
 
 

 

http://researchspace.auckland.ac.nz 
 

ResearchSpace@Auckland 
 

Copyright Statement 
 
The digital copy of this thesis is protected by the Copyright Act 1994 (New 
Zealand).  
 
This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 
 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognise the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material from 
their thesis. 

 
To request permissions please use the Feedback form on our webpage. 
http://researchspace.auckland.ac.nz/feedback 
 

General copyright and disclaimer 
 
In addition to the above conditions, authors give their consent for the digital copy 
of their work to be used subject to the conditions specified on the Library Thesis 
Consent Form and Deposit Licence. 
 
 
 

http://researchspace.auckland.ac.nz/
http://researchspace.auckland.ac.nz/feedback
http://researchspace.auckland.ac.nz/docs/uoa-docs/thesisconsent.pdf
http://researchspace.auckland.ac.nz/docs/uoa-docs/thesisconsent.pdf
http://researchspace.auckland.ac.nz/docs/uoa-docs/depositlicence.htm


 

 

 

 

 

 

Structural Investigation of Amino Acid 

Metabolism in Mycobacterium tuberculosis 

 

 

 

 

Thomas Lagautrière 

 

 

 

 

A thesis submitted in partial fulfilment of the requirements for the degree of 

Doctor of Philosophy in Biological Sciences, University of Auckland. 

 

November 2014 

 

 

 



 i 

Abstract 

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB). In 

2012, TB was responsible for 1.7 million deaths worldwide, making Mtb one of the 

most devastating human pathogens. The bacillus has an extraordinary capacity to 

adapt to low oxygen conditions by slowing down its growth in a phenomenon 

commonly, referred to as non-replicating persistence, giving rise to latent TB 

infections. The poor efficiency of current therapies against latent TB, together with 

the emergence and spread of multidrug- and extensively drug-resistant strains of the 

bacterium, make the discovery of new drug targets a high priority.  

The metabolism of amino acids, or the pathways to their biosynthesis, can provide 

promising leads towards development of new vaccines and/or anti-TB agents. Despite 

implications of various amino acids in Mtb survival and pathogenesis, none of the 

current anti-TB drugs or agents currently in clinical trials targets amino acid 

metabolism or biosynthesis. In this project, we have focused on amino acids that are 

either not synthesised by humans, such as branched chain amino acids (BCAAs) or 

whose presence provides an advantage during Mtb pathogenesis (i.e. proline).  

In the first part of this PhD project, the Mtb dihydroxyacid dehydratase enzyme was 

targeted for structural studies. This enzyme catalyses the third step in the BCAA 

biosynthesis pathway and is a putative [Fe-S] cluster-binding protein. The wild type 

protein, as well as five surface mutants, were expressed and purified. All gave brown 

protein solutions, implying that an [Fe-S] cluster was present. This protein was 

submitted to crystallisation trials. Colourless crystals were obtained for the wild type 

and two of the surface mutant constructs, all of which diffracted to ~3.5 Å resolution. 

Poor and mosaic diffraction has so far hindered determination of the three-

dimensional structure of the protein. This could, at least in part, be attributed to 

protein heterogeneity resulting from degradation and/or loss of the [Fe-S] cluster.  

The second part of this project aimed to investigate the enzymes involved in 

conversion of proline to glutamate (PruA and PruB), along with the transcriptional 

regulator of these enzymes (PruC). All three enzymes were successfully expressed 

and purified in either E. coli or M. smegmatis expression systems. Despite numerous 

efforts, the PruB enzyme was consistently found to be aggregated and thus remained 
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unsuitable for structural studies. On the other hand, PruA was obtained as a soluble 

homodimer and was successfully crystallised. Two crystal forms of PruA were 

obtained, in one of which the unit cell dimension doubled along the c axis (194 

against 96 Å). Data collected from crystals with the long unit cell dimension could be 

processed in both P622 and P6322 hexagonal space groups, implicating some lattice 

dislocation defects. The structure of SeMet-substituted PruA was solved using the 

multi-wavelength anomalous dispersion technique and refined at 2.5 Å resolution, 

with associated crystallographic R and Rfree factors of 14.4 and 20.7%, respectively. 

The native PruA structure was then solved by molecular replacement at 2.04 Å 

resolution (R=22.9% and Rfree=24.1%). The PruA-NAD+ complex structure was 

solved at 2.25 Å resolution (long unit cell) and 1.6 Å resolution (short unit cell) with 

R/Rfree factors of 27.7/30.7% and 17.1/20.2%, respectively. In an attempt to overcome 

the observed lattice dislocation defects, Mtb-PruA was co-crystallised with cobalamin 

through screening with the Silver Bullets Bio screen. The complex structures of PruA-

cobalamin and PruA-cobalamin-NAD+ were solved at 2.27 Å resolution (R=14.8% 

and Rfree=20.4%) and 2.38 Å resolution (R=14.9% and Rfree=20.1%), respectively. 

The binding of cobalamin resulted in new crystal packing in space group P3121, a 

form that lacked the aforementioned crystallographic complications. The PruA active 

site shows a high degree of conservation when compared with homologous structures, 

but it contains some specific features that could be exploited for drug design attempts. 

The PruA and PruB enzymes were also used to investigate the conversion of proline 

into glutamate. A combination of NMR and UV-visible spectroscopy allowed 

simultaneous monitoring of proline consumption and formation of glutamate. PruC 

was then expressed and purified in E. coli as a fusion protein with maltose binding 

protein (MBP), although the protein was aggregated in its absence.  

This research provides some new insights into amino acid metabolism in Mtb. The 

results of the Mtb-DHAD study are encouraging and suggest the possibility of further 

improvement that could enable determination of its three-dimensional structure, 

which would constitute an important step forward towards structure-based drug 

development. Our results also shed light on the proline utilisation pathway in Mtb, 

with functional and structural characterisation of the two enzymes involved in the 

pathway. The results of this research could be potentially used as foundation for the 

development of Mtb-PruA inhibitors and potential novel anti-TB agents.  
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1.1 Tuberculosis  

1.1.1 Incidence 

Tuberculosis (TB) is the second leading cause of death from a single infectious agent, 

after HIV. The World Health Organisation (WHO) estimates that one-third of the 

world’s population is currently infected by TB bacteria. In 2012, 8.6 million were 

diagnosed with active TB and 1.3 million died from the disease (Figure 1.1). More 

than 95% of TB-related deaths occur in the developing countries with low- and 

middle-income. There is also a synergy between TB and HIV, in which a quarter of 

all deaths from TB in 2012 correspond to people who were HIV-positive.  

The emergence of multidrug- and extensively drug-resistant TB (MDR-TB and XDR-

TB, respectively) classifies TB as a major threat for human health. The number of 

people diagnosed with MDR-TB doubled between 2011 and 2012, with almost 14% 

of TB deaths in 2012 due to MDR-TB. In addition, almost 10% of MDR-TB cases 

have XDR-TB, for which there are no treatments available.  

 

Figure 1.1. Estimated prevalence of TB worldwide in 2012, according to WHO. 

1.1.2 Aetiology and pathogenesis 

TB is mainly caused by Mycobacterium tuberculosis (Mtb), the bacterium that was 

first discovered by Robert Koch in 1882 and thus is also known as Koch’s bacillus. 

Mtb belongs to the Mycobacterium tuberculosis complex (MTBC) that also includes 
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six other species: M. bovis, M. africanum, M. microti, M. pinnipedii, M. caprae and 

M. canetti. Mtb is a slow growing bacterium with doubling time of 12-24 h and 

features a remarkable cell wall structure that plays a major role in virulence by 

providing a physical barrier to the harsh environmental conditions within the host 

cells (1,2).  

TB infection spreads when an uninfected person inhales the infectious droplets of 

respiratory fluids. Once it has reached the lungs, the bacillus can evade the pulmonary 

defence system and further spread to the terminal end of the pulmonary tree (3). 

Following phagocytosis of Mtb by macrophages and dendritic cells, Mtb starts to 

replicate intracellularly, although it can also cross the alveolar barrier to spread 

extracellularly and cause other forms of TB infections such as lymph node disease, 

pericarditis, renal or meningitis (4). These early steps of infection that occur prior to 

any host immune response highlight the incredible capacity of Mtb to rapidly establish 

a growth-favourable environment. In the majority of cases, the immune response 

occurs ~3-8 weeks post-infection, leading to an inflammatory response. As a result, 

activated T lymphocytes, fibroblasts and macrophages confine Mtb into cavities, 

referred to as granulomas, where its spread is limited (3,5). Most of the time, Mtb is 

eradicated within granulomas, although in some cases it can develop strategies to 

evade the immune response and persist within these cavities, leading to what is known 

as a latent TB infection (Figure 1.2).  
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Figure 1.2. Schematic representation of granulomas. Fibroblasts, T cells and macrophages 

confine Mtb within granulomas. Figure modified from (6). 

 

1.1.3 Latent TB  

Inside granulomas, Mtb has the ability to switch from an active form to a dormant 

state by adapting to the new environment within the granuloma through strategies that 

are crucial for its survival. Latent TB is defined as a state in which “Mtb persists 

within its host without causing symptoms or signs while maintaining viability with 

the potential to replicate and cause symptomatic disease” (7).  

 

Models of latency 

In order to adapt to a slow growth rate, Mtb adapts its replication and metabolic 

machinery. Whether growth is completely altered or cell division occurs at a very 

slow rate is still unclear and remains under great debate (8), although  a common 

feature of persistent Mtb is the tolerance towards drugs targeting cell wall assembly 

such as isoniazid (9).  

To better understand the molecular mechanisms involved in this metabolic adaptation, 

in vitro models are used that aim to mimic the in vivo conditions encountered by Mtb 

in its latent phase. Hypoxia has been suggested as the main signal triggering a 

metabolic slow-down, although other conditions (e.g. starvation, acidic pH and 

exposure to reactive oxygen and nitrogen intermediates) could also lead to this shift. 
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The hypoxia model originally developed in 1996 by Wayne and Haynes is based on 

culturing Mtb under progressive oxygen depletion that eventually leads to the 

persistent and dormant state (10). In these experiments, Mtb is cultured within sealed 

media with slow stirring until the oxygen concentration is slowly dropped below a 

microaerobic level (1%) and the bacillus enters the non-replicating persistent (NRP) 

state with its slow growth rate (10). During the oxygen depletion process, the cells 

transit through two NRP states characterised by a cessation of cell division at 1% 

oxygen saturation (NRP-1) and a metabolic shut down at 0.06% oxygen saturation 

(NRP-2).  

