proposed that subdomains' structural conformation and 

flexibility play a crucial role in AcCoA binding in α-IPMS-like enzymes.21, 37, 90 Although it 

should be noted that protein aggregation could have affected the kinetic parameters determined 

in this study, it is reasonable to hypothesise that the linker region in MjaCMS (subdomains) is 

less flexible compared to that of LinCMS, suggesting that it is in a more favourable 

conformational state for the AcCoA binding. Furthermore, the presence of L-isoleucine 

inhibited the catalytic activity of MjaCMS, and the inhibition data were fitted to a 

noncompetitive model, where L-isoleucine inhibition was found to be effective in micromolar 

concentrations with Ki values of 166 ± 9 μM and 152 ± 11 μM for pyruvate and AcCoA, 

respectively. The sequence similarity between the LinCMS and MjaCMS predicts that they 

share similar structural features, consistent with the noncompetitive L-isoleucine inhibition 

with close inhibition constants that have been observed versus both substrates. These data 

propose that the catalytic activity of MjaCMS is also regulated allosterically. Although the 

protein aggregation observed in this study could have resulted in unrealistic results, the higher 

inhibition constants determined for L-isoleucine in MjaCMS, compared to that reported for 

LinCMS, predict that the allosteric mechanism in MjaCMS could be different compared to that 

of LinCMS. 
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The predicted decreased flexibility suggests increased rigidity in the overall conformation of 

MjaCMS, proposing that the thermophilic proteins could bear a different fold, which is more 

stable compared to their mesophilic counterparts. This is consistent with a previously published 

reports, such as that demonstrating that a thermophilic ribonuclease H (RHN) has higher 

overall stability than its mesophilic homologue.183 We have also hypothesised that the 

remarkable ability of thermophilic proteins to remain active at high temperatures is due to their 

protein fold, which could be related to various features such as residue and inter-residue 

contacts,184, 185 hydrophobic free energy,186, 187 hydrogen bonding,188 and hydrophobicity.189 

However, given the protein aggregation observed for MjaCMS, which has limited our data, 

further studies are required to deliver insight into this protein's functional and structural 

characteristics. 
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 Summary & Discussions 
 

7.1 Summary of thesis  

This research generally aimed to study various enzymes belonging to the Claisen-condensing 

family to develop a greater understanding of their mechanisms, how structural dynamics and 

domain flexibility mediate enzymes’ functions and to investigate the evolution of allosteric 

inhibitor selectivity. More precisely, HCS from S. pombe was studied under various conditions, 

and mutations were constructed to probe the importance of the accessory domain for enzymatic 

activity. The α-IPMS enzyme from N. meningitidis was manufactured with added C-terminal 

domains of differing sizes to assess the influence of the added mass on the conformational 

oscillation proposed for the regulatory domain and to deliver insight into how it influences the 

catalytic and regulatory responses. The next enzyme studied was the α-IPMS from M. 

tuberculosis, where amino acid substitutions were generated to alter the allosteric inhibitor 

selectivity of the enzyme to explore its evolutionary relationship with other enzymes that share 

similar properties. Finally, the CMS from M. jannaschii was studied to develop a greater 

understanding of the evolutionary relationship between a thermophilic CMS and its mesophilic 

homologues. 

 

7.2 Discussions 

7.2.1 Insights into structural and catalytic features of HCS 

Bulfer et al. have previously characterised the crystal structure of SpoHCS, in which it has been 

proposed that this protein is a homodimer.31, 73 However, contrary to the reported data, the 

study carried out in Chapter 2 revealed that SpoHCS is tetrameric in solution, consistent with 

the apo-form crystal structure of the protein solved in this study. The generation of symmetry 

mates proposes that SpoHCS is a tetramer formed by two homodimers connected through the 

interfaces of their catalytic domains, as shown in Figure 2.21. Analysis of the crystal structure 

of SpoHCS characterised in this study revealed two Zn2+ ions at the interface of the 

homodimers, where they are interacting with residues located on the catalytic domains of two 

homodimers that are facing each other, and is predicted to be involved in tetramer formation.   



186 

 

These interactions are also revealed through analysis of the crystal structures in PISA,89 in 

which the most probable assembly for SpoHCS was predicted to be tetrameric.  

Aside from the tetrameric state of SpoHCS reported explicitly for the first time in this study, 

the apo-form crystal structure of SpoHCS, which was solved with Zn2+ bound to the active site, 

is superimposable with the crystal structures that have been previously reported for this protein. 

In these structures, it was observed that the metal ion shares similar coordination compared to 

that seen in the previously determined structures. Our data is in accordance with the previously 

characterised crystal structures of SpoHCS, which demonstrates that this protein is composed 

of an (α,β)8 TIM barrel catalytic domain and two smaller subdomains extended at the C-

terminus of the catalytic domain. In addition to the crystal structures of SpoHCS, the crystal 

structures of HCS from T. thermophilus71 have also been characterised previously. Structural 

analysis has shown that both SpoHCS and TthHCS share a high structural similarity, as 

described in Section 1.7.4. Furthermore, the structural analysis underlines that the catalytic 

domain of SpoHCS is formed by a TIM barrel structure that is shared within the enzyme family 

members, such as α-IPMS and CMS.  Small structural differences such as an appendage loop 

formed by β6–β7 (residues 131–144 in SpoHCS) are apparent and observed in SpoHCS and 

not in TthHCS, which is predicted to distinguish fungal HCS from its homologues (Figure 7.1). 
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Figure 7.1: Structural alignment of the TIM barrel domains of SpoHCS (PDB: 3IVT,73 green) with 

A) TthHCS (PDB: 2ZTJ,71 orange) with an RMSD of 0.61 Å, B) MtuIPMS (PDB:1SR9,46 brown) 

with an RMSD of 4.16 Å, and C) LinCMS (PDB: 3BLF,20 blue) with an RMSD of 2.04 Å. 

α-KG, α-KIV, and pyruvate substrates are coloured in magenta, blue, and yellow, respectively. Zn 2+ 

metal ions are shown as black spheres. 
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Although HCS, α-IPMS, and CMS enzymes share catalytic and structural similarities, the 

inhibition mechanism of HCS has been determined to be different from the other two enzymes. 

The altered inhibition mechanism in α-IPMS and CMS is due to a C-terminal regulatory 

domain in these enzymes, which is not found in HCS. Our biochemical studies, along with the 

previously characterised L-lysine-bound crystal structure of SpoHCS31 demonstrate that L-

lysine inhibition is a competitive mechanism in SpoHCS. This agrees with reports published 

from previous studies conducted on HCSs from T. thermophilus,71 P. chryssogenum,75 and S. 

cerevisiae,81 whereas the catalytic activity of α-IPMS and CMS is allosterically inhibited by L-

leucine and L-isoleucine, respectively.   

In Chapter 2, biochemical studies were carried out to develop insights into the mechanisms 

involved in the functionality of SpoHCS. The SpoHCS protein presented in this study was 

catalytically active with a kcat turnover rate of 4.2 s-1, and kinetic analysis resulted in apparent 

KM values of 27 µM and 156 µM for AcCoA and α-KG substrates, respectively. Although the 

KM value for AcCoA was 3-fold higher, the determined kinetic parameters are remarkably 

similar to the values that have been previously reported for this enzyme by Bulfer et al.73 It has 

been previously demonstrated that studying enzyme kinetics in viscous conditions can deliver 

evidence about the dynamics and conformational flexibility of a protein.90, 100 Thus, the 

enzymatic activity of SpoHCS was examined under viscous conditions by adding various 

concentrations of two microviscogens, glycerol and sucrose, to the kinetic solutions. The 

kinetic mechanism of HCS has been previously proposed to be a sequential steady-state ordered 

mechanism, where the α-KG binding is a metal ion-dependent step prior to AcCoA binding.78 

Our results indicate an increase in the specificity constant (kcat/KM) of SpoHCS in the presence 

of microviscogens, which suggests that substrate binding to the enzyme is not diffusion-

controlled, and the sensitivity of the turnover number of the enzyme to increased solvent 

viscosity proposes that product release in the SpoHCS catalytic cycle may be the rate-limiting 

step. This is consistent with a previously published study, where it has been proposed that if 

the binding of a substrate is diffusion-controlled, a decrease in the specificity constant for the 

substrate should be observed.190  

On the other hand, previous studies performed on SpoHCS31, 73 and its structurally homologous 

proteins, α-IPMS15, 46 and CMS,20, 21 have revealed that the conformational flexibility of 

subdomain I is crucially essential for the binding of AcCoA and hence delivering the enzyme 

catalysis. Therefore, it is reasonable to speculate that the sensitivity of the kcat/KM value and the 

remarkable increase determined in AcCoA KM value, as a result of the increased viscosity, 
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indicate that viscosity influenced the conformational flexibility of SpoHCS, particularly in 

subdomain I, suggesting that it is probably adopting conformations that are less suitable for 

AcCoA binding. This could be due to the crowding effects of the viscogen that restrict the 

movement of the protein loops in subdomain I. 

Although further studies considering the size and charge of viscogens should be carried out to 

allow firm conclusions about the effect of viscosity on the kinetic mechanism of SpoHCS, our 

data imply that viscosity does significantly influence enzyme catalysis and suggest that 

conformational flexibility of the protein plays a vital role in its functionality. This is in 

agreement with a study carried out by Bulfer et al. in which it has been proposed that the 

conformational flexibility of subdomain I is critically important in both enzyme catalysis and 

binding of substrates.31, 73 However, more studies such as kinetic solvent viscosity effects using 

macroviscogens and SAXS experiments in the presence of various concentrations of viscogens 

should be carried out to investigate further the influence of viscosity on the functionality of 

SpoHCS and deliver insight into the conformational flexibility of this protein. 

 

7.2.2 The importance of subdomain I in the functionality of HCS 

Domain motions, loop movements, and conformational dynamics191 have previously been 

demonstrated to play a fundamental role in both catalysis and inhibition functions of proteins 

such as dihydrofolate reductase (DHFR) from E. coli,104 and G protein-coupled receptor.105 It 

has been suggested that domain movement and flexibility in loop conformations can play 

additional roles. For example, the structural conformation and flexibility of the accessory 

domain have been proposed to influence the enzymatic activity of SpoHCS, where the 

flexibility of a lid motif in subdomain I is predicted to function as a gatekeeper that encloses 

the entrance to the active site and regulates the ligands access.31, 73 

Chapter 3 outlines a study carried out to investigate the influence of the accessory domain in 

the functionality of SpoHCS, in which various conserved residues, which are predicted to be 

important for the conformational stability and flexibility of the accessory domain, particularly 

subdomain I, were substituted. An interesting finding that emerged from the study carried out 

on the constructed variants is the substantial reliance of the enzyme on its accessory domain 

for enzyme function, where a single mutation in subdomain I, far from the active site, disrupted 

or completely abolished the enzymatic activity of the protein by influencing the conformation 

and flexibility of subdomain I. For instance, G310P and G310F substitutions completely 
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abolished the enzymatic activity of SpoHCS. Given that Gly310 is positioned within a flexible 

loop that connects the catalytic domain and subdomain I (Figure 3.2), it is hypothesised that 

substitution of Gly310 with proline or phenylalanine increased the rigidity of this region and 

consequently restricted the flexibility of subdomain I.  

Furthermore, studying the solved crystal structures of variants containing residue substitution 

within the subdomain I, such as E333A, E333Q, revealed that these residue substitutions 

influenced the structural conformation of subdomain I, particularly the lid motif region. Bulfer 

et al. have previously proposed that the lid motif region in SpoHCS also contributes to AcCoA 

binding.73 This is consistent with previously published reports, which have revealed that the 

conformation and flexibility of subdomain I in α-IPMS plays a role in the binding of the AcCoA 

substrate.18, 47 Given that the solved crystal structure of variant E333A revealed that α-KG is 

bound to the active site of the protein, while subdomain I is disordered, it is reasonable to 

speculate that the lack of enzymatic activity is due to the perturbation in the conformation of 

subdomain I, which results in the disruption of AcCoA binding. This is consistent with the 

results achieved from studying variant K317A, where the enzyme kinetics illustrated that 

variant K317A was catalytically active with a significantly higher AcCoA KM value, compared 

to that of the wild-type enzyme, and the solved crystal structure of the protein revealed that 

subdomain I was disordered, while α-KG was bound at the active site. 

As described previously, sequence and structural similarities have proposed that HCS is a 

homologue of α-IPMS and CMS, in which protein dynamics and structural flexibility have 

been proposed to play an essential role in the function of the enzymes. Besides, the preliminary 

structural findings indicate that the accessory domain (subdomains I and II) is essential for 

catalysis in SpoHCS,31, 73 which is supported by results obtained from experiments carried out 

on variants of the enzyme engineered to contain substituted residues in subdomain I, as 

discussed in Chapter 3. 

Our data strongly propose that the flexibility of subdomain I is necessary for the functionality 

of SpoHCS. In addition, given that the 3-dimensional structure of an enzyme domain depends 

on a network of interactions between the residues and every residue in an enzyme is surrounded 

by a second shell of residues with collectively substantial interactions, it can be argued that the 

structural conformation and stability of subdomain I in SpoHCS depends on a network of 

interactions related to the position and function of the studied conserved residues. However, 

the details of the mechanism by which flexibility of subdomain I contributes to the enzyme's 



191 

 

functionality and how binding of a ligand may alter the conformation of subdomain I in 

SpoHCS are still unknown. Therefore, further experiments such as nuclear magnetic resonance 

(NMR) spectroscopy112, 192 and SAXS193, 194 should be carried out to deliver insight into the 

dynamics and structure of SpoHCS in solution to determine the relative domain movements.  

 

7.2.3 Conformation flexibility of the regulatory domain influences the functionality of α-

IPMS  

Despite the remarkable advances that have been made in recognition of the chemical 

mechanisms and three-dimensional structures of proteins, a detailed understanding of precisely 

how protein dynamics contribute to their functions remains ambiguous. However, the use of 

diverse computational and experimental techniques in protein-based studies have revealed that 

proteins are flexible molecules and that their conformational dynamics are crucial for their 

functionality.195 For example, Doshi et al. have determined unique changes scattered over a 

timescale of picoseconds (ps) to nanoseconds (ns) in the motion of Cyclophilin A, in which 

binding of ligands to the active site of Cyclophilin A affects its catalysis by altering protein 

dynamics in terms of inter-residue interactions at a site located more than 15 Å from the active 

site.196 Dhulesia et al. demonstrated that binding of RA-GEF2 peptide to the human tyrosine 

phosphate 1E protein alters both the structure and dynamics of a second PDZ domain in the 

protein, a domain that has been proposed to participate in the configuration and the cellular 

dispensation of the protein complexes that are involved in synaptic communication 

processes.197 Although proteins display a broad range of movements spanning timescales in a 

range of picoseconds to milliseconds, Dhulesia et al. determined conformational fluctuations 

between the apo-form and ligand-bound structure ensembles, in which binding of RA-GEF2 

peptide resulted in an increased rigidity in the binding site and a distal region composed of six 

residues that are connected to the binding site, while the flexibility of a second distant region 

at the surface of the protein is increased.197 Furthermore, a previous study on 3-deoxy-D-

arabino-heptulosonate 7-phosphate (DAH7P) synthase, an enzyme initiating the first step in 

the shikimate pathway resulting in the production of tryptophan, tyrosine, and phenylalanine, 

from T. maritima revealed dynamically-driven allostery, in which upon binding of the allosteric 

inhibitor tyrosine to the regulatory domain, the regulatory domain moves to block the active 

site and prevents substrate accessibility.120, 121  
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The characterised crystal structures of the α-IPMS from M. tuberculosis revealed that this 

enzyme is a multi-domain protein composed of a catalytic domain, an accessory domain 

consisting of two small subdomains, and a regulatory domain. Our understanding of allostery 

in α-IPMS is based on our molecular dynamics knowledge and how the binding of allosteric 

molecules influences the dynamics and energetics of enzyme catalysis,60, 62-64 which allows us 

to propose a new model for the allosteric mechanism, manifested via modifying the oscillation 

of a molecular pendulum.  It has been demonstrated that α-IPMS is an asymmetric homodimer 

that could be considered to be frozen near one end of a pendulum swing (Figure 1.8). A 

previous study undertaken by Koon et al. proposed that this asymmetry may play a crucial role 

in both catalysis and allosteric responses of α-IPMS.46 

Although no significant conformational changes were detected between the apo-form and L-

leucine-bound crystal structures of MtuIPMS, previous studies have shown that the dynamics 

and conformational flexibility are involved in the functionality of α-IPMSs, such as 

MtuIPMS,37, 40 NmeIPMS,18, 41 and LbiIPMS.47 Regarding the asymmetry observed in the 

crystal structures of MtuIPMS and the extensive evidence illustrating the importance of protein 

dynamics and conformational flexibility in α-IPMS (described in Section 4.1), it was 

hypothesised that the complex allosteric regulatory response in α-IPMS is due to the 

modification of the oscillation of the regulatory domain. Therefore, the goal of Chapter 4 was 

to investigate the sensitivity of the structural dynamics of the regulatory domain of NmeIPMS 

to external stimuli and to explore the catalytic and regulatory responses of the enzyme. It was 

predicted that adding a protein domain as an additional mass to the C-terminus of the regulatory 

domain could disrupt the molecular oscillation of the regulatory domain. To this end, GST and 

TRX proteins were added to the regulatory domain of NmeIPMS, and the catalytic and 

regulatory responses of the enzyme to the added mass were studied. 

Previously, Frantom et al. have demonstrated that the binding of L-leucine to the regulatory 

domain alters the conformational equilibrium of diverse regions of MtuIPMS, particularly 

regions in the regulatory domain and subdomain II.37 In addition, the importance of subdomain 

II in coordinating AcCoA binding and enzyme catalysis has been shown by Zhang et al.47  

These data propose a probable explanation for the increased affinity of the enzyme towards the 

substrates in accordance with the effects of the added mass, where it is possible that due to the 

restrictions in enzyme dynamics, the enzyme domains (subdomain I & II) are in more suitable 

conformations to interact with AcCoA, making the active site more accessible for α-KIV. Our 
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results indicate that the dynamics of the regulatory domain in NmeIPMS are sensitive to 

external forces. A combination of DSF and ITC data shows that despite the presence of the 

added domains, L-leucine still binds to NmeIPMS; however, kinetic data revealed that enzyme 

catalysis was not inhibited by L-leucine binding. Our findings suggest that not only is allostery 

in α-IPMS driven by molecular dynamics, but enzyme activity is also tied to the dynamics of 

the regulatory domain. In line with our findings, other studies have confirmed the importance 

of the regulatory domain in the functionality of α-IPMSs, where removal of the regulatory 

domain abolished the activity of the α-IPMS enzymes from both N. meningitidis and M. 

tuberculosis.41 A study on the α-IPMS from S. cerevisiae also illustrated that even removal of 

part of the regulatory domain significantly lowered enzymatic activity.49  

Our understanding of the relationships between enzyme function and protein structural 

dynamics is still poor but considering the lack of a regulatory domain in other members of the 

enzyme family, except for CMS, the dependency of α-IPMS activity on the presence and 

movement of its regulatory domain represents an exciting concept of enzyme evolution and 

provides the basis to begin engineering the structural dynamics of an enzyme to alter 

functionality. 

 

7.2.4 Allosteric inhibitor selectivity of α-IPMS can be evolved  

MtuIPMS and LinCMS catalyse the first committed steps in L-leucine and L-isoleucine 

biosynthesis, respectively, where their catalytic activities are allosterically feedback inhibited 

by their corresponding downstream products. Previous studies have shown that the above 

enzymes exhibit similar three-dimensional architecture composed of a TIM barrel (β,α)8 

catalytic domain, a regulatory domain formed by a (βββα)2 fold, and a flexible linker region 

connecting the catalytic and regulatory domains. Despite the high structural similarities 

between the overall structure of the regulatory domains (Figure 5.4A), the hydrophobic 

inhibitor-binding sites of MtuIPMS and LinCMS (Figure 5.4B), and given that L-leucine and 

L-isoleucine are isomers—their only difference is in a branched methyl group at Cγ position 

for L-leucine which corresponds to the Cβ position for L-isoleucine (Figure 7.2)—the allosteric 

inhibitor specificity of these enzymes is different. 
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Figure 7.2: Chemical structure of L-leucine and L-isoleucine. 

 

Previous studies on LinCMS have shown that the high selectivity of the enzyme for L-

isoleucine is due to the hydrophobic pocket of the inhibitor binding site formed by multiple 

conserved residues that accommodates the sidechain of L-isoleucine.21 The substitutions of 

Y454 and V468 for alanine in the inhibitor binding site of LinCMS increased enzyme 

sensitivity toward L-leucine. In addition, it has been reported that LinCMS displayed a decrease 

in L-isoleucine sensitivity for Y430L, L451V, Y454A, and I458A variants.21 Based on these 

results, it was hypothesised that the L-leucine inhibitor selectivity of MtuIPMS could be altered 

by substituting the relevant residues at the inhibitor binding site. 

To this end, a combination of sequence alignment and structural analysis was employed to 

determine the residues that play a role in L-leucine inhibitor selectivity for MtuIPMS, in which 

the residues predicted to be involved in L-leucine binding in MtuIPMS were substituted to the 

corresponding residues of LinCMS to probe whether inhibitor selectivity of the α-IPMS 

enzyme could be altered from L-leucine to L-isoleucine. Accordingly, variants A567V, I627A, 

and A567V/I627A were generated using multi-step PCR, and both the WT-MtuIPMS and 

variants were expressed and purified. 

Although comparatively significant enzyme inhibition in the presence of L-leucine, L-

isoleucine, and L-norvaline was observed for WT-MtuIPMS, our data revealed that even a 

single residue substitution in the allosteric binding site could significantly influence the 

inhibition response of the enzyme. Residue substitutions have shown diverse effects on the 

inhibition selectivity of the enzyme. For example, while variant A567V was still inhibited by 

L-leucine, its sensitivity was significantly decreased toward L-leucine; in contrast, this mutation 

drastically increased enzyme inhibition by L-isoleucine with a Ki value of 127 µM. Since 

Ala567 was substituted to its counterpart in LinCMS, the created hydrophobic pocket was 

expected to have the ability to bind both L-leucine and L-isoleucine (Figure 5.18 and Figure 

5.19) and therefore be sensitive to both inhibitors, which is consistent with kinetic data reported 
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by Zhang et al.21 for the inhibition sensitivity of the V468A variant in LinCMS. The most 

interesting result was observed for L-norvaline, in which despite the increased sidechain length, 

the A567V substitution significantly increased enzyme sensitivity towards this inhibitor by 11-

fold, which could be due to the flexible sidechain of L-norvaline allowing the ligand to adopt 

a more desirable conformation within the hydrophobic pocket. 

On the other hand, regardless of the insignificant inhibition in the presence of 1 mM L-

isoleucine, variant I627A was only inhibited by L-leucine. However, the sensitivity of the 

enzyme for L-leucine was considerably reduced, so that the Ki value dropped by 330-fold 

compared to the wild-type enzyme. The decreased L-leucine sensitivity could be explained 

using the crystal structure of MtuIPMS. As in the L-leucine-bound crystal structure of the 

enzyme, the hydrophobic sidechain of I627 is located almost 3.8 Å and 3.6 Å from the 

sidechain Cβ and Cγ of L-leucine (Figure 5.20A), respectively, where the I627A substitution 

would significantly affect L-leucine binding by increasing the distance between the substituted 

residue and the sidechain of L-leucine (Figure 5.20B); therefore the inhibition of the I627A 

variant by L-leucine was substantially decreased. 

Contrary to the inhibition responses of the A567V and I627A variants, the L-leucine inhibitor 

selectivity of the enzyme was switched to L-isoleucine in the A567V/I627A variant. However, 

the sensitivity of the variant containing two substituted residues was 3-fold lower compared to 

the A567V variant, suggesting that a combination of residue substitutions may be necessary to 

alter the inhibitor selectivity of the enzyme effectively. Given the absence of L-isoleucine 

inhibition in variant I627A and the increased L-isoleucine inhibition determined in variant 

A567V, it is reasonable to speculate that substituting residues such as Ala558 (MtuIPMS 

numbering) to an amino acid with a longer hydrophobic sidechain could also improve the L-

isoleucine binding and induce a stronger inhibition response. Thus, we propose that the 

construction of a variant containing the combination of A567V and A558L to induce stronger 

hydrophobic interactions between the sidechain of L-leucine and the proposed residue 

substitutions. In addition, the substitution of Ile627 for L-valine and combination of 

I627V/A567V may result in stronger L-isoleucine inhibition in MtuIPMS, which should be 

further investigated.  

An interesting result obtained in this study is that none of the manufactured MtuIPMSs were 

inhibited by L-valine, an isomer of L-norvaline with a shorter hydrophobic sidechain, proposing 
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that the chemical structure and hydrophobicity of the sidechain of the ligands also play a role 

in inhibitor specificity of the enzyme. 

The inhibition results were mainly supported by observing ligand binding to the MtuIPMS 

variants determined by ITC, in which the binding affinity of L-leucine was decreased in both 

A567V and I627A variants, compared to the wild-type protein. In addition, although L-

isoleucine binding was not observed in both WT-MtuIPMS and variant I627A, binding curves 

were observed for the interaction of L-isoleucine with both A567V and A567V/I627A variants. 

Furthermore, binding curves for L-norvaline interaction with both WT-MtuIPMS and the 

A567V variant were determined. The ITC data showed that the A567V variant had a higher 

binding affinity for L-norvaline than the wild-type enzyme. 