 

Response to hypoxia 

Concomitant with the development of Wayne’s model, a number of genes (~50) were 

suggested to play an important role in the adaptation to hypoxic conditions. These 

genes were classified in the so-called dormancy survival regulator (DosR) regulon 

(11,12). The DosR regulon appears to have a crucial function in the survival of 

mycobacteria under hypoxia by progressively abolishing aerobic-dependence of the 

metabolism while maintaining energy levels and redox balance. Several genes from 

the DosR regulon are believed to play an important part in the ability of mycobacteria 

to scavenge energy from other carbon sources such as fatty acid metabolism, host 

cholesterol or through the intervention of nitrate reductase enzymes (13,14). In 

response to low oxygen levels, mycobacteria modify metabolic activity by down-

regulating genes encoding respiratory chain components such as the proton-pumping 

type I NADH dehydrogenase and most subunits of the ATP synthase. Berney and 

Cook have demonstrated that, under continuous growth at low oxygen saturation, M. 

smegmatis uses primary hydrogenase/dehydrogenase enzymes to dispose of and 

transport electrons (15). Up-regulation of genes encoding the high-affinity 

cytochrome bd menaquinol oxidase was observed along with the components required 

for its assembly. 
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Reactivation 

Although the distinction between primary TB infection and infections resulting from 

reactivation of latent TB is difficult, some epidemiological studies have suggested that 

most of the TB cases in low-TB prevalence countries result from reactivation. 

Mtb is able to remain dormant within granulomas for years and is reactivated when 

host’s immune system is compromised (3). Mechanisms involved in the reactivation 

of the bacillus to an active form are unknown and are proposed to be dependent on 

various environmental factors. Among these, co-infection with HIV/AIDS is the most 

common factor for reactivation. Other risk factors include immunosuppressive 

treatment, cancer therapy and chronic disease (13). 

 

1.2 Prevention and Treatment of TB 

1.2.1 Vaccines 

The Bacillus Calmette-Guérin (BCG) vaccine was developed in 1921 by French 

researchers Albert Calmette and Camille Guérin. The vaccine was obtained from a 

Mycobacterium bovis strain that has gone through in vitro growth for 13 years to 

reduce its virulence (16). BCG vaccination is administered to young children in most 

countries worldwide and, depending on the manufacturer, its protection varies from 

10 to 15 years (17). The BCG vaccine provides some protection against non-

pulmonary TB in children but is ineffective against adult pulmonary TB, which is the 

most widespread form worldwide. Although BCG is the only available vaccine 

against TB, there are a few vaccine candidates in the development phase (18). As of 

2013, six candidates were in clinical trials, including two virus-based candidates that 

lack replication machinery and four subunit-based candidates that represent an antigen 

to the immune system free of viral particles.  
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1.2.2 Drug therapy  

TB treatment involves the use of a cocktail of antibiotics for an extended period of 

time. Active TB disease is treated using first-line anti-TB drugs for 6 - 9 months 

(Table 1.1), whereas latent TB is usually treated by a combination of first-line drugs, 

including isoniazid (INH), rifampicin (RIF) or rifapentine (RPT) for 9 months. This 

regimen varies greatly according to the specific circumstances, such as HIV co-

infection, pregnancy or age.  

Table 1.1: First-, second- and third-line anti-TB agents. 

First-line Second-line Third-line 

Isoniazid (INH) 

Rifampicin (RIF) 

Pyrazinamide (PZA) 

Ethambutol (EMB) 

Streptomycin (SM) 

Rifapentine (RPT) 

 

 

 

 

 

 

Aminoglycosides 

Polypeptides 

Fluoroquinolones 

Thioamides 

Cycloserine 

Terizidone 

 

 

 

 

 

 

Rifabutin 

Macrolides 

Linezolid 

Thioacetazone 

Thioridazine 

 

The extended treatment regimen, the associated costs and the lack of accessibility to a 

wider number of anti-TB drugs, has led to the emergence of resistant strains - MDR 

and XDR strains. MDR strains are resistant to the two most common first-line drugs, 

INH and RIF, and its treatment requires an extended regimen of 18 - 24 months using 

second-line drugs (Table 1.1). XDR strains have further resistance to at least one of 

the three types of injectable second-line agents (Table 1.1). Treatment of XDR-TB 

requires the combined use of first- and second-line drugs that include new generations 

of fluoroquinolones. The use of third-line antibiotics has also been included in the 

treatment of some XDR strains, although their efficacy is not fully characterised. In 

addition, the use of these expensive third-line agents is usually accompanied with 

severe side effects (19). Co-infection with HIV/AIDS renders TB treatment even 
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more complicated as some severe complications arise from incompatibilities between 

both treatments and in particular between HIV treatments containing protease 

inhibitors and rifampicin (20). This highlights the urgent need for novel treatment 

regimens with greater efficacy and shorter treatment periods.  

 

1.3 Towards novel anti-TB drugs  

1.3.1 Current developments 

Numerous anti-TB compounds with novel modes of action are currently in clinical 

trials (21). These compounds target vital cellular functions, such as transcription, 

translation, energy metabolism and cell wall synthesis (Table 1.2). In addition, new 

combinations of drug cocktails are in the pipeline, with a novel three-drug regimen 

called PaMZ that could potentially shorten the duration of MDR-TB treatment to four 

months while being 90 % cheaper than any existing treatment. PaMZ is composed of 

PA-824 (a nitroimidazole class drug), moxifloxacin (fluoroquinolone) and 

pyrazinamide (22). This cocktail is in clinical trials (started early 2014) against TB 

and MDR-TB in Africa, Asia, Eastern Europe and Latin America0F

1.  

Table 1.2: Mode of action of current anti-TB drug candidates. 

Targeted cell function Drugs  

ATP Synthase and cell energy Bedaquiline 

Bacterial DNA unwinding by DNA gyrase Fluoroquinolone 

Prevention of initiation step of translation by ribosomes Oxazolidinone 

Cell wall assembly and synthesis 
Ethylenediamine, 

Nitroimidazole 

 

                                                 

1 http://www.tballiance.org 
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1.3.2 Amino acid metabolism as an area for anti-microbial strategies 

Amino acid metabolism has some attractive features for the development of 

therapeutic drugs, targeted against pathogenic bacteria. Inhibition of enzymes from 

amino acid biosynthesis pathways has been investigated for various bacterial 

pathogens, and shown to lead to cell death or attenuated virulence. In Bordetella 

bronchiseptica, responsible for respiratory infections, knocking out biosynthesis of 

aromatic amino acids, through targeting the shikimate pathway, has led to an 

attenuated virulence in mice (23). Similar observations were made in Burkholderia 

glumae, where mutations in the shikimate pathway (aroA and aroB genes) resulted in 

reduced virulence in rice and onion (24). In the same context, auxotrophic mutants of 

aromatic amino acids in Salmonella typhimurium, causative agent of the typhoid 

disease, has shown attenuation of both virulence and persistence in mice, indicating a 

promising candidate for vaccine development against typhoid (25). There are also 

precedents from other organisms, for example in agriculture, where the herbicide 

Roundup targets one of the enzymes in the shikimate pathway, 5-

enolpyruvylshikimate-3-phosphate (EPSP) synthase (26,27). 

Streptococcus mutans has the ability to produce and tolerate acidification caused by 

carbohydrate metabolism that further leads to severe carious lesions (28). Mutations 

in ilvE and ilvC genes, involved in biosynthesis of the branched-chain amino acids 

(BCAA), have been shown to be responsible for this significantly decreased acid 

tolerance, suggesting involvement of the BCAA biosynthesis pathway in the 

adaptation to acidic conditions (28).  

 

1.3.3 Amino acid metabolism in Mtb 

An attractive feature of targeting amino acid metabolism for the development of 

antimicrobial drugs is that there are nine essential amino acids (Val, Leu, Ile, Phe, 

Trp, His, Thr, Met and Lys) that cannot be synthesized de novo in humans and 

therefore must be supplied in the diet. The biosynthesis of these essential amino acids, 

in theory, could be exploited as valuable drug targets in pathogenic microorganisms, 

if those organisms cannot access the amino acids or their intermediary metabolites 
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from the host. The biosynthesis of the most of the essential amino acids has been 

studied in Mtb (Table 1.3), and in many cases inactivation of biosynthetic pathways 

has been found to lead to impaired growth, auxotrophy or attenuated virulence.  

Table 1.3: Targeting Mtb biosynthetic pathways to essential amino acids. 

*Based on transposon mutagenesis in M. tuberculosis H37Rv (33). BCAA: Branched-chain amino 

acids. 

Amino acid 

 

 

Essentiality in 

Mtb* 

Defined knock out Mtb strains  

Reference 
Inactivated 

gene(s) 

Phenotype 

Lysine  7 essential genes  

(out of 9) 

lysA Attenuated virulence in mice 

Growth defect 

(29) 

BCAAs 

(Isoleucine, 

Leucine and 

Valine) 

9 essential genes  

(out of 12) 

ilvB1 Auxotrophy for ILV amino acids 

Altered virulence in mice 

(30,31) 

Histidine 7 essential genes  

(out of 10) 

hisD, hisC Growth defect (32) 

Phenylalanine 

 

2 essential genes 

 (out of 5) 

N/A Uncharacterised (33) 

Tryptophan 6 essential genes 

 (out of 6) 

trpD 

 

 

Auxotrophy for Trp 

Growth defect 

Altered virulence 

(34) 

Threonine 5 essential genes 

 (out of 5) 

N/A Uncharacterised (33) 

Methionine 2 essential genes  

(out of 7) 

metB Auxotrophy for Met 

Growth defect 

Altered virulence 

(34) 
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Despite the importance of amino acids in Mtb virulence, none of the current anti-TB 

drugs or anti-TB agents currently in clinical trials (Table 1.2) targets amino acid 

metabolism. In this project, we have focused on amino acids that are either not 

synthesised by humans (i.e. BCAA) or whose presence provides an advantage for 

bacterial pathogenesis (i.e. proline).   