It has been previously demonstrated that inhibitor specificity is highly selective in the 

MtuIPMS15, 41, 46 and LinCMS20, 21 proteins, and the conserved residues that form their inhibitor 

binding sites are critically important. However, our data provide some insights into the 

evolutionary relationships of the allosteric regulation of these enzymes by demonstrating that 

even a single amino acid substitution can evolve their allosteric inhibitor selectivity and result 

in their allosteric inhibition using similar ligands. This data is consistent with the previous 

studies, where structural similarity observed between the regulatory domains of α-IPMS and 

CMS has proposed that these proteins are homologues,14, 15 and α-IPMS suggested as the 

ancestor of its homologue proteins.90, 198 Besides, the fold that makes up the regulatory domains 

of α-IPMS and CMS has not been determined in other proteins, proposing that the regulatory 

domains are evolutionarily related. 

 

7.3 Future work 

Multiple additional avenues can be undertaken to complement the findings of this study and 

deliver a greater understanding of the functionality and dynamics of the members of the 

Claisen-condensation family, in which a few are described below. 

Our results, complementary to previous studies, imply that the structural conformation and 

flexibility of subdomain I is necessary for HCS functionality; however, further studies are 

required to understand the basis of the dynamical features in this protein. One way is to focus 

on crystallising the constructed variants of SpoHCS to deliver detailed characteristics of the 

structures and simulation of comparative computational modelling, which could provide 
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evidence of the association between the key residues and their involvement in structural 

conformation and movement of subdomain I. In addition, employing techniques such as solvent 

isotope effects combined with solvent viscosity effects could deliver evidence of the rate-

limiting step in HCS catalysis. The dynamics of SpoHCS could also be investigated using a 

variety of NMR techniques such as H/D exchange, as previously carried out for MtuIPMS.37 

Simulations of the dynamical characteristics and coupling of dynamics to function have a 

crucial significance in understanding mechanisms that drive enzyme functionality. 

Results presented in this study and previously published reports have demonstrated that the 

structural dynamics and functionality of α-IPMS are sensitive to environmental stimuli such as 

pH, viscosity, temperatures, and added mass. Performing further studies to determine whether 

other members of this family demonstrate similar sensitivity in response to the environmental 

stimuli would allow an understanding of the different mechanisms that may be involved in their 

catalytic and inhibitory functions. In addition, it would be interesting to perform further 

experiments such as single-molecule Förster resonance energy transfer (FRET) on the wild-

type NmeIPMS and NmeIPMS-TRX to deliver direct evidence of the effect of the added mass 

on this protein. 

The rational substitution of residues in the regulatory domain of MtuIPMS has resulted in 

evidence of an evolutionary relationship between the regulatory domains of α-IPMS and CMS. 

However, previous studies have reported catalytically active α-IPMSs with no regulatory 

domains. Thereby, further studies investigating how the enzymes of this family have evolved 

to embrace a regulatory domain that confines their conformational flexibility and how the 

evolution of the regulatory domain mediates their functionality could deliver more insights into 

their evolutionary mechanisms. Besides, it would be interesting to characterise the crystal 

structures of the constructed variants of MtuIPMS, A567V, I627A, and A567V/I627A to 

determine how these substitutions influence the binding of the allosteric ligands to the 

regulatory domain. 
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 Material & methods 

8.1 General methods 

8.1.1 Water 

Water (referred to as MilliQ water) was filtered by a Milli-Q IQ 7000 Biopak system and then 

used to prepare buffers and cultures in this study. 

8.1.2 pH determination  

The pH of all buffers and solutions was adjusted using a METTLER TOLEDO SevenCompact 

pH meter using a standard (InLab Expert Pro-ISM) or micro-probe (InLab Ultra Micro-ISM). 

HCl and NaOH solutions were used to make solutions acidic or basic, respectively. 

8.1.3 Multiple sequence alignments  

Sequence alignment was carried out using the Blast Alignment Tool199, 200  and ESPript 3.0.201 

8.1.4 Protein structure representations 

Protein structures were designed using the PyMOL Molecular Graphics Platform [The PyMOL 

Molecular Graphics System, Version 2.3 Schrödinger, LLC]. 

 

8.2 Cloning  

8.2.1 Primers  

Primers were designed using SnapGene Viewer 4.1.9 (GSL Biotech, 

http://www.snapgene.com) and synthesised by Humanizing Genomics Macrogen 

(https://dna.macrogen.com). Primers were diluted to 10 µM in sterilised MilliQ water and 

stored at ˗20 °C. 

8.2.2 PCR equipment  

PCR experiments were carried out using a 96-well SimpliAmp Thermal Cycler (Applied 

Biosynthesis). 
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8.2.3 Genomic cloning  

8.2.3.1 SpoHCS  

The lys4 synthetic gene encoding wild-type HCS from S. pombe (strain 972 / ATCC 24843), 

which was codon-optimised for expression in E. coli, was obtained from GeneArt. 

Phusion High-Fidelity PCR Master Mix with HF buffer (NEB) was used, and the PCR 

experiment was performed in which the components and cycling parameters were used for a 

50 µL reaction according to the polymerase manufacturer’s protocol,202 based on the designed 

primers annealing temperatures. The amplified DNA fragments were gel purified and digested 

with restriction enzymes (XhoI and NheI) for 1 h at 37 °C. The  pET28a plasmids (purified 

from E.coli TOP10 cells) were linearised using the same restriction enzymes described above. 

Digested DNA fragments and the linearised plasmids were treated with a Monarch PCR & 

DNA Cleanup Kit (NEB) to remove restriction enzymes and nucleotides.  

8.2.3.2 NmeIPMS  

E. coli One Shot TOP10 cells, which had previously been transformed with pFH01 bearing the 

LeuA gene encoding α-IPMS from N. meningitidis were already available within the Parker 

laboratory. The plasmids were purified using a Monarch Plasmid Miniprep Kit according to 

the manufacturer’s protocol and transformed into E. coli BL21 DE3 cells for expression of the 

wild-type protein.  

The purified plasmid was used as a template, and the LeuA gene was amplified by PCR using 

the primers outlined in Table 4-1. The amplified DNA fragments were designed with an N-

terminal restriction site (NheI) and a C-terminal overhang sequence to allow fusion with protein 

tags. The PCR reaction was carried out using Phusion High-Fidelity PCR Master Mix 

according to the protocol proposed by the manufacturer.  

8.2.3.3 GST protein  

pDest15 plasmids that were previously sub-cloned into E. coli TOP10 cells (glycerol stock 

available at the Parker Laboratory) were purified and used as a PCR template to isolate the 

DNA fragment for the GST protein using primers outlined in Table 4-1. The amplified GST 

fragments were designed with an N-terminal overhang sequence (15bp) to allow fusion with 

NmeIPMS and a C-terminal restriction site (HindIII) to allow ligation with the pET21a plasmid 

where a His-tag would be added to the C-terminus of the GST-tag to facilitate protein 

purification using His-trap column. 
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8.2.3.4 TRX protein  

The trxA gene encoding thioredoxin (from Escherichia coli strain K12, KEGG: JW5856) was 

designed as described below and purchased from GeneArt. Thirty nucleotides from the C-

terminus of the NmeLeuA gene were added to the N-terminal of the trxA gene to allow fusion 

with IPMS, in addition to a linker (10 amino acids) and a TEV cleavage site between NmeIPMS 

and TRX. A restriction site sequence (XhoI) was also added to the C-terminus of the trxA gene 

to allow ligation into the pET21a plasmid where a His-tag would be added to the C-terminus 

of the TRX-tag to facilitate protein purification using His-trap column. 

8.2.3.5 The fusion of NmeIPMS with C-terminal protein tags 

The NmeIPMS and protein-tagged DNA fragments were designed to contain an overlap 

sequence at their 3’ and 5’ end, respectively, to allow fusion the two fragments. A two-step 

PCR was carried out to join the two fragments. First, the two fragments (1:1 ratio) were mixed 

in a PCR reaction without primers (10–15 cycles of annealing and extension) to allow for the 

fusion of the fragments by their overlap extensions. Then, primers that were designed for each 

construct (listed in Table 4-1) were added to the reaction, and the PCR experiments were 

carried on for 20 cycles to amplify the fused DNA fragment. The amplified fused fragments 

were gel extracted using a Monarch DNA Gel Extraction Kit. The NmeIPMS-GST construct 

was digested using NheI and HindIII restriction enzymes and ligated with a linearised pET21a 

vector. As for the NmeIPMS-TRX construct, it was digested using NheI and XhoI, and was 

then ligated into a linearised pET21a plasmid. 

8.2.3.6 MtuIPMS  

The LeuA gene (KEGG: mtu: Rv3710) encoding α-IPMS from M. tuberculosis was previously 

cloned into the pProEX-HTa vector and was available in the Parker Lab. The pProEX-HTa-

LeuA construct was purified and transformed into E. coli BL21 DE3 cells for further 

expression.  

8.2.3.7 MjaCMS  

The pET28a plasmid bearing the cimA gene encoding CMS from M. jannaschii was designed 

with an N-terminal His-tag and a tobacco etch virus protease cleavage site. The construct was 

purchased from Epoch Life Science Inc. The pET28a-cimA construct was transformed into E. 

coli BL21 DE3 cells and a glycerol stock was stored at ˗80 °C.  

https://www.genome.jp/dbget-bin/www_bget?mtu:Rv3710
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8.2.4 Mutagenesis  

Phusion High-Fidelity PCR Master Mix with HF buffer (NEB) was used to amplify the 

synthetic genes, where a two-step PCR was used to construct mutations using the primers 

specified for each enzyme variant, as listed in Table 4-1 and Table 5-1. DNA fragments 

generated from the first round were mixed (ratio 1:1) to allow for fusion by overextension, then 

a second-round PCR was carried out using the wild-type primers to amplify the annealed 

sequences. Amplified DNA fragments were digested according to their designated restriction 

sites and ligated to their target expression vectors, which were sequenced to confirm the 

presence of the desired mutation. Then, the plasmids bearing the desired construct were 

transformed into E. coli BL21 DE3 cells for further expression.  

8.2.5 Ligation using T4 DNA ligase  

The digested fragments were ligated into their target vectors using a T4 DNA Ligase Kit 

(NEB). Components were used for a 20 µL reaction in which DNA fragments and plasmids 

were mixed (molar ratio of 1:3 vector to insert) in a 1.5 mL tube containing T4 DNA ligase 

and T4 DNA ligase buffer 10X (NEB) and incubated at room temperature for 1 h, followed by 

heat inactivation at 80 °C for 20 min. 

The pET28a and pET21a vectors contain kanamycin and ampicillin resistance genes, 

respectively. Both vectors contain a T7 promoter system, a TEV protease recognition site, and 

a 6-polyhistidine tag to facilitate purification. 

8.2.6 Agarose gel electrophoresis  

Self-poured 1% agarose gels were prepared in 1X tris-acetate-EDTA (TAE) buffer. Samples 

were mixed with dye and loaded on the gel. Gel electrophoresis experiments were run at 120 

V for 35–50 min.  

8.2.7 Plasmid purification  

When needed, 5 mL LB medium was inoculated with Stellar E. coli cells bearing the target 

construct and incubated at 37 °C, in which the plasmids were purified from an overnight 

culture. Cells were harvested by centrifugation (16000 ×g, 10 min, 4 °C), and plasmids were 

extracted using a Monarch Plasmid Miniprep Kit according to the manufacturer’s protocol.  
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8.2.8 Transformation  

Chemically competent cells (50 µL) were transformed with 1–5 µL of the ligated construct 

(based on the protocol described by addgene https://www.addgene.org/protocols/bacterial-

transformation/) and incubated on ice for 20–30 min. Cells were heat-shocked by incubation at 

42 °C for 45 s, then incubated on ice for 4 min. Super optimal broth (SOC) or lysogeny broth 

(LB) medium (400 µL) was added to the cells and incubated at 37 °C with shaking at 200 rpm 

for 1 h. Then, the medium was spread on a pre-warmed (37 ˚C, 30 min) LB agar plate 

containing the appropriate antibiotics and incubated at 37 ˚C overnight. Single colonies were 

inoculated into 5 mL LB media tubes containing the appropriate antibiotics, and the plasmids 

isolated from these cell cultures were sequenced.  

SOC medium: 2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 

mM MgSO4 and 20 mM glucose.  

LB medium: 1% (w/v) tryptone, 0.5% yeast extract (w/v), and 1% sodium chloride (w/v). 

8.2.9 Sequencing  

Sequencing was carried out using Macrogen sequencing services (Macrogen, Inc). Plasmid 

samples were prepared as 25–30 µL aliquots of 80–100 ng/µL, and T7 primers were used for 

sequencing. 

 

8.3 Bacterial cell cultures  

8.3.1 Cell lines  

Stellar E. coli cell lines were used for plasmid propagation, and E. coli BL21 DE3 cells were 

used for protein expression.  

8.3.2 Glycerol stocks  

All created E. coli cell lines were grown overnight, and samples containing 30% (v/v) sterilised 

glycerol were flash-frozen and stored at ˗80 °C. 

8.3.3 Antibiotics 

pET28a and pET21a plasmids that were used in this study bear kanamycin and ampicillin 

resistance genes, respectively. Both antibiotics were dissolved in sterilised MilliQ water 

https://www.addgene.org/protocols/bacterial-transformation/
https://www.addgene.org/protocols/bacterial-transformation/
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according to the desired concentrations and stored at ˗20 °C. An appropriate antibiotic was 

added to all bacterial cell cultures of relevant plasmid-containing cell lines.  

8.3.4 Cultures media  

Lennox-L broth base (2% w/v) medium (5 g/l NaCl, 10 g/L select peptone, and 5 g/L select 

yeast extract) was used for all cell cultures. LB powder was dissolved in MilliQ water and 

autoclaved prior to use.  

As for LB-agar plates, 1.5% (w/v) agar was also added to the medium and autoclaved before 

use. Since LB-agar is solid at room temperature, it was melted in a microwave oven and then 

allowed to cool down before adding the appropriate antibiotics. The solution was then poured 

into Petri dishes and stored at 4 °C for further use.  

8.3.5 Protein expression  

A similar protocol was used to express all enzymes in this study unless described otherwise. A 

conical flask containing 50 mL LB medium, including the appropriate antibiotic, was 

inoculated with 5 µL of E. coli BL21 (DE3) expression cells bearing the target construct, and 

the culture was incubated at 37 ºC, with 200 rpm shaking, overnight. A flask containing LB 

medium, including the proper antibiotic, was inoculated with ~20 mL (1
50⁄  of the expression 

volume) of the overnight culture and incubated at 37 ºC, with 200 rpm shaking, until the OD600 

reached 0.4–0.6. Then, the culture was induced by adding 0.5 mM of isopropyl b-D-1-

thiogalactopyranoside (IPTG) and incubated at 23 ºC, with 180 rpm shaking, overnight (20 h).  

8.3.6 Cell harvesting  

Centrifugation was performed at 14,000 ×g for 10 min (4 ºC). A Sorvall LYNX 6000 centrifuge 

was used to harvest large cell cultures, and a Sorvall LYNX X1R centrifuge was used for small 

cultures.  

 

8.4 Protein purification  

8.4.1 Cell lysis  

The harvested cells were resuspended in a lysis buffer containing benzonase nuclease (1 µL) 

and a protease inhibitor. Cell lysis was carried out on ice using sonication (4×5 min, 30 pulses, 

80 power), and the supernatant was separated from the cell debris by centrifugation at 40,000 
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×g for 30 min at 4 ºC. SDS-PAGE was performed to analyse the solubility of the protein in the 

soluble and insoluble fractions after cell lysis. Steps from lysis to initial immobilised metal 

affinity chromatography were performed without delay to diminish the effects of proteolysis 

in the lysate. 

Table 8-1: List of lysis buffers used in this study. 

Protein Buffer components 

SpoHCSs 50 mM sodium phosphate (pH 8.0), 500 mM NaCl, 20 mM imidazole 

WT-NmeIPMS 50 mM potassium phosphate (pH 7.5), 300 mM KCl, 20 mM imidazole 

NmeIPMS-GST 50 mM potassium phosphate (pH 8.0), 300 mM KCl, 20 mM imidazole 

NmeIPMS-TRX 50 mM sodium phosphate (pH 7.5), 500 mM NaCl, 20 mM imidazole 

MtuIPMSs 50 mM potassium phosphate (pH 8.0), 300 mM KCl 

MjaCMS 50 mM sodium phosphate (pH 7.5), 500 mM NaCl, 40 mM imidazole 

 

 

8.4.2 Chromatography system 

A GE Healthcare ÄKTA pure chromatography system was used to perform all chromatography 

experiments in this study. All protein samples and buffer solutions were filtered into a 10 mL 

or 50 mL Superloop™ (GE Healthcare) using 0.2 µM membrane filters, then applied to the 

system. Protein elution was traced at 260 nm and 280 nm. SDS-PAGE was used to determine 

the presence of the desired protein within the eluted peaks.  

8.4.3 Immobilised metal affinity chromatography  

All proteins in this study were expressed with an engineered His-tag to allow for selective 

purification of the desired enzyme.  

IMAC purification was carried out using a 5 mL His-trap column packed with Ni Sepharose 

High Performance (HP) affinity resin. The column resin was washed with five column volumes 

(CV) of MilliQ water and then equilibrated using 5 CV of binding buffer (same as the lysis 

buffer unless mentioned otherwise). The protein sample was then injected onto the column, 

and the column resin was washed with 10 CV of binding buffer to remove any unbound 

proteins. A gradient step (0%–100%) was carried out, and the bound proteins were eluted using 

7 CV of elution buffer. The column was then washed with 5 CV of binding buffer followed by 

5 CV of MilliQ water and stored in 20% (v/v) ethanol.  
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A second IMAC was carried out for proteins that had been TEV cleaved to separate the 

untagged proteins from TEV protease and His-tag. As for the first IMAC, the target protein 

was harvested from the eluted fractions, while the protein was collected from the washing step 

in the second IMAC step.  

 

Table 8-2: List of buffers used to elute proteins from the IMAC His-trap column. 

Protein Buffer components 

SpoHCSs 50 mM sodium phosphate (pH 8.0), 500 mM NaCl, 500 mM imidazole 

WT-NmeIPMS 50 mM potassium phosphate (pH 7.5), 300 mM KCl, 500 mM imidazole 

NmeIPMS-GST 50 mM potassium phosphate (pH 8.0), 300 mM KCl, 300 mM imidazole 

NmeIPMS-TRX 50 mM sodium phosphate (pH 7.5), 500 mM NaCl, 300 mM imidazole 

MtuIPMSs 50 mM potassium phosphate (pH 8.0), 300 mM KCl, 150 mM imidazole 

MjaCMS 50 mM sodium phosphate (pH 7.5), 500 mM NaCl, 500 mM imidazole 

 

8.4.4 Desalting  

A desalting step was carried out on the AKTA system using a 53 mL HiPrepT 26/10 desalting 

column (GE Healthcare) prepacked with Sephadex G-25 Fine and an injection volume of 15 

mL. The column was washed with 3 CV of MIlliQ water and equilibrated with 2–3 CV of the 

desalting buffer. Then, the protein was injected and eluted using the same buffer. The column 

was then washed with 3 CV of MilliQ water and stored in 20% ethanol (v/v). 

 

Table 8-3: List of buffers used to remove imidazole from protein mixtures using a desalting 

column. 

Protein Buffer components 

SpoHCSs 50 mM sodium phosphate (pH 8.0), 100 mM NaCl 

WT-NmeIPMS 50 mM potassium phosphate (pH 8.0), 100 mM KCl 

NmeIPMS-GST 20 mM sodium phosphate (pH 7.5), 150 mM KCl 

MtuIPMSs 50 mM sodium phosphate (pH 8.0), 100 mM KCl 

MjaCMS 50 mM sodium phosphate (pH 8.0), 100 mM NaCl 
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8.4.5 Purification of GST-tagged proteins 

In addition to IMAC, a second purification step was carried out for NmeIPMS-GST. The 

desalted protein was applied to a 5 mL GSTrap HP column prepacked with Glutathione 

Sepharose High-Performance resin (GE Healthcare), which allowed for selective retention of 

GST-tagged proteins over undesired protein contaminants. The column was washed with 5 CV 

of MilliQ water and equilibrated using the desalting buffer. The protein was then injected into 

the column and eluted as a single peak using elution buffer [ 20 mM Tris-HCl (pH 8.0) and 10 

mM glutathione].  

8.4.6 TEV cleavage  

TEV protease, including 1 mM dithiothreitol (DTT) and 0.5 mM ethylenediaminetetraacetic 

acid (EDTA) was added to desalted protein solutions and incubated at 30 °C for 1 h followed 

by 4 °C overnight to cleave the His-tag from recombinant proteins. Then, the DTT and EDTA 

were removed using a desalting column (Section 8.4.4), and the protein mixture was applied to 

an IMAC column (Section 8.4.3) to separate untagged proteins from the cleaved his tag and 

TEV protease. 

8.4.7 Size-exclusion chromatography  

As the last step of protein purification, a HiLoad 16/600 Superdex 200 pg was used at 4 °C to 

polish the target protein and remove any remaining impurities. The column was washed with 

2 CV of MilliQ water, then equilibrated with 2 CV of SEC buffer. The protein sample was 

filtered onto the column and eluted with 1 CV of SEC buffer. Following protein purification, 

the column was washed with 2 CV of MilliQ water and stored in 20% ethanol (v/v).  

8.4.8 Concentration of the purified proteins 

A 10,000 Da molecular weight cut-off (MWCO) device (Vivaspin 2, GE Healthcare) was used 

to concentrate the purified protein solutions. The temperature was set at 4 °C and centrifugation 

was carried out at 4000 ×g until the desired concentration was achieved.  

8.4.9 Determination of protein concentration  

A Nanodrop NP80 spectrophotometer (IMPLEN) was used, and the concentration of the 

purified proteins was determined at 280 nm. The extinction coefficients of the desired proteins, 

determined from protein sequences using ProtParam tool, were used to calculate the protein 

concentrations in milligram per millilitre.  
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8.4.10 Protein storage  

Purified protein solutions were aliquoted as 200–500 µL samples at 1–20 mg/mL. The aliquots 

were flash-frozen using liquid nitrogen and stored at ˗80 °C. The frozen samples were thawed 

on ice prior to use for any experiment.  

8.5 Protein characterisation  

8.5.1 Protein parameters  

The ProtParam tool (ExPASy Server) 91 was employed to calculate protein parameters based 

on the enzyme sequence. Protein tags and additional amino acid sequences were considered in 

calculations. Mass spectrometry results were also compared to confirm the correct molecular 

weights and protein sequences.  

8.5.2 Mass Spectrometry  

The mass of proteins studied in this thesis was analysed on Waters xevo G2-XS QTof mass 

spectrometer equipped with ESI (electrospray ionization) ion source. The system was pre-

calibrated with sodium iodide. Samples were introduced directly into ESI source with water 

(LCMS grade) as the carrier; MS data were acquired over a mass range of 300 to 3000 amu in 

the negative ion mode, processed by MassLynx software (v 4.2) and deconvoluted by MaxEnt 

1. All protein samples were prepared in distilled H2O (1-2 mg/mL) at pH 7. 

8.5.3 Polyacrylamide gel electrophoresis  

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out on 

NuPAGE™ 10% Bis-Tris (1 mm × 12 or 15 wells) protein gels. NuPAGE® LDS Sample 

Buffer (4×) and DTT were added to the protein sample and incubated in boiled water for 1–5 

min. Novex® Sharp Pre-Stained Protein Standards (Invitrogen) and protein samples were 

loaded on to the gel, and then the gels were run in 1X MOPS or MES running buffers 

(Invitrogen) for 32 min at 200 V. 

Gels were stained by adding staining buffer and incubating on a shaker for 10 min. Then, the 

gels were destained by adding destaining buffer and were placed on a shaker for 1 h. The gels 

were washed with water to remove the remaining stain. A UNITEC Cambridge imaging system 

was used to view and photograph the gels. 
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Staining buffer: 1% Coomassie brilliant blue R-250, 40% methanol, and 10% glacial acetic 

acid. 

Destaining buffer: 40% methanol and 10% glacial acetic acid. 

8.5.4 Circular dichroism  

CD was carried out on a Chirascan™ V100 Circular Dichroism Spectrometer. The experiments 

were carried out in 10 mM boric acid (pH 7.5), and the scanning wavelengths were adjusted 

from 190 to 260 nm with 0.5 data pitch and a 1-second response. The assays were performed 

at 20 °C using cuvettes with a 1 mm bandwidth. All samples were prepared with a final 

concentration of 0.01 mg/mL in a 3 mL solution. 

Blanked samples were scanned using a buffer solution without protein, and the wavelengths 

were subtracted from the final data sets. The K2D3 92 online server was used to analyse the CD 

data sets.  

8.5.5 Analytical size-exclusion chromatography  

Size exclusion chromatography was carried out using a Superdex 200 10/300 GL column (GE 

Healthcare) to determine the oligomeric states of the proteins studied in this thesis. The column 

was washed with 2 CV of MilliQ water and equilibrated with SEC buffer. Protein standards 

(Sigma) and protein samples (300–500 µL, 1–2 mg/mL) were injected onto the column, then 

eluted with the same SEC buffer.  