 

1.4 Branched chain amino acids (BCAAs) 

In 1968, Allaudeen and colleagues reported the first experimental evidence for the 

existence of the BCAA biosynthesis pathway in Mtb (35). As mentioned earlier, the 

BCAA pathway is absent in humans, making the components of the pathway 

attractive targets for developing novel anti-TB agents. Interestingly, most enzymes 

involved in the BCAA pathway are reported as essential for mycobacterial growth, 

with knock out mutant strains of the corresponding ORFs leading to auxotrophic 

phenotypes and attenuated virulence (Table 1.4). These observations not only provide 

a promising lead towards vaccine development against TB but also suggest that the 

components of the BCAA biosynthesis pathway could potentially be exploited as drug 

targets.  

The BCAAs Ile, Leu and Val are part of the on-going efforts in our laboratory to 

characterise enzymes involved in the biosynthesis of essential amino acids in Mtb. 

Previous research in our laboratory has resulted in the structural and functional 

characterisation of the enzyme LeuA (α-isopropylmalate synthase, IPMS) catalysing 

the first committed step in the biosynthesis of Leu (36). We have now turned to 

investigation of the biosynthetic pathways for all three BCAAs, with the aim of using 

the resulting information for rational drug discovery.   

 

 

1.4.1 Biosynthetic pathway 
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The biosynthetic pathways for BCAAs involve 12 proteins, organised to catalyse 

seven distinct reactions. The first step is performed by an acetolactate synthase (ALS 

or AHAS) that produces acetolactate for the Val and Leu pathway or 2-aceto-2-

hydroxybutanoate for the Ile pathway (Figure 1.3). Both isoleucine and valine are 

then synthesised by successive reactions of keto-acid reductoisomerase (KARI), 

dihydroxyacid dehydratase (DHAD) and branched-chain amino acid aminotransferase 

(BCAT) enzymes. The product of the DHAD reaction in the biosynthesis of valine, 2-

oxoisovalerate, is also the branch point for leucine biosynthesis, and is subsequently 

used by isopropylmalate synthase, isomerase and dehydrogenase enzymes (IPMS, 

IPMI and IPMD, respectively) to catalyse the corresponding reactions to produce 

leucine (Figure 1.3).  

 

A. Acetolactate synthase (ALS) 

ALS is the first enzyme of the BCAA pathway, converting two pyruvate molecules 

into acetolactate to be used for valine and leucine biosynthesis. Also known as 

acetohydroxyacid synthase (AHAS), this enzyme could also catalyse the condensation 

of pyruvate with 2-oxobutanoate into 2-aceto-2-hydroxybutanoate for isoleucine 

biosynthesis (Figure 1.3). ALS is composed of a large catalytic subunit (encoded by 

the ilvB1, ilvB2, ilvG and ilvX genes) and a small regulatory subunit that is encoded 

by a single gene (ilvN). There are no three-dimensional structures available for either 

catalytic or regulatory subunits from Mtb, although structures of homologues for both 

subunits are reported. Crystal structures of components of the catalytic subunit have 

been reported from yeast and Arabidopsis thaliana, sharing 31-47% sequence identity 

with the ORFs encoding components of the Mtb catalytic subunit (37,38). In addition, 

crystal structures of the regulatory subunit are reported from Nitrosomonas europaea, 

E. coli and Thermotoga maritime, which share 44-48% sequence identity with Mtb-

IlvN (39,40).  

A number of studies havs identified compounds with inhibitory effects on ALS, 

leading to growth inhibition in Mtb (41,42). Deletion of the ilvB1 gene, part of the 

large subunit, has also resulted in auxotrophy for all three amino acids, Ile, Leu and 
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Val, in Mtb. Although this mutant is not viable in vitro (31), it is avirulent in mice 

models suggesting a lead towards vaccine development.  

 

Figure 1.3. BCAA biosynthetic pathway. A cohort of seven reactions performs the 

conversion of pyruvate and 2-oxobutanoate into isoleucine, leucine and valine. ALS: 

acetolactate synthase; KARI: keto-acid reductoisomerase; DHAD: dihydroxy-acid 

dehydratase; BCAT: branched-chain amino acid aminotransferase; IPMS: isopropylmalate 

synthase; IPMI: isopropylmalate isomerase; IPMD: isopropylmalate dehydrogenase. 

B. Keto-acid reductoisomerase (KARI) 

KARI catalyses the second reaction in the BCAA pathway and converts 2-acetolactate 

into 2,3-dihydroxy-3-methylbutanoate (Val and Leu pathway) and 2-aceto-2-
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hydroxybutanoate into 2,3-dihydroxy-3-methylpetanoate (Ile pathway) (Figure 1.3). 

The open reading frame encoding Mtb-KARI (ilvC) has been identified as essential, 

based on transposon mutagenesis in M. tuberculosis H37Rv (43). Interestingly, 

sulfonylureas (an antidiabetic drug) and imidazolinone (a herbicide) have been 

characterised as inhibitors of Mtb-KARI enzyme (44). No structural information is 

available on Mtb-KARI, although several homologous structures are reported, 

including the enzymes from Pseudomonas aeruginosa (45), E. coli (46) and Oryza 

sativa (47) that share 56%, 34% and 30% sequence identity with Mtb-KARI, 

respectively.  

 

C. Isopropylmalate (IPM) pathway 

As part of the BCAA pathway, IPM metabolism is the branch point for leucine 

biosynthesis. This pathway involves three enzymes, IPM synthase, IPM isomerase 

and IPM dehydrogenase, which catalyse the successive conversion of 2-

oxoisovalerate into leucine.  

 

IPM synthase (IPMS) 

IPMS is encoded by leuA and catalyses the committed step of the IPM pathway by 

producing 2-isopropylmalate from 2-oxoisovalerate and acetyl-CoA (Figure 1.3). The 

crystal structure of Mtb-IPMS has been previously determined in our lab (36), 

providing structural evidence for feedback regulation of this enzyme by the end 

product of the pathway, leucine.  

 

 

IPM isomerase (IPMI)  

IPMI is a complex of two proteins encoded by leuC (large subunit) and leuD (small 

subunit) and converts 2-isopropylmalate into 3-isopropylmalate (Figure 1.3). The 
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large subunit requires an iron-sulfur cluster [4Fe-4S] as a cofactor (48). 

Mycobacterium bovis strains with mutations in leuD show significant reduction in the 

ability to infect mice (49).  

Crystal structures of individual subunits are available from different species, with no 

reported structures for the entire IPMI complex. Crystal structures of the small 

subunit LeuD have been determined from Mtb (50) and Campylobacter jejuni 

(unpublished structure), sharing 41% sequence identity. The crystal structure of the 

large subunit LeuC has also been reported from Methanococcus jannaschii (51); this 

enzyme shares 33% sequence identity with its Mtb counterpart.  

 

IPM dehydrogenase (IPMD) 

IPMD is a NAD+-dependent enzyme, encoded by leuB, and converts 3-

isopropylmalate into 4-methyl-2-oxopentanoate (Figure 1.3). The leuB gene has been 

identified as essential in Mtb through transposon mutagenesis (33). Several three-

dimensional structures of the LeuB enzyme are available, including that of the 

enzyme from Mtb, which has been solved in its apo form (52).  

 

D. Branched-chain amino acid aminotransferase (BCAT) 

BCAT, encoded by ilvE, is the final enzyme in the BCAA pathway that catalyses the 

production of all three BCAAs, Ile, Leu and Val. BCAT belongs to the 

aminotransferase superfamily and catalyses the conversion of 3-methyl-2-

oxoisovalerate, 2-oxoisovalerate and 4-methyl-2-oxopentanoate intermediates into 

isoleucine, valine and leucine, respectively (Figure 1.3). Venos and colleagues have 

shown that this enzyme is also involved in the biosynthesis of methionine in Mtb (30). 

The crystal structure of Mtb-BCAT was determined in 2009 (33,53), with these 

authors also reporting inhibition of this enzyme by aminooxy compounds, resulting in 

the reduced growth of Mtb (30). 

Table 1.4: Essentiality of the BCAA pathway in Mtb. 
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Gene Enzyme Essentiality Effect  Reference 

ilvB1 ALS (catalytic 

subunit) 

  
Growth inhibition 

Attenuated virulence 

(31) 

leuD IPMI (regulatory 

subunit) 

  
Growth inhibition 

Attenuated virulence 

(54) 

leuA IPMS   
Feedback inhibition by leucine  

(36), (55) 

ilvE BCAT   
Growth inhibition 

(53), (30) 

ilvD DHAD   
Growth inhibition 

Upregulation during rapid-growth phase 

Downregulation in dormant state 

(56) 

 

1.4.2 Dihydroxyacid dehydratase (DHAD) 

DHAD performs the third step of the BCAA pathway by converting 2,3-dihydroxy-3-

methylpentanoate into 3-methyl-2-oxoisovalerate (Ile pathway) and 2,3-dihydroxy-3-

methylbutanoate into 2-oxoisovalerate (Val and Leu pathway) (Figure 1.3). Given the 

position of the reaction catalysed by DHAD in the pathways to all three products, it 

plays a central role in the production of the BCAAs.  

There are various lines of evidence to support the importance of DHAD and its 

enzymatic activity in both non-pathogenic and pathogenic mycobacteria. A recent 

study suggests a potential link between BCAA and oxidative stress in mycobacteria 

(57). In addition, Singh et al. have reported the first experimental evidence for a role 

for BCAA in the ability of Mtb to adapt its growth rate by regulating ilvD expression 

and thus regulating the BCAA pathway (58). In another study, inactivation of both the 

ilvD gene by RNA antisense experiments, and the DHAD enzyme by nitric oxide 

through interference with [Fe-S] cluster binding, resulted in the loss of Mtb growth on 

minimal medium; that could be restored by supplementing the media with Ile, Leu 

and Val amino acids (58). Furthermore, antisense mRNA experiments leading to the 



Chapter 1  -  Introduction 

 17 

inactivation of DHAD also resulted in growth defects, suggesting a direct implication 

of DHAD in Mtb growth (58).  

DHAD is believed to be dependent on a bound iron-sulfur cluster for its activity, but  

yet there is no reported crystal structure for DHAD from any organism. It is worth 

noting that, among BCAA pathway members, the DHAD enzyme is the enzyme that 

is most lacking in structural characterisation. The closest three-dimensional structure 

to Mtb-DHAD in the Protein Data Bank (PDB) is 6-phosphogluconate dehydratase 

from Shewanella oneidensis (PDB code 2GP4, unpublished), sharing 30% sequence 

identity. The structure of this putative protein, however, was solved in its [Fe-S] 

cluster-free form. The research carried out towards structural characterisation of Mtb-

DHAD is described in chapter 3 of this thesis.  

 

1.5 Proline  

Proline is not an essential amino acid in humans, although it possesses remarkable 

protective roles in various organisms. It has been shown that proline acts as an 

osmoprotectant in plants and can accumulate in response to oxidative stress (59), UV 

irradiation (60) or high salinity (61). In maize seedlings, oxidative stress, induced by 

ROS (61), was shown to induce proline accumulation (59). This accumulation was 

suggested to arise from up-regulation of the genes encoding enzymes involved in 

proline biosynthesis, including the pyrroline-5-carboxylate synthase (P5CS). This 

enzyme catalyses synthesis of the key P5C intermediate in proline metabolism (Figure 

1.4) (62).  

A direct link between proline and the preservation of protein folding integrity was 

established in lactate dehydrogenase, where proline was suggested to prevent 

denaturation by interacting with secondary structure elements (63). More recently, 

proline has been used in macromolecular X-ray crystallography as a cryoprotectant 

against X-ray radiation damage (64).  
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1.5.1 Implications for mycobacterial physiology 

In an attempt to obtain a better understanding of molecular mechanisms underlying 

the ability of Mtb to switch to the dormant phase, Berney and colleagues used non-

pathogenic M. smegmatis to mimic the low-oxygen conditions observed in the 

dormancy state (15). Results indicated that mycobacteria could adapt to a slow growth 

rate by using different strategies to maintain essential biological functions in response 

to energy limitation. Among these strategies, a significant up-regulation of proline 

dehydrogenase (referred to as PruB) was observed, suggesting a potential link 

between proline metabolism and the adaptation of mycobacteria to slow growth rate 

and hypoxia.  

Microarray experiments using an M. smegmatis ΔpruC mutant, a putative regulator of 

the proline utilisation pathway, indicated up-regulation of the genes coding for 

glyoxalase enzymes and also enzymes involved in DNA repair (65). Glyoxalases are 

involved in the detoxification of methylglyoxal (MG), a toxic by-product generated 

from various metabolic pathways, including endogenous glycerol metabolism (65,66). 

In Gram-negative bacteria, detoxification of MG requires the intervention of 

glyoxalase enzymes I-II and the glutathione-dependent potassium efflux system 

KefB/KefC (67). Induction of DNA repair response genes in the pruC mutant 

indicates the presence of DNA damage that could be attributed to the increased 

production of MG. This observation suggests a potential link between proline 

metabolism and MG detoxification. Mycobacteria, however, are incapable of 

producing the glutathione cofactor required for glyoxalase activity and the absence of 

genes encoding the KefB/KefC system indicates the existence of an alternative 

detoxification pathway in mycobacteria. Interestingly, a link has also been reported in 

rice (Oryza sative L) between proline metabolism and MG detoxification, where 1-

pyrroline-5-carboxylic acid (P5C, product of PruB reaction in the proline utilisation 

pathway) could react with MG in a non-enzymatic manner to form 2-acetyl-1-

pyrroline, which is non-toxic (68,69).  
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1.6 Proline metabolism in Mtb  

As mentioned before, proline appears to have an important role in the adaptation of 

mycobacteria to a slow growth rate and also a role in protection against toxic 

metabolites. This leads to consideration of the proline metabolism in Mtb as a novel 

target for developing anti-TB agents. Instead of acting to stop the growth of Mtb, as 

would be the role of most drugs based on inhibition of biosynthetic pathways, drugs 

based on the proline metabolism could act to change the response of Mtb in vivo.  

 

1.6.1 Proline biosynthesis 

Proline metabolism is interconnected with glutamate and arginine metabolism (62,70) 

through glutamate semi-aldehyde (GSA) (Figure 1.4). GSA is produced from 

glutamate by the enzymatic activity of pyrroline-5-carboxylate synthase (P5CS), 

which is a bifunctional enzyme with glutamate kinase (GK) and gamma-glutamyl 

phosphate reductase (GPR) activities (71,72). GSA can also be produced from 

ornithine, an intermediate in arginine metabolism, by ornithine aminotransferase 

(OAT) (73,74). GSA is then converted into pyrroline-5-carboxylate (P5C) in a non-

enzymatic manner. P5C is the central intermediate in proline metabolism (Figure 1.4) 

and, as described before, can function as a protective agent against toxic metabolites 

(75). Proline is subsequently produced from P5C through a reduction step catalysed 

by P5C reductase (P5CR) (74,76).  
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Figure 1.4. Proline metabolism. Proline is synthesised from glutamate by successive 

reactions catalysed by P5C synthase (GK and GPR) and P5C reductase (P5CR) enzymes. 

Ornithine aminotransferase (OAT) connects arginine metabolism to proline metabolism by 

converting ornithine into GSA, which can be transformed to P5C non-enzymatically. During 

proline degradation, ProDH (PruB) irreversibly converts proline into P5C and glutamate is 

then produced from GSA using P5CDH (PruA).  

 

1.6.1 Proline utilisation pathway  

Proline contains its -amino nitrogen within a pyrroline ring and thus requires a 

separate set of enzymes specific to its degradation. The enzymes that mediate proline 

utilisation differ between organisms, although the catalytic and mechanistic steps 

appear to remain similar. Some bacteria possess a bifunctional enzyme containing two 

catalytic domains that perform the conversion of proline into glutamate, whereas in 

other organisms the proline utilisation components are incorporated into a 

trifunctional enzyme containing an additional DNA-binding domain that has a 

regulatory function. In Mtb, proline is converted into glutamate in a two-step reaction 

involving two monofunctional enzymes: the flavoenzyme proline dehydrogenase 

(PruB) and the NAD+-dependent enzyme 1-pyrroline-5-carboxylate dehydrogenase 
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(PruA) (Figure 1.4). Structural and functional characterisation of this pathway forms 

the main part of the research carried out in this thesis and is described in chapter 4. 

The ORFs encoding PruA and PruB, Rv1187 and Rv1188 respectively, are part of an 

operon in mycobacteria (65). Regulation of proline metabolism involves intervention 

of a third protein, called PruC (Rv1186c), which binds to the promoter region of 

PruA. High-density mutagenesis experiments suggest that all three ORFs are essential 

in Mtb (77). This was further confirmed by deletion of all three ORFs in M. 

smegmatis, which led to impaired growth on proline as sole carbon source.  

 

1.7 Aims and Objectives 

In this study, the aims were to investigate enzymes from the biosynthetic pathways to 

the BCAAs and from the proline utilisation pathway, in both cases from Mtb.  

With respect to the BCAA biosynthetic pathways, which lead to the essential amino 

acids Ile, Leu and Val, it was decided to focus on Mtb-DHAD, an essential enzyme 

encoded by the ilvD gene (Rv0189c). This enzyme is particularly interesting since it is 

a putative [Fe-S] binding protein and is a target for oxidative stress in mycobacteria. 

Since no structural data are available on this protein from any organism, structural 

information obtained during this project would be of high interest and importance.  

The major part of the research, however, aimed to address known components of the 

proline utilisation pathway (Rv1187 and Rv1188) and its regulator (Rv1186c), which 

encode the PruA, PruB and PruC proteins, respectively. Given the essentiality of all 

these three ORFs in Mtb and the importance of the reaction intermediate for 

methylglyoxal detoxification, the results of this project could potentially aid our 

understanding of the mechanisms involved in the adaptation of mycobacteria to 

hypoxia and the non-replicating persistent state.  
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Time permitting, all targets were to be subjected to the following steps:  

1. Cloning of each ORF into vectors suitable for recombinant expression 

2. Expression trials in E. coli and M. smegmatis 

3. Expression scale-up and purification of soluble recombinant protein 

4. Crystallisation of purified proteins 

5. X-ray diffraction data collection  

6. Three-dimensional structure determination  

7. Functional studies and enzymatic assays  

8. If successful, crystallographic binding studies of inhibitors/substrates 
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2.1 General methods 

All buffer solutions and reagents were prepared using purified water obtained from a 

Milli-Q purification system and sterilised through filtration (0.22 m). Apart from 

antibiotics and IPTG, all solutions used for culture purposes were autoclaved prior to 

use. 

 

2.1.1 Antibiotics 

Antibiotic stock solutions were prepared as described in Table 2.1. All stock solutions 

were stored at -20 °C and diluted 1000 times upon addition to culture media. 

Hygromycin B was purchased as a prepared stock solution (50 mg.mL-1) from 

Invitrogen.  

Table 2.1: List and concentration of antibiotics. 

Antibiotic Stock concentration (mg.mL-1) 

Kanamycin 50 

Ampicillin 100 

Chloramphenicol 34 

Streptomycin 10 

 

2.1.2 Culture media 

All culture media formulations used for plasmid selection/maintenance, preparation of 

competent cells and protein expression using autoinduction medium are described in 

Table 2.2.  
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Table 2.2: Culture media and reagent formulations. 

2.1.3 Bacterial strains 

Two different bacterial species were used throughout this project: E. coli for plasmid 

propagation and protein expression and M. smegmatis for protein expression. All the 

strains used, together with their respective genotypes, are listed in Table 2.3.  