8.5.6 Differential scanning fluorimetry  

DSF was used to determine the thermal stability of the enzymes. A QuantStudio 3 Real-Time 

PCR system (applied biosynthesis by Thermo Fisher Scientific) was used to perform the 

experiments. Samples were prepared in kinetic assay buffer containing SYPRO orange dye 

(400X), and proteins were used with a final concentration of 1 mg/mL. Ligands were used at 

various concentrations, as described in the thesis. Samples (25 µL) were loaded on to a 

MicroAmp EnduraPlate Optical 96-well plate. Then, the plates were sealed and exposed to a 

thermal melt program in the range of 10 to 95 °C with a 0.015 °C/s increment. A control 

solution containing ligand and dye, but no protein was also loaded on to the plate, and each 

sample was measured in triplicate. DSF data were analysed using Protein Thermal Shift 

Software (version 1.3), and the denaturation temperatures were determined by observing the 

greatest point of increase in fluorescence.  
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8.6 Enzyme activity assays  

8.6.1 Equipment used for kinetic experiments  

All kinetic assays were performed on a Varian Cary300 UV-visible spectrophotometer (Agilent 

Technologies), and stoppered quartz cuvettes with a pathlength of 1 cm were used. Rates of 

reactions were measured by calculating the least-squares fit of the initial rate, and the data were 

analysed using GraphPad Prism 7.  

8.6.2 4,4’-Dithiodipyridine-coupled assays at 324 nm  

The kinetic assays were performed at 324 nm, where the initial velocity data (V0) were obtained 

using DTP to discover the CoA production (Ɛ= 1.98 × 104 M-1 cm-1) based on the method 

previously described by de Carvalho et al.17 Initial rates (kinetic parameters) were conducted 

at fixed saturating concentrations of one substrate and varying concentrations of the second 

substrate, vice versa. The reactions were carried out by the addition of various concentrations 

of enzymes as described in thesis. Reactions were thermally equilibrated to allow for 

completion of the reaction between free CoA (in AcCoA solution) and DTP before initiating 

the reaction. Upon initiating the reactions, linear regression was used to measure the slope of 

the initial rate portion of the progress curve (absorbance v. time), where the best-fit colinear 

line corresponding to the initial rate over the first 30-60 seconds was used. The calculated 

velocity data (initial rates) were plotted using GraphPad Prism software (Figure 2.13), and the 

data were fitted to the Michaelis-Menten equation to calculate the catalytic constants. 

A typical assay solution contained 250 µM of each substrate and 100 µM of DTP in kinetic 

assay buffer outlined in Table 8-4.  The temperature of the reactions was adjusted for each 

enzyme, as described in the thesis. All experiments were carried out in triplicate, and errors 

were less than 10%.  

 

Table 8-4: List of buffers used for enzyme kinetic assays. 

Protein Buffer components 

SpoHCSs 50 mM HEPES (pH 7.5), 10 mM NaCl, 10 mM MgCl2 

α-IPMSs and CMS 50 mM HEPES (pH 7.5), 20 mM KCl, 20 mM MgCl2 
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8.6.3 Direct assays at 232 nm  

Direct assays were performed at 232 nm, measuring the loss of AcCoA (Ɛ= 4.5 x 103 Lmol-

1cm-1). Assays were carried out in 50 mM BTP or MES buffer with no DTP. The exact 

concentration of each substrate was measured, and AcCoA was used at 80 µM in all 

experiments. Changing the pH caused significant variation in AcCoA absorbance, so every 

assay solution was calibrated using known concentrations of AcCoA. The reactions were 

initiated with enzyme, and all assays were carried out in 1 cm path length cuvettes. 

8.6.4 Determination of substrate concentration  

A DTP-coupled assay at 324 nm was used to determine the concentration of the substrate 

stocks. One substrate was kept at saturation while limiting amounts of the second substrate 

were added to the assay solution. A control sample without substrates was used to determine 

the change in absorbance after enzyme addition (ΔAbsenzyme). Experiments were carried out in 

triplicate to measure the change in absorbance (ΔAbssubstrate). The final corrected absorbance 

was calculated as ΔAbssubstrate - ΔAbsenzyme, then the Beer-Lambert Law was used to determine 

the concentration of the limiting substrate using the extinction coefficient of the reaction 

product (Ɛ = 1.98 × 104 M-1cm-1). 

According to the Beer-Lambert law, the ratio of the concentrations is proportional to the ratio 

of absorbance (A=εlc, in which A is absorbance, ε is extinction coefficient, c is the molar 

concentration of the molecule, and l is the length of the path the light takes to get to the sample 

in centimetres (length of cuvette)), in which c represent the unknown concentration of the 

substrate used in limited amount and can be calculated using C1V1 = C2V2.  

 

8.6.5 Michaelis-Menten kinetics  

DTP-coupled assays at 324 nm were used to determine the apparent KM and kcat values for all 

enzymes that have been studied in this thesis. Assay solutions were prepared and used as 

described in Section 8.6.2, holding one substrate at saturation while varying the concentration 

of the other substrate. Assays were carried out in volumes of 1 mL using 1 cm path length 

cuvettes. GraphPad Prism (version 7) was used to determine the apparent KM values by fitting 

the data to the Michaelis-Menten equation.  
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8.6.6 pH dependency assays  

Since high pH significantly decreases the rate of reaction between DTP and CoA, direct assays 

at 232 nm were carried out to study the pH dependence of SpoHCS enzymatic activity. Non-

saturating concentrations of AcCoA (80 µM) were used because of the high AcCoA absorbance 

at 232 nm. All other components of the reaction mixture were as described in Section 8.6.3, 

except for DTP, which was not added. 

8.6.7 Temperature dependency assays 

Assays for the temperature dependence of SpoHCS activity were carried out at 15–40 °C using 

a DTP-coupled assay. Assays were performed in the HEPES buffer in which the buffer 

temperatures were brought up to the desire temperatures, and the pH of each buffer was 

adjusted to 7.5 for each experiment. Enzymatic activity was evaluated at different temperatures 

where 250 µM and 500 µM of AcCoA and α-KG were used, respectively. The data were 

normalised to the maximum observed activity and analysed using Excel.  

8.6.8 Viscosity dependency assays  

The SpoHCS enzymatic activity in viscous environments was determined using the DTP-

coupled assay, described in Section 8.6.2. The assays were carried out in HEPES buffer using 

10% and 30% glycerol (v/v) and 10% sucrose (w/v), holding one substrate at saturation and 

changing the concentration of the second substrate. GraphPad Prism (version 7) was used to 

determine the apparent KM values by fitting the data to the Michaelis-Menten equation. 

8.6.9 Inhibition assays  

The DTP-coupled assay was used to determine the Ki values for inhibitors (L-leucine, L-

isoleucine, L-lysine, L-valine, L-norvaline) by keeping one substrate at saturation and using 

various concentrations of the other substrate. Inhibitor concentrations were varied for each 

experiment. GraphPad Prism software was used to analyse the inhibition data by fitting it to a 

non-competitive, competitive, or mixed inhibition model. 

Viscosity dependency assays 

The viscosity dependence of L-lysine inhibition in SpoHCS was measured using the DTP-

coupled assay at 324 nm. The assays were carried out in HEPES buffer using 10% and 30% 

glycerol (v/v) and 10% sucrose (w/v), holding one substrate at saturation and changing the 



212 

 

concentration of the second substrate. The concentration of L-lysine was varied between 0 and 

100 µM. 

 

8.7 Small-angle X-ray scattering  

SAXS data were obtained for both wild-type and TRX-tagged NmeIPMSs. Measurements were 

obtained at the Australian Synchrotron SAXS/WAXS beamline equipped with a Pilatus 

detector at 25 °C. The wavelength of the X-ray was 1.0332 Å, and the sample-detector was at 

a distance of 1.6 m.  

Scattering data for the proteins of interest were obtained following elution from a Superdex 

200 Increase 5/150 size-exclusion column equilibrated with SEC buffer. Samples were 

analysed in 10 mM BTP buffer (pH 7.0), containing 100 mM KCl and 20 mM MgCl2. For 

inhibition assays, NmeIPMSs were stored in a buffer containing 1 mM L-leucine prior to data 

collection (in addition to the buffer components above). BTP buffer containing 1 mM L-leucine 

was used for the SEC column. When the storage of NmeIPMS with L-leucine resulted in an 

aggregated sample, fresh NmeIPMS in BTP buffer lacking the inhibitor was run through a SEC 

column equilibrated with an L-leucine-containing buffer immediately prior to data collection. 

All buffers also had 5% glycerol added to limit radiation damage. 

8.7.1 SAXS data analysis  

Raw data were processed, and the background was subtracted, using Scatterbrain (Australian 

Synchrotron; www.synchrotron.org.au/index.php/aussyncbeamlines/saxswaxs/software-

saxswaxs). The scattering from peaks that showed substantial absorbance at 280 nm was 

summed and averaged. Plots of scattering intensity (I) versus s and Guinier plots were 

generated using Primus.203 The plots were assessed for increasing intensity at low s that is 

indicative of aggregation. An indirect Fourier transform was performed using GNOM204 to 

generate the P(r) function. CRYSOL136 was used to generate theoretical scattering curves for 

the NmeIPMS homology model. 

 

http://www.synchrotron.org.au/index.php/aussyncbeamlines/saxswaxs/software-saxswaxs
http://www.synchrotron.org.au/index.php/aussyncbeamlines/saxswaxs/software-saxswaxs
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8.8 Ligand binding assay  

8.8.1 Isothermal titration calorimetry  

Isothermal titration calorimetry (ITC) was carried out using an affinity ITC (TA Instruments) 

at 25 °C. Purified protein samples (NmeIPMS, MtuIPMS, and variants) were buffer exchanged 

into 50 mM HEPES buffer (pH 7.5) containing 20 mM KCl and 20 mM MgCl2 using a HiTrap 

5 mL desalting column (GE Healthcare), and the ligand solutions were prepared using the same 

batch of buffer that was used to purify the protein. The cell was washed with a de-gassed buffer 

from the same batch that the protein was eluted in, then buffer-exchanged protein samples were 

de-gassed, and 300 µL samples at 5 to 7 mg/mL were injected into the cell. The syringe was 

also washed with MilliQ water and de-gassed buffer, respectively. Ligands were injected (0.3–

0.6 µL for the first injection, followed by multiple injections of 1–2 µL depending on ligand 

concentration and the targeted protein) into the cell every 240 seconds with stirring at 125 rpm. 

NanoAnalyse software (TA Instruments) was used to determine the thermodynamic parameters 

of the interactions between the inhibitor and the enzyme. 

 

8.9 Crystallography  

8.9.1 Crystallisation  

Fresh samples of wild-type SpoHCS and variants were subjected to hanging drop vapour 

diffusion crystallisation (using 24 well plates and 22 mm cover slides). Protein samples were 

prepared in 25 mM Tris (pH 9.0) containing 50 mM NaCl and 1 mM ZnSO4 for apo crystals, 

and 50 mM of each ligand (L-lysine and α-KG) was added to the protein solutions to obtain 

ligand-bound crystals. A 2 µL sample of each protein (20–24 mg/mL) was mixed with 2 µL of 

the crystallisation solution [1.4–1.8 M sodium and potassium phosphate (pH 5.8–6.8)] at 20 

°C. Crystals were cryo-protected in the crystallisation condition containing 50% sodium 

acetate, then flash-frozen using liquid nitrogen. 

8.19.2 X-ray data collection and refinement  

Diffraction data for WT-SpoHCS and variants were collected at the Australian Synchrotron 

using the MX2 beamline;96 diffraction data were processed using XDS.205 The structures were 

solved by molecular replacement using the full-length SpoHCS structure (PDB: 3IVT),73 with 

all water molecules, ligands, and ions removed, as a search model.  Models were built with 

multiple cycles of a manual building with WinCoot97 and refinement with REFMAC 98. The 
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electron density of the active site was closely reviewed, and appropriate ligands and metal 

atoms were included in the refinement. 
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Appendix I 

The codon optimised of lys4 genome obtained from GeneArt. 

atgagcgttagcgaagcaaatggcaccgaaaccattaaaccgcctatgaatggtaatccgta

tggtccgaatccgagcgattttctgagccgtgttaataactttagcatcattgaaagcaccc

tgcgtgaaggtgaacagtttgcaaatgccttttttgataccgagaaaaaaatccagattgcc

aaagccctggataattttggcgtggattatattgaactgaccagtccggttgcaagcgaaca

gagccgtcaggattgtgaagcaatttgtaaactgggtctgaaatgcaaaatcctgacccata

ttcgttgccatatggatgatgcacgtgttgcagttgaaaccggtgttgatggtgtggatgtt

gttattggcaccagccagtatctgcgtaaatatagccatggtaaagacatgacctatatcat

tgatagcgcaaccgaagtgatcaactttgtgaaaagcaaaggtatcgaagtgcgttttagca

gcgaagatagctttcgtagcgatctggttgatctgctgagcctgtataaagccgttgataaa

attggtgttaatcgcgttggtattgcagataccgttggttgtgcaacaccgcgtcaggttta

tgatctgattcgtacactgcgtggtgttgttagctgtgatattgaatgccattttcataacg

ataccggcatggcaattgcgaatgcatattgtgcactggaagccggtgcaacccatattgat

accagcattctgggtattggtgaacgcaatggtattacaccgctgggtgcactgctggcacg

tatgtatgttaccgatcgtgaatatatcacccacaaatacaaactgaatcagctgcgtgaac

tggaaaatctggttgcagatgcggttgaagttcagattccgtttaacaactatatcaccggt

atgtgtgcctttacccataaagcaggtattcatgcaaaagccattctggcaaatccgagcac

ctatgaaattctgaaaccggaagattttggtatgagccgttatgttcatgttggtagccgtc

tgaccggttggaatgcaattaaaagccgtgcagaacagctgaatctgcatctgaccgatgca

caggcaaaagaactgaccgttcgcatcaaaaaactggcagatgttcgtaccctggcaatgga

tgacgttgatcgtgttctgcgtgaatatcatgcagatctgagtgatgcagatcgcattacca

aagaagcaagcgcataa 

 

 

The sequence of SpoHCS protein described in Chapter 2.  