 

Medium/reagent Composition Application 

LB 20 g.L-1 Lennox-L Broth Base medium    Plasmid propagation and protein 
expression 

LB-Agar 20 g.L-1 Lennox-L Broth Base medium, 15 
g.L-1 agar  

Plasmid selection and 
maintenance on solid medium 

Low salt LB-Agar 10 g.L-1 tryptone, 5 g.L-1 yeast extract, 5 g.L-1 
NaCl, 15 g.L-1 agar, pH 8.0 

Selection of plasmids harbouring 
hygromycin selection on solid 
medium, only for E. coli  

TB 1.2% tryptone, 2.4% yeast extract, 72 mM 
K2HPO4, 17 mM KH2PO4, 0.8% glycerol, 
0.5% lactose, 0.015% glucose, 2 mM MgSO4, 
0.35% aspartic acid 

Auto-induction TB medium for 
protein expression  

1000× Metal Mix 50M FeCl3, 20 M CaCl2, 10M MnCl2, 
10M ZnSO4, 2M CoCl2, 2M CuCl2, 
2M NiCl2, 2M Na2MoO4, 2M Na2SeO3 

Supplement for protein 
expression 

MDG 

 

0.5% glucose, 0.25% L-aspartate, 50mM 
NH4Cl, 25 mM Na2HPO4, 25 mM KH2PO4, 5 
mM Na2SO4, 2 mM MgSO4, 0.2× metal mix 

Minimal medium as starter 
culture for protein expression  

ZYM-5052 1% tryptone, 0.5% yeast extract, 0.5% 
glycerol, 50 mM NH4Cl, 25 mM Na2HPO4, 
25 mM KH2PO4, 5 mM Na2SO4, 2 mM 
MgSO4, 0.1× metal mix, 0.05% glucose, 
0.2% lactose 

Auto-induction LB medium for 
protein expression  

PASM-5052 50 mM Na2HPO4, 50 mM KH2PO4, 25 mM 
(NH4)2SO4, 2 mM MgSO4, 1× trace metals, 
0.5% glycerol, 0.05% glucose, 0.2% α-
lactose, 200 μg.L-1 each of 17 amino acids 
(no cysteine, tyrosine or methionine), 
10  μg.L-1 methionine, 125  μg.L-1 

selenomethionine, 100 nM vitamin B12, 
0.05% Tween80 

Auto-induction minimal medium 
for expression of SeMet-
substituted protein  

IPTG 1 M isopropyl -D-1-thiogalactopyranoside Induction of protein expression 

Tween 80 10% (v/v) Tween 80 Detergent used for M. smegmatis 
cell cultures 



Chapter 2  -  Methods and Materials 

 26 

Table 2.3: List of different strains used during this project. 

Strain Genotype Source 

E.coli TOP10 F- mcrA D(mmr-hsdRMS-mcrBC) j80lacZ DM15 
DlacX74 recA1 araD139 D(ara-leu)7697 

Invitrogen 

E.coli BL21 (DE3) F- dcm ompT hsdS(rB- mB-) gal l (DE3) Stratagene 

E.coli BL21 (DE3) pRP BL21(DE3) strain encoding for rare codons of Arg 
and Pro 

Stratagene 

E.coli BL21 (DE3) 
Rosetta2 

F- ompT hsdSB (rB
-mB

-) gal dcm (DE3) pRARE2 
(camr) 

Novagen 

M. smegmatis mc2155 Wild type 

Kindly provided by 
Prof. W.R. Jacobs, 
Albert Einstein College 
of Medicine, USA 

M. smegmatis mc24517 Derived from mc2155 by integrating a copy of T7 

RNA polymerase in the chromosome (78). 

 

2.1.4 Preparation of competent cells  

A. Electrocompetent cells 

E. coli TOP10 electrocompetent cells were prepared from freshly streaked LB-agar 

plates supplemented with 10 g.mL-1 of streptomycin. A 5 mL starter culture was 

inoculated with a single colony and incubated overnight at 37 °C with agitation. The 

following day, 500 mL of LB medium was inoculated with the starter culture at 1:500 

ratio and grown at 37 °C until OD600 ~ 0.6 was achieved. The culture was then 

immediately transferred on ice for 20 min and the cells were subsequently harvested 

by centrifugation (4000× g, 20 min, 4 °C). After discarding the supernatant, the cells 

were resuspended in 500 mL sterile and ice-cold 10% glycerol. The cells were 

recovered by centrifugation and washed twice more with decreasing the volume of 
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glycerol solution in each step. The cells were finally resuspended in 1.5 mL ice-cold 

10% glycerol, flash-frozen in 50 L aliquots and stored at -80 °C.  

Both M. smegmatis mc2155 and mc24517 electrocompetent cells were prepared from 

freshly streaked LB-agar plates using similar protocol to that of E. coli with added 

Tween 80 in the media. Cultures for mc24517 strain were supplemented with 

50g.mL-1 kanamycin.  

 

B. Chemocompetent cells 

Chemocompetent E. coli cells were used for expression purposes and were grown 

using similar methods to that of electrocompetent cells. Starter culture was used to 

inoculate 100 mL of LB medium and grown at 37 °C until OD600 ~ 0.6 was achieved. 

Cells were incubated on ice for 10 min, harvested as described previously and gently 

resuspended in 30 mL of sterile and ice-cold 80 mM MgCl2, 20 mM CaCl2. Cells 

were then recovered and resuspended in 2 mL of ice-cold CaCl2 and 1.5 mL DMSO, 

flash-frozen in 50 L aliquots and stored at -80 °C.  

2.2 DNA manipulation 

2.2.1 Gene sequences and primer design 

DNA sequences for the target open reading frames (ORFs) were obtained from the 

Mycobacterium tuberculosis Tuberculist database1F

2. Forward and reverse primers were 

designed based on gene-specific DNA sequences with flanking nucleotide sequences 

specific to the selected restriction enzyme sites. Each pair of the forward and reverse 

primers was designed to match the corresponding melting temperatures within 0.5 °C. 

The melting temperature and potential self-complementarity were checked using 

online oligonucleotide properties calculator Oligocalc2F

3. Primers were then ordered 

                                                 

2 http://tuberculist.epfl.ch/ 
3 http://www.basic.northwestern.edu/biotools/oligocalc.html 

http://tuberculist.epfl.ch/
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from Integrated DNA Technologies and dissolved in MilliQ-H2O to a final 

concentration of 100 M and stored at -20 °C.  

Table 2.4: Primers used in the amplification Rv1187, Rv1188 and Rv1186c constructs 

Construct Primer Sequences (5’-3’) Restriction 

enzyme 

pYUB28b-

Rv1187 

FW GGGATGCTGGCACATATGGACGCGATCACCCAGGTGCCG NdeI 

RV TGACAGCAACCGAAGCTTTCAGCGCTCGGCGCACCCCC HindIII 

pYUB28b- 

Rv1188 

FW TTTCAGGGCGCCATGGCCGGCTGGTTCGCGCACACG NcoI 

RV AGCAACCGGCGAAGCTTGCGCTCGGCGCACC HindIII 

Nter-His6 

pYUB28b-

Rv1187-

Rv1188 

FW GGGATGCTGGCACATATGGACGCGATCACCCAGGTGCCG NdeI 

RV TGACAGCAACCGAAGCTTTCAGCGCTCGGCGCACCCCC HindIII 

Cter-His6 

pYUB28b-

Rv1187-

Rv1188 

FW GATGCTGGCACCATGGACGCGATCACCCAGGTG NcoI 

RV AGCAACCGGCGAAGCTTGCGCTCGGCGCACC HindIII 

pYUBDuet-

Rv1187-

Rv1188 

FW TTTCAGGGCGCCATGGCCGGCTGGTTCGCGCACACG NcoI 

RV GTGACAGCAACCAAGCTTTCAGCGCTCGGCGCACCCCCG HindIII 

pUAB300-

Rv1187 

FW GCCAGTCCCTGCAGCATGGACGCGATCACCCAG PstI 

RV AATGCGCCAAGCTTTCAGTCGACCGCCATGTGCG HindIII 

pUAB400-

Rv1187 

FW GCCAGTCCGAATTCCATGGACGCGATCACCCAGGTG EcoRI 

RV AATGCGCCAAGCTTTCAGTCGACCGCCATGTGCG HindIII 

pUAB300-

Rv1188 

FW GCGATCCTCTGCAGCATGGCCGGCTGGTTCGCG PstI 

RV AATGCGCCAAGCTTTCAGCGCTCGGCGCACC HindIII 

pUAB400- FW GCGATCCTGAATTCCATGGCCGGCTGGTTCGCG EcoRI 
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2.2.2 Plasmid purification 

Plasmid DNA isolation was performed from overnight 5 mL LB cultures using 

commercially available ‘mini-prep’ kit (Axygen), following the manufacturer’s 

protocol.  

 

2.2.3 PCR amplification  

The target ORFs were amplified from the M. tuberculosis H37Ra genomic DNA 

using PrimeStar DNA polymerase (Takara Bio). The iProof High Fidelity Polymerase 

(Biorad) and PfU Ultra II Fusion HS Polymerase (Agilent) were also used for the 

amplification and mutagenesis of the target ORFs. Considering the high G+C content 

of the Mtb genome, all PCR reactions were performed using the appropriate buffers. 

A gradient of annealing temperature was also used to optimise the amplification. A 

typical PCR reaction was performed as described in Table 2.6.  

Table 2.5: A typical PCR reaction mixture. 

Rv1188 

RV AATGCGCCAAGCTTTCAGCGCTCGGCGCACC HindIII 

PL240/PL242

-Rv1187 

FW CGTACCTGAATAGTGCTAACTAGTATGGACGCGATCACCCAGG SpeI 

RV TACGCTTGAAGCCTGAACGTTAACGTCGACCGCCATGTGCG HpaI 

PL240/PL242

-Rv1187 

FW GTGTGCGCGAGTACTAGTATGGCCGGCTGGTTCG SpeI 

RV ACAACTGATCGTGTTAACGCGCTCGGCGCACC HpaI 

Nter-His6 

pYUB28b-

Rv1186c 

FW TCGGACAACCATATGATGCGGATCGCCGGCGTGG NdeI 

RV GTCGAGTTGAAGCTTCTAAGCCGTGCGTTCCATGGCC HindIII 

Cter-His6 

pYUB28b-

Rv1186c 

FW TCGGACAACGCATGCATGCGGATCGCCGGCGTGG SphI 

RV GTCGAGTTGAAGCTTAGCCGTGCGTTCCATGGCCC HindIII 
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Reagents Final concentration 

GC Buffer 1 x 

dNTPs 200 M 

Forward primer 0.2M 

Reverse primer 0.2M 

Template 100 ng 

Polymerase 1.25 units 

PCR enhancer   1 x 

 

Table 2.6: A typical PCR protocol. 

 

 

 

 

 

 

2.2.4 Mutagenesis 

All surface mutants of Mtb-DHAD were amplified from the wild-type construct 

(pProExHTb-Rv0189c) by a two-step PCR reaction using iProof High-Fidelity DNA 

Polymerase© (BioRad) (Table 2.8). PCR reactions were supplemented with 8% (v/v) 

DMSO and 10% (v/v) PCR enhancer (Table 2.5). The PCR products were analysed on 

a 1% (w/v) agarose gel in TAE buffer and purified using PCR Clean-up kit (Axygen) 

in a 30 L final volume of TE buffer. In order to eliminate the parental plasmid DNA 

and reduce the ligation background, the purified PCR products were digested using 

the DpnI restriction enzyme, which specifically digests methylated DNA. 30 L of 

DpnI buffer was added to the purified PCR products and the digestion was carried out 

Initial denaturation 98°C 2 min 

Denaturation 98°C 10 sec 

Annealing 50-60°C 5 sec 

Extension 72°C 1 min/kb of ORF 

Final extension 72°C 10 min 

End 4°C  

30 cycles 
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with 5-10 units of DpnI enzyme (Roche) at 37 °C for 2 hours. The reactions were 

further purified using PCR Clean-up kit and 30 ng of purified DNA was used to set up 

ligation reactions with 10 units of T4 DNA ligase. After overnight incubation at 18 

°C, E. coli Top10 cells were transformed with the ligation reaction and positive 

colonies were selected on LB agar plates supplemented with 100 g/mL Amp. 

Plasmids were prepared using Mini-Prep kit (Axygen) as described in §2.3.3 and the 

presence of desired mutations was confirmed using DNA sequencing.  

 

Table 2.7: Primers used for mutagenesis of Mtb-DHAD surface mutant constructs. F: forward 

primer; R: reverse primer; P, phosphorylation. 

 

 

 

 

 

Table 2.8: Two-step PCR protocol used for mutagenesis reactions. 

 

 

 

 

 

2.2.5 Agarose gel electrophoresis 

Agarose gels were used to assess the size and purity of PCR products and DNA 

fragments. Gels were prepared by melting agarose powder in TAE buffer (40 mM 

Tris/acetate, 1 mM EDTA, pH 8.0), usually made up as 1% gels. Samples were mixed 

and loaded with the loading dye (30% glycerol, 0.25% bromophenol blue and 0.25% 

Primer Sequence 

Mut1_F 5’P-GGCCTGGCGGCGGCCGCTGC-3’ 

Mut1_R 5’P-CAGGCCGTCGGTGACGTCTCGACT-3’ 
Mut2_F 5’P-AACGCGGTCGCGGCGGGGGTGTTTTC-3’ 

Mut2_R 5’P-GACCGCGTTGGCCAGCCGG-3’ 

Mut3_F 5’P-GCACTCTCCGACGGTAGCGAACGAGAC-3’ 

Mut3_R 5’P-GGCCCGGCCGGGCAAAATAGAGCC-3’ 

Initial denaturation 98°C 3min 

Denaturation 98°C 10 s 

Extension 72°C 1 min/kb of plasmid 

Final extension 72°C 10 min 

End 4°C  

25 cycles 
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xylene cyanol) and 1 Kb Plus Ladder™ (Invitrogen) was used as a molecular size 

standard. DNA-intercalant dye ethidium bromide was added to agarose gels, allowing 

visualisation of DNA fragments while exposed to ultraviolet (UV) light at λ = 254 nm 

using a Gel Documentation System (Biorad).  

 

2.2.6 DNA quantification 

DNA concentrations were measured by UV-visible spectroscopy using a NanoDrop® 

ND-1000 Spectrophotometer (NanoDrop Technologies). 

 

2.3 Cloning 

2.3.1 Restriction enzyme digestion 

The PCR products were purified, either using the PCR clean up kit or extracted from 

agarose gel using the DNA gel-extraction kit (Axygen). Both plasmid and PCR 

products were digested with 10 units of the appropriate restriction enzymes for 3 h at 

37 °C. Each restriction enzyme was used as a control in a single digestion reaction. In 

double digestion reactions, the restriction enzymes were either added at the same time 

or sequentially. In the latter case, the digestion with the first enzyme was performed 

for an hour and the digestion carried out for another 2 h after addition of the second 

restriction enzyme. To avoid re-circularization of the plasmids, 5 units of shrimp 

alkaline phosphatase (SAP) was added to the plasmid double-digestion reactions 15 

min before the end of the digestion. The digestion reactions were then assessed on 

agarose gel together with both single digestion reactions and also undigested plasmid 

as controls. Double-digested PCR products and plasmids were purified prior to setting 

up of ligation reactions.  

 

2.3.2 Ligation 
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Ligation reactions were set up by mixing 40 ng of digested plasmid with the insert in 

a 3:1 ratio (insert:plasmid). 2-5 units of T4 DNA ligase (Roche) were added to the 

reaction mixture (Table 2.9), which was then incubated overnight at 18 °C. In some 

cases, the reaction was supplemented with 5% (w/v) PEG8000 as a crowding reagent 

to improve ligation efficiency. In this case, PEG8000 was removed from the reaction 

mixture prior to transformation. To compensate for the loss of plasmid during 

purification, 100 ng of plasmid was used when ligation included PEG8000.  

Table 2.9: A typical ligation mixture. 

 Routinely + PEG8000 

Plasmid 40 ng 100 ng 

Insert:plasmid ratio 3:1 3:1 

T4 DNA ligase Buffer 1 L 1 L 

T4 DNA ligase 1 L 1 L 

 50% PEG8000  − 2 L 

H2O up to 10 L up to 20 L 

 

2.3.3 Electroporation of competent cells 

Electroporation of E. coli electrocompetent cells was performed using a 

MicroPulser™ electroporation apparatus (Bio-Rad). An aliquot of electrocompetent 

cells was thawed on ice and mixed with 1-2 L of the ligation mixture or 50-100 ng of 

plasmid DNA and then transferred into a pre-chilled 0.2 cm electroporation cuvette. 

Following the electroporation, 1 mL LB was immediately added and the cells were 

allowed to recover at 37 °C for an hour with agitation. The cells were subsequently 

plated onto LB agar plates and incubated overnight at 37 °C. In the case of antibiotic 

selection with hygromycin, the cells were plated on low-salt LB agar plates (Table 

2.2).   

 

2.3.4 Selection of positive clones  
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A. Colony PCR  

To confirm the presence of correct-sized inserts, a few colonies from the 

transformation plates (5 to 20 colonies) were resuspended in 50 L of LB and 1 L of 

the suspension was used as a template for a PCR reaction. After verifying the correct 

insert size on an agarose gel, the remainder of the corresponding positive samples was 

used to inoculate overnight cultures (~ 7 mL) supplemented with the appropriate 

antibiotic. The cultures were then used to prepare plasmids using a mini-prep kit.  

 

B. Restriction digestion  

Plasmids prepared from the positive colony PCR samples were used for diagnostic 

double-digestion reactions. 5 L of the purified plasmid was used for digestion with 

4-6 units of the appropriate restriction enzymes and the digestion carried out for 1-2 h. 

Presence of the correct-sized insert was checked on an agarose gel and the positive 

plasmids were sent for DNA sequencing at the Centre for Genomics, Proteomics and 

Metabolomics in the School of Biological Sciences, University of Auckland. 

 

2.4 Protein expression   

2.4.1 E. coli 

A. Transformation of chemocompetent cells 

For expression purposes, E. coli BL21 (DE3) cells were used. An aliquot of the 

chemocompetent cells was thawed on ice, mixed with 2 L of plasmid DNA, then left 

on ice for 30 min. The mixture was then heat shocked at 42 °C for 45 s. After leaving 

the mixture on ice for 2 min, 1 mL LB was added and incubated for an hour at 37 °C 

with agitation. 25-75 L of the mixture was subsequently plated on LB-agar plates 

supplemented with the appropriate antibiotic.  
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B. Protein expression  

A starter culture was grown in non-inducing MDG (non-inducing) medium (Table 

2.2) overnight at 37 °C from a single colony supplemented with the appropriate 

antibiotic. The starter culture was then used to inoculate ZYM5052 autoinduction 

medium (Table 2.2), TB autoinduction or LB medium in a 250 mL sterile flask. For 

larger-scale preparations, protein expression was carried out in either 2-litre baffled 

flasks containing 500 mL of medium or in a 19.5 L fermentor (New Brunswick 

Scientific). Cultures were grown for 3-4 h at 37 °C until OD600 reached 0.5-0.6, after 

which they were transferred to 18 °C for a further 18-20 h. In the case of expression 

in LB, cultures were induced with 1 mM IPTG prior to transfer at 18 °C. Cells were 

subsequently harvested by centrifugation (3,000× g, 4 °C for 15 min) and stored at -20 

°C in 20 g aliquots. 

The wild-type and surface mutant constructs of Mtb-DHAD were expressed and 

purified in E. coli BL21 (DE3) according to the protocols described above, but with 

the following modifications. Following transformation and selection of positive 

colonies, a single colony was picked up and re-plated on fresh LB-agar plate to be 

used as an inoculum for TB expression cultures. In order to provide sufficient iron 

and sulfur elements for [Fe-S] cluster production, the expression media were 

supplemented with 0.1 mg.mL-1 of ferric ammonium citrate, ferrous sulfate and 1 mM 

L-cysteine.  

 

C. Solubility screening 

The solubility of target proteins was assessed prior to scale-up, carried out by a small-

scale pull-down method. For this purpose, expression was carried in a small volume 

(~ 50 mL) using the protein expression protocol described above. The cells were 

harvested and resuspended in 3-5 mL of protein buffer and lysed using a cell disruptor 

(Constant Cell Ltd). The buffer composition was varied to cover a range of pH (6.0 – 

9.0, in steps of 0.05) and salt concentrations (150 – 500 mM). Lysates were cleared by 

centrifugation (20,000× g, 4 °C for 15 min) and the supernatants were then mixed 
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with the pre-washed metal-based affinity resin (nickel- or cobalt-based) and incubated 

at 4 °C under gentle agitation. The beads were separated with brief centrifugation and 

washed with buffer until no protein was detected by the Biorad protein assay. The 

resin-bound proteins were then eluted with 500 mM imidazole in the buffer. The 

eluted protein was analysed on SDS-PAGE, together with the insoluble material and 

the soluble fractions before and after binding to the beads.  

 

2.4.2 Mycobacterium smegmatis 

A. Transformation of electrocompetent cells 

Electroporation of M. smegmatis competent cells was carried out using a Gene Pulser 

Xcell™ electroporation apparatus (Biorad) according to the published protocol (79). 