>SpoHCS 

MSVSEANGTETIKPPMNGNPYGPNPSDFLSRVNNFSIIESTLREGEQFANAFFDTEKKIQIA

KALDNFGVDYIELTSPVASEQSRQDCEAICKLGLKCKILTHIRCHMDDARVAVETGVDGVDV

VIGTSQYLRKYSHGKDMTYIIDSATEVINFVKSKGIEVRFSSEDSFRSDLVDLLSLYKAVDK

IGVNRVGIADTVGCATPRQVYDLIRTLRGVVSCDIECHFHNDTGMAIANAYCALEAGATHID

TSILGIGERNGITPLGALLARMYVTDREYITHKYKLNQLRELENLVADAVEVQIPFNNYITG

MCAFTHKAGIHAKAILANPSTYEILKPEDFGMSRYVHVGSRLTGWNAIKSRAEQLNLHLTDA

QAKELTVRIKKLADVRTLAMDDVDRVLREYHADLSDADRITKEASA 
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Plasmid map of the pET28a-SpoHCS construct described in Chapter 2. 

 

 

 

 

 

 

 



217 

 

Appendix II 

Multiple sequences alignment of HCSs from different microorganisms. The secondary 

structure of SpoHCS has been added to the sequence alignment. 
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Appendix III 

The sequence of NmeIPMS-TRX protein described in Chapter 4.  

NmeIPMS Flexible linker TEV TRX His-tag 

 

>NmeIPMS-TRX 

MASMTQTNRVIIFDTTLRDGEQSPGAAMTKEEKIRVARQLEKLGVDIIEAGFAAASPGDFEA

VNAIAKTITKSTVCSLSRAIERDIRQAGEAVAPAPKKRIHTFIATSPIHMEYKLKMKPKQVI

EAAVKAVKIAREYTDDVEFSCEDALRSEIDFLAEICGAVIEAGATTINIPDTVGYSIPYKTE

EFFRELIAKTPNGGKVVWSAHCHNDLGLAVANSLAALKGGARQVECTVNGLGERAGNASVEE

IVMALKVRHDLFGLETGIDTTQIVPSSKLVSTITGYPVQPNKAIVGANAFSHESGIHQDGVL

KHRETYEIMSAESVGWATNRLSLGKLSGRNAFKTKLADLGIELESEEALNAAFARFKELADK

KREIFDEDLHALVSDEMGSMNAESYKFISQKISTETGEEPRADIVFSIKGEEKRASATGSGP

VDAIFKAIESVAQSGAALQIYSVNAVTQGTESQGETSVRLARGNRVVNGQGADTDVLVATAK

AYLSALSKLEFSAAKPKAQGSGTIGGSGGGGSGGEDLYFQSMSDKIIHLTDDSFDTDVLKAD

GAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFK

NGEVAATKVGALSKGQLKEFLDANLAKLAAALEHHHHHH 

 

Plasmid map of the pET21a-NmeIPMS-TRX construct described in Chapter 4. 
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The sequence of NmeIPMS-GST protein described in Chapter 4.  

NmeIPMS Flexible linker GST His-tag 

 

>NmeIPMS-GST 

MASMTQTNRVIIFDTTLRDGEQSPGAAMTKEEKIRVARQLEKLGVDIIEAGFAAASPGDFEA

VNAIAKTITKSTVCSLSRAIERDIRQAGEAVAPAPKKRIHTFIATSPIHMEYKLKMKPKQVI

EAAVKAVKIAREYTDDVEFSCEDALRSEIDFLAEICGAVIEAGATTINIPDTVGYSIPYKTE

EFFRELIAKTPNGGKVVWSAHCHNDLGLAVANSLAALKGGARQVECTVNGLGERAGNASVEE

IVMALKVRHDLFGLETGIDTTQIVPSSKLVSTITGYPVQPNKAIVGANAFSHESGIHQDGVL

KHRETYEIMSAESVGWATNRLSLGKLSGRNAFKTKLADLGIELESEEALNAAFARFKELADK

KREIFDEDLHALVSDEMGSMNAESYKFISQKISTETGEEPRADIVFSIKGEEKRASATGSGP

VDAIFKAIESVAQSGAALQIYSVNAVTQGTESQGETSVRLARGNRVVNGQGADTDVLVATAK

AYLSALSKLEFSAAKPKAQGSGTISGASGMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLY

ERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISML

EGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYD

ALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKS

DHHHHHH 

 

Plasmid map of the pET21a-NmeIPMS-GST construct described in Chapter 4. 
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Appendix IV 

The sequence of the wild-type MtuIPMS protein described in chapter 5. 

 

>MtuIPMS 

MTTSESPDAYTESFGAHTIVKPAGPPRVGQPSWNPQRASSMPVNRYRPFAEEVEPIRLRNRT

WPDRVIDRAPLWCAVDLRDGNQALIDPMSPARKRRMFDLLVRMGYKEIEVGFPSASQTDFDF

VREIIEQGAIPDDVTIQVLTQCRPELIERTFQACSGAPRAIVHFYNSTSILQRRVVFRANRA

EVQAIATDGARKCVEQAAKYPGTQWRFEYSPESYTGTELEYAKQVCDAVGEVIAPTPERPII

FNLPATVEMTTPNVYADSIEWMSRNLANRESVILSLHPHNDRGTAVAAAELGFAAGADRIEG

CLFGNGERTGNVCLVTLGLNLFSRGVDPQIDFSNIDEIRRTVEYCNQLPVHERHPYGGDLVY

TAFSGSHQDAINKGLDAMKLDADAADCDVDDMLWQVPYLPIDPRDVGRTYEAVIRVNSQSGK

GGVAYIMKTDHGLSLPRRLQIEFSQVIQKIAEGTAGEGGEVSPKEMWDAFAEEYLAPVRPLE

RIRQHVDAADDDGGTTSITATVKINGVETEISGSGNGPLAAFVHALADVGFDVAVLDYYEHA

MSAGDDAQAAAYVEASVTIASPAQPGEAGRHASDPVTIASPAQPGEAGRHASDPVTSKTVWG

VGIAPSITTASLRAVVSAVNRAAR 

 

 

Plasmid map of the wild-type MtuIPMS construct described in Chapter 5. 
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Appendix V 

Multiple sequence alignments: 

The Clustal Omega sequence alignment tool was used to perform the following alignments 

between MtuIPMS and LinCMS and the α-IPMSs from diverse organisms.  

The sequence alignment of MtuIPMS and LinCMS is shown below, in which the residues 

predicted to be involved in binding of the ligand are highlighted.  

MtuIPMS MTTSESPDAYTE----SFGAHTIVKPAGPPRVGQPSWNPQRASSMPVN--RYRPFAEEVE 54 

LinCMS  ------------------------------------------------------------ 0 

 

MtuIPMS PIRLRNRTWP-DRVIDRAPLWCAVDLRDGNQALIDPMSPARKRRMFDL-LVRMGYKEIEV 112 

LinCMS   -----------MTKVETRLEILDVTLRDGEQTRGVSFSTSEKLNIAKFLLQKLNVDRVEI 49 

**** *      *   *       *        * 

 

MtuIPMS GFPSASQTDFDFVREIIEQGAIPDD---VTIQVLTQCRPE--LIERTFQACSGA-PRAIV 166 

LICMS   ASARVSKGELETVQKIMEWAATEQLTERIEILGFVDGNK-------TVDWIKDS-GAKVL 101 

*         * *  *         *               * 

 

MtuIPMS HFYNSTSILQRRVVFRANRAEVQAIATDGARKCVEQAAKYPG-TQWRFEYSPESY---TG 222 

LinCMS  NLLTKGSLHHLEKQLGKTPKEFFTDVSFVIEYAIKS----GL----KINVYLEDWSNGFR 153 

*                               * 

 

MtuIPMS TELEYAKQVCDAVGEVIAPTPERPIIFNLPATVEMTTPNVYADSIEWMSRNLANRESVIL 282 

LinCMS  NSPDYVKSLVEHLSKE------HIERIFLPDTLGVLSPEETFQGVDSLIQKYP---DIHF 204 

* *                     ** * 

 

MtuIPMS SLHPHNDRGTAVAAAELGFAAGADRIEGCLFGNGERTGNVCLVTLGLNLFSRGV------ 336 

LinCMS  EFHGHNDYDLSVANSLQAIRAGVKGLHASINGLGERAGNTPLEALVTTIHDKSNS----- 259 

* ***    **       **         * *** **  * * 

 

MtuIPMS ---------DPQIDFSNIDEIRRTVEYCNQLPVHERHPYGGDLVYTAFSGSHQDAINKGL 387 

LinCMS  ---------KTNINEIAITEASRLVEVFSGKRISANRPIVGEDVFTQTAGVHADGDKKG- 309 

*     * **            *  *  ***  **** *   * 

 

MtuIPMS DAMKLDADAAD-------CDVDDMLWQVPYLPIDPRDVGRTYEA-VIRVNSQSGKGGVAY 439 

LinCMS  --------------------------NLYANPILPERFGRK-RS--YALGKLAGKASISE 340 

** *   **             ** 

 

MtuIPMS IMKTDHGLSLPRRLQIEFSQVIQKIAEGTAGEGGEVSPKEM-WDAFAEEYLAPVRP---- 494 

LinCMS  NVKQ-LGMVLSD---VVLQKVLERVIE-LGDQNKLVTPEDL-PFIIADVSGRTGEK---- 390 

*              * *        * 

 

MtuIPMS ----------LE-----RIR-QHVDAADDDGG-T--------TSITATVKIN-------- 521 

LinCMS  -----------------VLTIKSCNIHSGIGIRP-----------HAQIEL-----EY-Q 416 

* 

 

MtuIPMS GVETEISGSGNGPLAAFVHALAD-VGF------DVAVLDYYEHAMSA--GDD-AQAAAYV 571 

LinCMS  GKIHKEISEGDGGYDAFMNALTKITNRL--GISIPKLIDYEVRIPPG--GKTDALVETRI 472 

*          *   **  **                 **             * 

 

MtuIPMS EASVTIASPAQPGEAGRHASDPVTIASPAQPGEAGRHASDPVTSKTVWGVGIAPSITTAS 631 

LinCMS  TWNKS---------------------------------LDLEEDQTFKTMGVHPDQTVAA 499 

*     *    *  *  * * 

 

MtuIPMS LRAVVSAVNRAAR----------------------------------------------- 644 

LinCMS  VHATEKMLNQILQPWQI------------------------------------------- 516 
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The multiple sequences alignment for α-IPMSs from different organisms. 