An aliquot of electrocompetent cells was thawed on ice, mixed with 50-100 ng of 

plasmid DNA and incubated on ice for 5-10 min. 260 L of 10% glycerol was added 

to the mixture, which was then transferred into a 0.2 cm pre-chilled electroporation 

cuvette. Parameters for electroporation were as follow: R = 1000 Ω, Q = 25 F and V 

= 2.5 kV. Following electroporation, the cells were immediately resuspended in 1 mL 

7H9/ADS/Tween80 or LBT. The cells were recovered for 3 h at 37 °C with shaking, 

after which 50-100 L of the total transformation suspension was plated on 

7H10/ADS or LB-agar plates supplemented with kanamycin and hygromycin at 50 

μg.mL-1. Plates were incubated at 37 °C for 3-5 days to obtain single colonies.  

 

B. Protein expression  

Protein expression in M. smegmatis was performed following the protocol described 

for E. coli in §2.4.1 except for the following modifications. All culture media were 

supplemented with 0.05% Tween 80 to prevent cell clamping. After transformation, it 

usually took 3-5 days for colonies to appear on plates. In addition, it required 36-48 h 

for 5-10 mL starter cultures to grow if started from single colonies. Expression 
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cultures were then inoculated at a dilution of 1:100 using starter cultures and 

expression was usually carried out for 3-4 days.  

 

C. Expression of SeMet-substituted protein 

SeMet-PruA was expressed in the selenomethionine-supplemented minimal medium 

PASM-5052 (see Table 2.2), following the published protocol (80). Expression was 

carried out for 14 days at 37 °C and the cells were then harvested for purification.  

 

2.5 Protein purification 

2.5.1 Buffers  

The lysis buffers used for purification of different proteins during this project are 

listed in Table 2.10. Either β-mercaptoethanol (β-ME) or Tris(2-

carboxyethyl)phosphine (TCEP) was used as reducing agent. TCEP was prepared in 

200-500 mM buffer solution, due to its acidic nature. To overcome solubility issues, 

n-octyl-β-D-glucopyranoside (BOG) as added to the buffer solutions for PruB 

purification.  

Table 2.10: Lysis buffer composition. 

Protein  Buffer composition 

PruA 20 mM Tris-HCl pH 8.5, 150 mM NaCl, 1 mM β-ME 

PruB 50 mM HEPES pH 8.0, 100 mM Na formate, 0.5 mM TCEP, 0.1 mM BOG 

PruC 20 mM MES pH 6.0, 500 mM NaCl, 10% (w/v) glycerol, 0.5 mM TCEP 

Mtb-DHAD 20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP, 5-10 % glycerol 
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2.5.2 Lysis 

Cell pellets were thawed and resuspended in lysis buffer (approximately 2 mL buffer 

per 1 g wet cell pellet), supplemented with 20 mM imidazole. Prior to lysis, Complete 

Protease Inhibitor Cocktail Mini EDTA-free tablets (Roche) and 0.5 mg.mL-1 of 

DNAse were added to the cell suspension. Cells were then lysed either using a cell 

disruptor (Constant Systems Ltd) or a homogenizer (Microfluidizer M-110P by 

Microfluidics) at 17-19 kPa. In the case of M. smegmatis, cells were lysed twice to 

achieve better lysis. The crude lysate was cleared of cellular debris and insoluble 

material by centrifugation (20,000× g, 4 °C for 25 min). The lysate was then filtered 

through a 0.45 m filter (Sartorius). 

 

2.5.3 Immobilised Metal Affinity Chromatography (IMAC) 

The His6-tagged recombinant proteins were purified by IMAC using a 5 mL Hi-Trap 

Chelating Column (GE Healthcare). In the case of solubility trials, proteins were 

purified using a pull-down assay where cell lysate was incubated with pre-washed 

nickel-based (Ni-NTA, Bio-Rad) or cobalt-based (TALON resin, Clontech) beads. 

Prior to each use, the Hi-Trap column was regenerated by washing the column as 

follows: 2 column volumes (CV) of 0.1 mM EDTA; 5 CVs of Milli-Q-H2O; 2 CVs of 

0.1 mM NiCl2 ; 5 CVs of Milli-Q-H2O; and finally equilibration with 5 CVs of buffer. 

Cleared and filtered lysate was loaded onto the column at 2 mL.min-1 using a 

peristaltic pump and the column was thoroughly washed with lysis buffer to remove 

non-specifically bound proteins. Protein was then eluted at 1 mL.min-1 in a continuous 

gradient of imidazole concentration (from 20 to 500 mM imidazole) and collected in 1 

mL fractions. The elution was monitored by following the absorbance at 280 nm and 

performed using a ÄKTA FPLC system (Prime, Explorer or Purifier, GE Healthcare). 

All collected fractions were analysed on SDS-PAGE.  
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2.5.4 Amylose affinity chromatography 

Amylose affinity chromatography was used to purify recombinant proteins fused with 

a maltose-binding protein (MBP). A disposable Econo-Pac© column (Biorad) was 

loaded with Amylose resin (New England Biolabs) and equilibrated with the lysis 

buffer. Cleared and filtered lysate was loaded onto the column and washed thoroughly 

with the lysis buffer until no contaminants were detected using Biorad Protein Assay. 

The recombinant protein was then eluted off the column with the buffer supplemented 

with 10 mM maltose. The supernatant, flow-through and elution fractions were 

analysed using SDS-PAGE.  

 

2.5.5 Size Exclusion Chromatography (SEC) 

SEC separates molecules based on size and shape and was used as the last purification 

step throughout this project in order to obtain a monodisperse protein solution. A 

Superdex 200 10/300 column (GE Healthcare) coupled to an ÄKTA FPLC system 

(Explorer or Purifier, GE Healthcare) was used for the purification. The column was 

first washed with 2 CVs of water and equilibrated with 2 CVs of protein buffer. 

Protein samples were concentrated down to 0.5 mL (see §2.5.7 for protein 

concentration details), centrifuged at 20,000× g and filtered through 0.2 m filters 

before injection. The samples were then loaded into the sample loop and injected onto 

the column at 1 mL.min-1. 1 mL fractions were collected and analysed on SDS-PAGE.  

 

2.5.6 rTEV protease purification and cleavage 

We use an engineered rTEV protease construct (MHT-rTEV-238delta) in our lab that 

produces higher yields of stable enzyme compared to the wild type counterpart (81). 

The protease was expressed in E. coli BL21 Rosetta2 cells using TB autoinduction 

medium (see Table 2.2), supplemented with 50 g.mL-1 kanamycin and 10 g.mL-1 

chloramphenicol. The cells were grown overnight at 28 °C and harvested by 

centrifugation (3000× g, 4 °C for 30 min). The cells were then resuspended in the 



Chapter 2  -  Methods and Materials 

 40 

lysis buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 1 mM TCEP, 20% ethylene 

glycol) and lysed using cell disrupter. The rTEV protease was purified using IMAC, 

as described earlier, followed by overnight dialysis at 4°C against 2 L of 20 mM Tris-

HCl pH 7.5, 150 mM NaCl and 0.5 mM TCEP. Glycerol was added to the protein 

solution to 50% final concentration and the protein was snap-frozen in 1 mg.mL-1 

aliquots using liquid nitrogen.  

The rTEV protease was used to cleave off the purification/solubility tags from those 

recombinant proteins that contained the rTEV cleavage sequence (ENLYFQG). After 

the first affinity purification step, the recombinant protein and rTEV were mixed in a 

dialysis bag (1 mg rTEV/100 mg protein) so that the tag could be cleaved during 

overnight dialysis at 4 °C. Subtractive affinity purification was then used to separate 

cleaved protein from the uncleaved and rTEV proteins.  

 

2.5.7 Protein concentration and storage 

Protein solutions were concentrated by ultrafiltration using centrifugal protein 

concentrators (Vivaspin™, GE Healthcare). As a rule of thumb, a membrane with 

molecular weight cut-off equivalent to half the molecular weight of the protein 

monomer was selected. Protein concentration was performed at 3500× g at 4 °C until 

the desired volume was obtained. For long-term storage, 20 L aliquots of 

concentrated protein were snap-frozen in liquid nitrogen and stored at -80 °C.  

 

2.6 Protein analysis 

2.6.1 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

Generally, SDS-PAGE of protein samples was carried out using 12% or 15% 

acrylamide gels. Briefly, 5 L of protein sample or cell lysate was mixed with 5 L of 

SDS loading buffer (50 mM Tris-HCl pH 6.8, 40% glycerol, 4% SDS, 5 mM -ME 
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and 0.2 % bromophenol blue) and denatured by boiling at 96 °C for 5 min. Samples 

were then loaded into the wells along with the protein molecular weight standards 

(Unstained Precision Plus Protein Standard™, Bio-Rad). Gels were run at 25 mA until 

the dye front ran into the running buffer, after which they were immersed into the 

staining solution (40% ethanol, 10% glacial acetic acid and 0.125% Coomassie 

Brilliant Blue R-250, Serva) for an hour at room temperature. Destaining the gels 

(40% ethanol and 10% glacial acetic acid) was carried out until protein bands 

appeared on a clear background.  

 

2.6.2 UV-Vis spectrophotometry 

Protein concentration was estimated by measuring the absorbance at 280 nm using a 

NanoDrop ND-1000 spectrophotometer (Thermo Fischer Scientific) or a Cary 4000 

UV-visible spectrophotometer (Varian). The protein concentration was derived from 

the Beer-Lambert law A = lc, where A is the absorbance at 280 nm,  is the molar 

extinction coefficient (M-1cm-1) obtained from the online bioinformatic tool 

ProtParam3F

4, l is the path length of the sample (cm) and c is the protein concentration 

(M).  

UV-visible absorption scans were performed using a Cary 4000 UV-visible 

spectrophotometer (Varian). Scans were performed at room temperature and recorded 

from 250 – 600 nm. Data were plotted and analysed using Prism software. 

 

2.6.3 Quantification 

Protein concentration was estimated by measuring the absorbance at 280 nm using 

NanoDrop ND-1000 spectrophotometer (Thermo Fischer Scientific) or Cary 4000 

UV-visible spectrophotometer (Varian). The protein concentration was derived from 

the Beer-Lambert law as described above. 

                                                 

4 ProtParam tool: http://web.expasy.org/protparam/ 
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2.6.4 Dynamic light scattering (DLS) 

DLS was used to estimate the monodispersity of purified protein samples. To prepare 

samples free of aggregates or particles, the samples were filtered through a spin filter 

(0.2 m) and then centrifuged at 30,000× g for 10 min at 4 °C. Experiments were 

recorded using Wyatt DynaPro Titan at 18 °C. 20 L of protein sample was 

transferred into a DLS quartz cuvette and equilibrated at 18 °C for 5 min before data 

collection. To ensure a linear response of the photon counter, the laser power was 

adjusted so the laser intensity did not exceed 800,000 counts/sec. 500 Auto-

Correlation Functions (ACFs) were recorded for each sample and then analysed using 

Dynamics V6 software (Wyatt Technology).  