 

sp|MtuIPMS      MTTSE-------SPDAYTESFG-AHT--IVKPAGPPR----------------------V 28 

sp|AthIPMS      ---MESSILK--SPNLSSPSFGVPSIPALS-SSSTSPFSSLHLRSQNHRTISLTTAGKFR 54 

tr|SolIPMS      MAALTSSNLSLTNTTIPKPIFPKTPFTTLLSLSSPKP--SFSL---------LS----LS 45 

sp|ScoIPMS      ------------------------------------------------------------ 0 

tr|CdiIPMS      ------------------------------------------------------------ 0 

sp|MboIPMS      MTTSE-------SPDAYTESFG-AHT--IVKPAGPPR----------------------V 28 

sp|SpeIPMS      ----------------------MASITANH-PISGKPLISFRPK-----NPLLQTQTLFN 32 

tr|DtiIPMS      ---MT-------RSD---AFVSASSS--ITPPSAPAP----------------------A 23 

sp|LxyIPMS      ------------------------------------------------------------ 0 

tr|CurIPMS      ---MS-------N---TDSFISAPAQ--IQTPNGEIP----------------------A 23 

tr|CjeIPMS      ----M-------S---NDTFISAPAR--INTPNGEIP----------------------E 22 

tr|MsmIPMS      ---MN-------TPDISSDAFSTGRT--ITPPSGAPH----------------------P 26 

                                                                              

 

sp|MtuIPMS      GQPSWNPQRA--SSMPVNRYRP-FAEEVEPIRLRNRTWPD-RVIDRAPLWCAVDLRDGNQ 84 

sp|AthIPMS      V--S----YSLSASSPLPPHAPRRRPNYIPNRISDPN---------YVRIFDTTLRDGEQ 99 

tr|SolIPMS      SKPHIKPTSHFATVTRCSAASPGGRPEYVPNKISDPN---------YVRIFDTTLRDGEQ 96 

sp|ScoIPMSr     ---MANRQQP--SPMPTAKYRG-YD----QVDIADRTWPN-QRITTAPRWLSTDLRDGNQ 49 

tr|CdiIPMS      ----------------MEGYQK-YKRQYFLPPEPCMDWAGKEYIEKAPQWCSVDLRDGNQ 43 

sp|MboIPMS      GQPSWNPQRA--SSMPVNRYRP-FAEEVEPIRLRNRTWPD-RVIDRAPLWCAVDLRDGNQ 84 

sp|SpeIPMS      FKPSISKHSNSSFSIPVVRCSIRRIPEYTPSHIPDPN---------YVRIFDTTLRDGEQ 83 

tr|DtiIPMS      DQPAWNKQKA--SSMPAFRYQA-FYDEVEDTSLPDRTWPD-VVVDSAPLWCAVDLRDGNQ 79 

sp|LxyIPMS      ---MKNTQAP--SAMPIHKYRP-FHEQI-AVDLPDRTWPA-KRIAVAPRWCAVDLRDGNQ 52 

tr|CurIPMS      DQPAWNKQRN--SQMPNRRYLP-FFEEVDHITLPDRTWPD-KVIDRAPQWCAVDLRDGNQ 79 

tr|CjeIPMS      GQPAWNKQRN--SSMPHVRYQP-FFEEVEEITLPDRTWPD-KVIDRAPQWCAVDLRDGNQ 78 

tr|MsmIPMS      GQPAWNTQRG--SSMPVSRYRS-FADEVEKISLPDRTWPD-KVIETAPMWCAVDLRDGNQ 82 

                                                                     . ****:* 

 

sp|MtuIPMS      ALIDPMSPARKRRMFDLLVRMGYKEIEVGFPSASQTDFDFVREIIEQ-GAIPDDV----T 139 

sp|AthIPMS      SPGATLTSKEKLDIARQLAKLGVDIIEAGFPAASKDDFEAVKTIAETVGNTVDENGYVPV 159 

tr|SolIPMS      SPGASMTPKQKLEIARHLARLGVDIIEAGFPAASNADLEAVKSIAIEVGNAVDEDGYVPV 156 

sp|ScoIPMSr     ALIDPMSPVRKRAMFDLLVKMGYKEIEVGFPASGQTDFDFVRSIIEEPGAIPDDV----T 105 

tr|CdiIPMS      ALIIPMSLDEKIEFFQLLVEVGFKEIEIGFPAASQTEFEFLRKLIDE-DLIPEDV----T 98 

sp|MboIPMS      ALIDPMSPARKRRMFDLLVRMGYKEIEVGFPSASQTDFDFVREIIEQ-GAIPDDV----T 139 

sp|SpeIPMS      SPGATMTTKEKLDVARQSAKLGVDIIEAGFPASSEADLEAVKLIAKEVGNGVYEEEYVPV 143 

tr|DtiIPMS      ALIDPMNPARKRRMFELLVRMGYKQIEVGFPSASQTDYDFVREIISD-GAIPDDV----S 134 

sp|LxyIPMS      ALIDPMSPERKRIMFDLLVRMGYKEIEVGFPSASQTDFDFVRSLIEE-NAIPDDV----T 107 

tr|CurIPMS      ALIDPMSPERKRRMFDMLVEMGYKEIEVGFPSASQTDYDFVREIIEE-NKIPDDV----T 134 

tr|CjeIPMS      ALIDPMSPERKRRMFELLVDMGYKEIEVGFPSASQTDFNFVREIIEK-NMIPDDV----T 133 

tr|MsmIPMS      ALIDPMSPQRKRRMFDLLVRMGYKEIEVGFPSASQTDFDFVREIIED-NAIPDDV----T 137 

 

sp|MtuIPMS      IQVLTQCRPELIERTFQACSGAPRAIVHFYNSTSILQRRVVFRANRAEVQAIATDGARKC 199 

sp|AthIPMS      ICGLSRCNKKDIETAWEAVKYAKRPRIHTFIATSDIHLKYKLKKSKEEVIEIARNMVRFA 219 

tr|SolIPMS      ICGLSRCNKADIDAAWAAVKYAKRPRIHTFIATSEIHMEHKLNKTREEVVEIARKM 

VSYA 216 

sp|ScoIPMS      ISVLTQAREDLIERTVESLKGARRATVHLYNATAPVFRRVVFRGSRDDIKQIAVDGTRLV 165 

tr|CdiIPMS      VQVLTQAREHIIRRTFEAVKGAKNAVIHLYNSTSLAQREQVFKKSKEEILNIAVEGAKLL 158 

sp|MboIPMS      IQVLTQCRPELIERTFQACSGAHRAIVHFYNSTSILQRRVVFRANRAEVQAIATDGARKC 199 

sp|SpeIPMS      ICGLARCNKKDIDKAWEAVKYAKKPRIHTFIATSEVHMNYKLKMSRDQVVEKARSMVAYA 203 

tr|DtiIPMS      IQVLVQCREDLIRRTFEACEGAKNVIVHFYNSTSVLQRRVVFRADQEAIKKIATDAANLV 194 

sp|LxyIPMS      IQVLTQAREHLIKRTYDSLVGAKRAIVHLYNSTSVLQREVVFRSDRQGIVDIALAGARLC 167 

tr|CurIPMS      IQVLVQAREHLIRRTFEACAGAKNVIVHFYNSTSELQRRVVFRKDKEGIKKLATDAAHLI 194 

tr|CjeIPMS      IQVLVQAREHLIRRTFEACEGAKNVIVHFYNSTSKLQRKVVFRKDKEAIKKLATDAAELI 193 

tr|MsmIPMS      IQVLTQSRPELITRTFEACRGAKNVIVHFYNSTSILQRRVVFRADKAAIKKIATDAAELV 197 

                 :  * :..   *  :  :   * .  :* : :*:    .  :.  :  :   *   .    

 

sp|MtuIPMS      VEQA--AKYPGTQWRFEYSPESYTGTELEYAKQVCDAVGEVIAPTPERPIIFNLPATVEM 257 

sp|AthIPMS      RSLG--------CEDVEFSPEDAGRSEREYLYEILGEVIKA------GATTLNIPDTVGI 265 

tr|SolIPMS      RSLG--------CDDVEFSPEDAGRSDRKFLYQILGEVIKA------GATTLNIPDTVGY 262 

sp|ScoIPMS      MEYAEKLLGPETEFGYQYSPEIFTDTELDFALEVCEAVMDTYQPGPGREIILNLPATVER 225 

tr|CdiIPMS      KKLT---EEDGGNYRFEYSPESFTGTEVEYALEVCNAVLDIWQPTADNKVIINLPVTVEM 215 

sp|MboIPMS      VEQA--AKYPGTQWRFEYSPESYTGTELEYAKQVCDAVGEVIAPTPERPIIFNLPATVEM 257 

sp|SpeIPMS      RSIG--------CEDVEFSPEDAGRSDPEFLYHILGEVIKA------GATTLNIPDTVGY 249 
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tr|DtiIPMS      VELA--KEYPDVNWQWQYSPESFTGTELAFSKEVCDAVSAIIAPTPENPMILNLPSTVEM 252 

sp|LxyIPMS      RQFE--ALAPGTEIYYEYSPESYTGTELEFAADICNQALEVFEPTPERKVIINLPATVEM 225 

tr|CurIPMS      KEIA--QDYPDTNWRWEYSPESFTGTEIEYAKEVCDAVVEVIDPTPENPIIINLPSTVEM 252 

tr|CjeIPMS      KTIA--KDYPDTNWRWEYSPESYTGTEVAYAKEVCDAVVEVMDPTPENPIILNLPSTVEM 251 

tr|MsmIPMS      LEEA--KKYPDTNWRWEYSPESYTGTELSYAKEVCDAVTEILGATPDNPVILNLPATVEM 255 

                                 ::***    ::  :  .:   .             :*:* **   

 

sp|MtuIPMS      TTPNVYADSIEWMSRNLANRESVILSLHPHNDRGTAVAAAELGFAAGADRIEGCLFGNGE 317 

sp|AthIPMS      TLPSEFGQLIADIKANTPGIQNVIISTHCQNDLGLSTANTLSGAHSGARQVEVTINGIGE 325 

tr|SolIPMS      TIPFEFGQLIADIKANTPGIENVIISTHCQNDLGLSSANTVAGACAGARQLEVTINGIGE 322 

sp|ScoIPMS      STPSTHADRFEWMGRNLSRREHVCLSVHPHNDRGTAVAAAELALMAGADRIEGCLFGQGE 285 

tr|CdiIPMS      SMPHIYAQQIEYMCKHMNYRENVIVSLHPHNDRGCGVADTEMGILAGADRIEGTLFGNGE 275 

sp|MboIPMS      TTPNVYADSIEWMSRNLANRESVILSLHPHNDRGTAVAAAELGFAAGADRIEGCLFGNGE 317 

sp|SpeIPMS      TVPEEFGQLIAKIKANTPGVEDVIISTHCQNDLGLSTANTLAGACAGARQLEVTINGIGE 309 

tr|DtiIPMS      ATPNVYADQIEWMHRNLARRDSIILSLHPHNDRGTGVAATELAMKAGAQRVEGCLFGNGE 312 

sp|LxyIPMS      ATPNVYADSIEWMSRHLNHRENVILSLHPHNDRGTAVAAAELGYLAGADRIEGCLFGNGE 285 

tr|CurIPMS      ITPNVYADSIEWMHRNLNRRDSIILSLHPHNDRGEGVAAAELGYMAGADRIEGCLFGNGE 312 

tr|CjeIPMS      ITPNVYADSIEWMHRNLNRRDSIILSLHPHNDRGTGVAAAELGYMAGADRIEGCLFGNGE 311 

tr|MsmIPMS      ATPNVYADSIEWMHRNLARRDSVILSLHPHNDRGTGVAAAELGYQAGADRIEGCLFGNGE 315 

                   *  ..: :  :  :    : : :* * :** * . * :  .  :** ::*  : * ** 

 

sp|MtuIPMS      RTGNVCLVTLGLNLFSRGV------DPQIDFSNIDEIRRTVEYCNQLPVHERHPYGGDLV 371 

sp|AthIPMS      RAGNASLEEVVMAIKCRGDHVLGGLFTGIDTRHIVMTSKMVEEYTGMQTQPHKAIVGANA 385 

tr|SolIPMS      RAGNASLEEVVMTIKCRGQ-SLGGLYTGIQTEHIVKASKMVAEYSGLLVQPHKAIVGANA 381 

sp|ScoIPMS      RTGNVDLVTLGMNLFSQGV------DPQIDFSDIDEIRRTWEYCNQMEVHPRHPYVGDLV 339 

tr|CdiIPMS      RTGNVDIITLAMNMYAMGI------DPELNFTDMPHIVEVYERCTRMQVHMRQPYAGQLV 329 

sp|MboIPMS      RTGNVCLVTLGLNLFSRGV------DPQIDFSNIDEIRRTVEYCNQLPVHERHPYGGDLV 371 

sp|SpeIPMS      RAGNASLEEVVMALKCRGEQVLGGLYTGINTQHILMSSKMVEGISGLHVQPHKAIVGANA 369 

tr|DtiIPMS      RTGNVCLVTLGMNLLTQGV------DPQINFSDMDEIRRTVEYANQLPVGERHPYGGDLV 366 

sp|LxyIPMS      RTGNVDLVTLGVNLFTQGI------DPQIDFSDIDHIKRTVEHCNQLPVGERSPWGGDLV 339 

tr|CurIPMS      RTGNVCLVTLGLNMLTQGV------DPQIDFSDIDQIRRTVEYCNQLRVPERHPYGGELV 366 

tr|CjeIPMS      RTGNVCLVTLGLNMLTQGV------DPQIDFSDIDQVRRTVEYCNQLRVPERHPYGGDLV 365 

tr|MsmIPMS      RTGNVCLVTLGLNMFSRGV------DPQIDFSNIDEIRRTVEYCNQLPVHERHPYGGDLV 369 

                 *:**. :  : : :   *          ::  .:    .     . : .  :    *  . 

 

sp|MtuIPMS      YTAFSGSHQDAINKGLDAMKLDADAA--------------DCDVDDMLWQVPYLPIDPRD 417 

sp|AthIPMS      FAHESGIHQDGMLKHKGTYE----------------------------------IMSPEE 411 

tr|SolIPMS      FKHESGIHQHGMLKHKGTYE----------------------------------IMSPED 407 

sp|ScoIPMS      YTSFSGSHQDAIKKGFDAMEADAAAR--------------GVTVDDIEWAVPYLPIDPKD 385 

tr|CdiIPMS      FAAFSGSHQDAIAKGMHYRDA----------------------QDPDHWTVPYLPIDPRD 367 

sp|MboIPMS      YTAFSGSHQDAINKGLDAMKLDADAA--------------DCDVDDMLWQVPYLPIDPRD 417 

sp|SpeIPMS      FVHESGIHQDGMLKHKDTYE----------------------------------IISPED 395 

tr|DtiIPMS      FTAFSGSHQDAINKGMTALEDVAAEA--------------GTTVSETTWEVPYLPLDPKD 412 

sp|LxyIPMS      FTAFSGSHQDAIKKGFEAMAARAQRE--------------SVDVDDLVWAVPYLPIDPKD 385 

tr|CurIPMS      FTAFSGSHQDAINKGLAAMAERDAAEDTPEDPASADSETLTEAVRNVTWEVPYLPIDPKD 426 

tr|CjeIPMS      FTAFSGSHQDAINKGLDAIAEKIDPD-------ATAEEVTQEAMVEKTWEVPYLPIDPKD 418 

tr|MsmIPMS      YTAFSGSHQDAINKGLDQMKVDADAA--------------GADMDDILWQVPYLPIDPKD 415 

                 :   ** **..: *                                         :.*.: 

 

sp|MtuIPMS      VGRTYEA--VIRVNSQSGKG-------GVAYIMKTDHGLSLPRRLQIEFSQVIQKIAEGT 468 

sp|AthIPMS      IGLERSNDAGIVLGKLSGRHALKDRLNELGYVLDDGQLSN----LFWRFKAVAE------ 461 

tr|SolIPMS      IGLQRADESGLVLGKLSGRHALQKRLEQLGYSFEGKELDD----IFWRFKSVAE------ 457 

sp|ScoIPMS      VGRSYEA--VIRVNSQSGKG-------GIAYVLKNDHSLDLPRRMQIEFSKLIQAKTD-- 434 

tr|CdiIPMS      VGRVYETD-VIRINSQSGKG-------GIGYMLEEYYGYDLPSDMREQVGYYMKDVSD-- 417 

sp|MboIPMS      VGRTYEA--VIRVNSQSGKG-------GVAYIMKTDHGLSLPRRLQIEFSQVIQKIAEGT 468 

sp|SpeIPMS      IGLNRANESGIVFGKLSGVMLCKPKMLELGYEIEGKELDD----LFWRFKSVAE------ 445 

tr|DtiIPMS      EGRSYEA--VIRVNSQSGKG-------GISYILRTDYGLQLPRRLQVEFSKVIQQITD-- 461 

sp|LxyIPMS      LGRSYEA--VIRVNSQSGKG-------GVAYLLKSDHALDLPRKLQIEFSGVVQAKTD-- 434 

tr|CurIPMS      IGRSYEA--VIRVNSQSGKG-------GVAYIMKTDHNLDLPRPMQVEFSGIVQAVTD-- 475 

tr|CjeIPMS      VGRSYEA--VIRVNSQSGKG-------GVAYIMKTDHNLQLPRPMQVEFSSVVQAVTD-- 467 

tr|MsmIPMS      VGRTYEA--VIRVNSQSGKG-------GVAYIMKADHGLVLPRRLQIEFSQVIQQITD-- 464 

                  *        : ... **          :.* :           :  ..    :       

 

sp|MtuIPMS      AGEGGEVSPKEMWDAFAEEYLAPVR-----PLERIRQH-VDAADDDGGTTSITATVKING 522 

sp|AthIPMS      --QKKRVTDADLIALVSDEVFQPEA-----VWKLLDMQ-IT-CGTLGLSTSTVKLADSDG 512 

tr|SolIPMS      --KKKHVLDEDIEALVIDELFQPDS-----VWSLGDLQ-VT-CGTLGLSTATVKLVDVDG 508 

sp|ScoIPMS      -AEGGEITPTAIWDVFQDEYLPNPD----NPWGRIQVANGQTTTDRDGVDTLTVDATVDG 489 

tr|CdiIPMS      -HEHKELLPNEINDLFQKEYMNVNA-----PYALNDYH----FVRQGDIVTVTMNITYEG 467 
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sp|MboIPMS      AGEGGEVSPKEMWDAFAEEYLAPVR-----PLERIRQH-VDAADDDGGTTSITATVKING 522 

sp|SpeIPMS      --KKKKITDDDLVALMSDEVFQPQF-----VWQLQNVQ-VT-CGSLGLSTATVKLIDADG 496 

tr|DtiIPMS      -SEGGEVTPKAMWDVFSAEYLDRIS-----PMERMSQT-LHAASTDDGEDQIDAVIKWKG 514 

sp|LxyIPMS      -AEGGEVTSNEIWAIFQDEYLPAPETESDAKWGRFELGSTSTANENGDHVTLTVTLRDGE 493 

tr|CurIPMS      -AEGGEVNPKAMWDIFATEYLDRTA-----PVDVISTT-VDGGQNEGEESAVTSQIEFNG 528 

tr|CjeIPMS      -AEGGEVNPKAMWDIFSGEYLDRVA-----PIETISLT-VDGGQNEGEEAKVTGQIEFNG 520 

tr|MsmIPMS      -GEGGEVSPKEMWDAFSEEYLAPIT-----PLERMRQK-VDAAEEDGGTDKITAVVKVNG 517 

                   :  .:    :   .  * :                         .              

 

sp|MtuIPMS      VETEISGSGNGPLAAFVHALADVGFD-VAVLDYYEHAMSAGDDAQAAAYVEASVTIASPA 581 

sp|AthIPMS      KEHVACSVGTGPVDAAYKAVDLIVKEPATLLEYSMNAVTEGIDAIATTRVLIRGD----- 567 

tr|SolIPMS      KEHVACSVGTGPVDSAYKAVDSIVKVPVTLLEYSLTGVTEGIDAIATTKVLVRGD----- 563 

sp|ScoIPMS      AETTLVGSGNGPISAFFHALQGVGID-VRLLDYQEHTMSEGASAQAASYIECA------- 541 

tr|CdiIPMS      KTQFITATGNGRLDAVSNALRDNMELTFDILDYKEHALSKGSSSRAVSYVKIID------ 521 

sp|MboIPMS      VETEISGSGNGPLAAFVHALADVGFD-VAVLDYYEHAMSAGDDAQAAAYVEASVTIASPA 581 

sp|SpeIPMS      REHISCSVGTGPVDAAYKAVDLIVKVPVTLLEYSMNAVTQGIDAIASTRVLIRGE----- 551 

tr|DtiIPMS      RDYEINGVGNGPLAAFVDALNQLDYGEIRILDYSEHAMSAGDDASAAAYVECQ------- 567 

sp|LxyIPMS      TVSKATGEGNGPIAAFFDILNARGIN-VHLYDYSQHTLSASESATAAAYVEVN------- 545 

tr|CurIPMS      EAKTLKGRGNGPIAAYCDALESLGVD-VEVQEYNQHARTSGDDAEAAAYVLAE------- 580 

tr|CjeIPMS      EGKTVQGRGNGPINAYCNALEELGYD-VEVQEYSQHARTSGDDAEAAAYVLAE------- 572 

tr|MsmIPMS      EEREIVGAGNGPLAAFCDALGALGIN-VNVRDYSEHAMSAGEEAQAAAYVEAE------- 569 

                       . *.* : :  . :         : :*     :  . .: * : :           

 

sp|MtuIPMS      QPGEAGRHASDP------------------------------------------------ 593 

sp|AthIPMS      ----NNYSSTN------------------------------------------------- 574 

tr|SolIPMS      ----DGFTTTQ------------------------------------------------- 570 

sp|ScoIPMS      ------------------------------------------------------------ 541 

tr|CdiIPMS      ------------------------------------------------------------ 521 

sp|MboIPMS      QPGEAGRHASDPVTIASPAQPGEAGRHASDPVTIASPAQPGEAGRHASDPVTIASPAQPG 641 

sp|SpeIPMS      ----NGHTSTH------------------------------------------------- 558 

tr|DtiIPMS      ------------------------------------------------------------ 567 

sp|LxyIPMS      ------------------------------------------------------------ 545 

tr|CurIPMS      ------------------------------------------------------------ 580 

tr|CjeIPMS      ------------------------------------------------------------ 572 

tr|MsmIPMS      ------------------------------------------------------------ 569 

                                                                              

 

sp|MtuIPMS      ---------VTIASPAQPGEAGRHASDPVTSKTVWGVGIAPSITTASLRAVVSAVNRAAR 644 

sp|AthIPMS      ---------------A--------VTGESVERTFSGTGAGMDIVVSSVKAYVGALNKMLG 611 

tr|SolIPMS      ---------------A--------TTGEQIRRTFSGSGSEMDIVVSSVRAYVSALNKMLA 607 

sp|ScoIPMS      ----------------------------IGDKVLWGIGIDANTTRASLKAVVSAVNRATR 573 

tr|CdiIPMS      ----------------------------CRKKNQWGVGLHDDIIASSVQALFSAINRAVA 553 

sp|MboIPMS      EAGRHASDPVTIASPAQPGEAGRHASDPVTSKTVWGVGIAPSITTASLRAVVSAVNRAAR 701 

sp|SpeIPMS      ---------------A--------LTGETVHRTFSGTGADMDIVISSVRAYVGALNKMMS 595 

tr|DtiIPMS      ----------------------------IEGEVYWGVGRAGSITTASLRAVVSAVNRAFA 599 

sp|LxyIPMS      ----------------------------VDGRRLWGVGIDADTTTASFKAVISAVNRSVR 577 

tr|CurIPMS      ----------------------------VNGQRVWGVGIAGSITYASLKAVTSAVNRALN 612 

tr|CjeIPMS      ----------------------------INGAKYWGVGIASSITYASLKAITSAVNRSQD 604 

tr|MsmIPMS      ----------------------------IDGKTVWGVGIATSITTASLRAVVSAVNRAAR 601 

                                                    * *       :*.:*  .*:*:    

 

sp|MtuIPMS      --------------------------- 644 

sp|AthIPMS      FKEHTSTLSKTPL----ETNEVPA--- 631 

tr|SolIPMS      YESKPSQKVPAENSYVSASDAVPAGSA 634 

sp|ScoIPMS      --------------------------- 573 

tr|CdiIPMS      QRREAEKEAEA---------------- 564 

sp|MboIPMS      --------------------------- 701 

sp|SpeIPMS      FRKLMAKNNKPES----SA-VI----- 612 

tr|DtiIPMS      SEAIDSDTEDIPNSTSTRT-WAP---- 621 

sp|LxyIPMS      ASASSVPAELAGV-------------- 590 

tr|CurIPMS      S-------------------------- 613 

tr|CjeIPMS      AAAGVSQGV------------------ 613 

tr|MsmIPMS      A-------------------------- 602 
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Appendix VI 

The sequence alignment of MjaCMS and LinCMS. The secondary structure of the catalytic 

domain of LinCMS is also added to the alignment.  
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Appendix VII 

The sequence of MjaCMS protein described in Chapter 6.  

 

>MjaCMS 

MMVRIFDTTLRDGEQTPGVSLTPNDKLEIAKKLDELGVDVIEAGSAITSKGEREGIKLITKE

GLNAEICSFVRALPVDIDAALECDVDSVHLVVPTSPIHMKYKLRKTEDEVLETALKAVEYAK

EHGLIVELSAEDATRSDVNFLIKLFNEGEKVGADRVCVCDTVGVLTPQKSQELFKKITENVN

LPVSVHCHNDFGMATANTCSAVLGGAVQCHVTVNGIGERAGNASLEEVVAALKILYGYDTKI

KMEKLYEVSRIVSRLMKLPVPPNKAIVGDNAFAHEAGIHVDGLIKNTETYEPIKPEMVGNRR

RIILGKHSGRKALKYKLDLMGINVSDEQLNKIYERVKEFGDLGKYISDADLLAIVREVTGKL

VEEKIKLDELTVVSGNKITPIASVKLHYKGEDITLIETAYGVGPVDAAINAVRKAISGVADI

KLVEYRVEAIGGGTDALIEVVVKLRKGTEIVEVRKSDADIIRASVDAVMEGINMLLN 

 

 

Plasmid map of the pET28a-MjaCMS construct described in Chapter 6. 
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