 

2.6.5 Mass spectrometry 

In order to confirm the identity of purified proteins before conducting further studies, 

protein bands were excised from the SDS-PAGE gel for mass spectrometry analysis. 

The following procedure was conducted by Mr. Martin Middleditch at the Centre for 

Genomics, Proteomics and Metabolomics in the School of Biological Sciences. 

Excised gel bands were crushed into small pieces, dehydrated in acetonitrile and 

reduced in 10 mM dithiothreitol (Bio-Rad) at 56 C for 30 min. The gel pieces were 

subsequently alkylated with 50 mM iodoacetamide (GE Healthcare) at room 

temperature for another 1 h, followed by another step of dehydration in acetonitrile. 

The samples were then dried in a heat block, rehydrated and covered with 12.5 ng/μL 

trypsin solution (Promega) and incubated for 30 min at 40 °C. The digests were 

acidified by the addition of 10% formic acid and then analysed using LC-MS/MS.  

For LC-MS/MS analysis, samples were injected onto a C18 trap cartridge (LC 

Packings) for desalting prior to chromatographic separation on 0.3x100 mm 3.5u 

Zorbax 300SB C18 Stablebond column (Agilent Technologies). Column eluates were 

ionised in the electrospray source of a QSTAR-XL Quadrupole Time-of-Flight mass 

spectrometer (Applied Biosystems). A TOF-MS scan from 330-1600 m/z was 

performed, followed by three rounds of MS/MS on the three most intense multiply-
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charged precursors in each cycle. The resulting peptides were searched for peptide 

footprinting against the entire NCBI non-redundant protein sequence database (NCBI) 

or a bacterial subset thereof, using Mascot software (Matrix Science). Protein identity 

was then confirmed by analysis of protein sequence coverage. 

2.6.6 SEC-MALS 

Protein elution on SEC is dependent on protein size and shape. Estimation of 

molecular weight using SEC is based on a calibration curve that is prepared from 

elution volumes. This would, however, complicate the measurements if a given 

protein does not behave as a globular protein. Multiangle laser light scattering 

(MALS) coupled to SEC provides a means to calculate the molecular molar mass 

based on light scattering at different angles, eliminating the estimation of the 

molecular weight from elution volumes.  

The wild type Mtb-DHAD protein samples (100 L) were loaded onto a Superdex 

200-increase 10/300 column (GE Healthcare) at three different concentrations (6, 3 

and 1.5 mg.mL-1). The column was connected to an Ultimate 3000 HPLC (Thermo 

Scientific) with inline PSS SLD7000 MALS detector and Shodex RI-101 differential 

refractive detector (Wyatt Instruments). The system was pre-equilibrated in size 

exclusion buffer. The samples were eluted at a flow rate of 0.5 mL.min-1. Data were 

processed using WinGPC UniCrom software package and a dn/dc value of 0.186 

mL.g-1.  

 

2.6.7 Differential Scanning Fluorimetry (DSF) 

In order to improve solubility and stability of proteins, some protein samples were 

screened against a diverse set of solutions (different buffers, pH, salt or additives) 

using DSF. This technique is used to follow protein thermal unfolding in the presence 

of a fluorescent dye. The dye is highly fluorescent in a hydrophobic environment, 

including hydrophobic patches of an unfolded protein, whereas its fluorescence is 

quenched in solution (82). 
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Protein, screen solutions and SYPRO® Orange Protein Gel Stain (Sigma Aldrich) 

(1/200 final dilution) were mixed together in 25 L reaction volume in a 96-well PCR 

plate and sealed. Fluorescence of the SYPRO® orange dye was measured on real–time 

by scanning the temperature between 25 and 95 ºC at 1 ºC per minute. The 

fluorescence signal was plotted against temperature, enabling the melting temperature 

of the protein (Tm) to be determined. The experiment was performed using MyiQ 

Single–Colour Real–Time PCR Detection System (Biorad). Data analyses and fitting 

to the Boltzmann equation to calculate the Tm values were performed using Microsoft 

Excel and GraphPad software. A significant increase in protein Tm was used as the 

criterion for protein stabilisation and the conditions with the highest shift were 

combined into a single buffer that was subsequently used for protein purification.  

 

2.7 Protein crystallisation 

2.7.1 Initial crystallisation screening 

Initial crystallisation screening was carried out using the sitting-drop vapour-diffusion 

method in 96-well plate format (Intelliplate™, Art Robbins Instrument). An in-house 

library of 576 conditions based on the scientific literature and on commercially 

available crystallisation conditions was used for initial screening (83). Protein 

samples after size-exclusion chromatography step were concentrated to 10-15 mg.mL-

1 and screened against the entire crystallisation screen. All initial crystallisation 

screening was carried out at 18 °C. A Multiprobe II HT/EX liquid-handling robot 

(PerkinElmer) was used to dispense 85 μL of the each of the crystallisation screen 

solutions into the reservoirs of crystallisation plates. Either a Cartesian Honeybee 

(Genomic Solutions) or Oryx4 robot (Douglas Instrument) was then used to set up 

crystallisation drops by consecutive dispensing of protein solution and crystallisation 

reservoir solutions. Unless specifically indicated, protein and reservoir solution were 

mixed in 1:1 ratio.  
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2.7.2 Optimisation of crystallisation hit 

A. Fine screening 

Once positive crystallisation hits were identified, a fine screen was designed to fine 

tune different parameters of the crystallisation condition including pH, protein, 

precipitant and salt concentrations. Proteins were subsequently screened against the 

fine screen using both sitting-drop (CrystalClear P™strips, Hampton Research) and 

hanging-drop (VDX plates, Hampton Research) vapour diffusion. In sitting-drop 

crystallisation trials, 80 L of the mother liquor was manually transferred into the 

well. This was 500L in the case of hanging-drop experiments. In both methods, 

protein and screen were mixed to a final volume of 2 L.  

 

B. Micro seeding 

To obtain bigger and better-diffracting crystals, a micro-seeding method was 

employed (84). Using a Crystal Crusher™ (Hampton Research), a micro-seed stock 

was prepared by crushing a few crystals into small seeds and this stock was then 

transferred into a 1.5 mL eppendorf tube. The seed stock was diluted with the 

corresponding crystallisation condition and several dilutions were used to obtain the 

optimum amount of initial seed needed. The seeds were then used to set up 

crystallisation drops using both direct- and streak-seeding methods. In direct micro 

seeding, the seed stock is directly used to set up crystallisation drops and the drops 

were mixed in a 1:2:1 ratio (protein:crystallisation condition:seed stock) using the 

sitting-drop vapour-diffusion technique at 18 °C. In the streak seeding method, 

crystallisation drops were first set up and equilibrated, from 2 h to overnight, before 

seeding was performed using a cat whisker.  

In the case of wild type Mtb-DHAD, both streak- and micro-seeding techniques were 

used to improve crystal size and quality. In streak-seeding experiments, crystals 

obtained from fine screening in 2.0 M (NH4)2SO4 pH 8.0 were fished out, washed in a 

fresh drop, crushed and diluted into 300 L of 2.0 M (NH4)2SO4, pH 8.0. Hanging-
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drop crystallisation experiments were set up using the condition obtained from fine 

screening and were equilibrated from two hours to overnight. Different concentrations 

of seed stock (from 1/10 to 1/1000 dilution) were then used to seed the equilibrated 

drops using cat whiskers. In the case of direct seeding, various concentrations of the 

seed stocks were used to seed freshly set up crystallisation drops in both hanging- and 

sitting-drop methods.  

C. Additive screening 

Additive screening was used to improve the diffraction quality of crystals. The 

Additive Screen HT™ (Hampton Research) contains a library of 96 unique solutions 

of small molecules that could affect protein solubility. Proteins were screened using 

the sitting-drop method by adding each additive solution into the crystallisation 

reservoir in 1:10 dilution. Crystallisation drops were then set up as previously 

described.  

The Silver Bullet Bio™ additive screen (Hampton Research) was also used to 

improve diffraction quality and obtain new crystal forms. This screen includes more 

than 1,090 different chemicals and biochemical reagents (85). Using the sitting-drop 

vapour-diffusion method, each cocktail of additives was mixed in the crystallisation 

drop with protein and precipitant in 1:1:2 ratio (protein:additive:precipitant).  

 

2.8 X-ray crystallography 

2.8.1 Crystal preparation  

In order to limit crystal damage induced by X-rays during diffraction experiments and 

also to avoid the formation of ice crystals during flash-cooling, crystals must be 

cryoprotected. Cryoprotecting agents either penetrate solvent channels (e.g. ethylene 

glycol polymers) or create a barrier between air and crystal surface (e.g. oils).  

During this project, the Mtb-PruA protein was crystallised using the Morpheus screen 

in a mixture of 12% PEG1000, 12% PEG3350 and 12% MPD. Since this condition 
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also provides cryoprotection, the crystals were flash cooled directly without any 

additional cryoprotection. The Mtb-DHAD crystallisation condition contained 2.0 M 

(NH4)2SO4 as the major precipitating agent. This high salt concentration was 

exploited for the purpose of cryoprotection and crystals were flash cooled using 2.2 M 

(NH4)2SO4.  

For crystal cooling, crystals were immersed in a drop of cryoprotectant solution and 

were then fished onto a nylon cryoloop attached to a cryocap (Hampton Research). 

The crystals were subsequently flash-cooled using liquid nitrogen, mounted on a 

goniometer head and exposed to X-rays as described below. 

 

2.8.2 Data collection 

A. Home source 

Crystal diffraction was initially tested in-house using a MicroMAX-007HF™(with an 

osmic monochromator) (Rigaku) rotating anode generator (Rigaku) and a copper 

target (CuK radiation ) fitted with Mar345 DTB detector (Mar Research) 

and cryo-cooling system. Crystals were tested both at room temperature and cryo-

cooled.  

Lattice parameters such as cell dimensions and point group symmetry were 

determined using MOSFLM (86) from a few images collected at different crystal 

orientations. A global data collection strategy was then determined with MOSFLM to 

estimate the optimal starting orientation and number of images required to collect a 

complete dataset. 

 

B. Synchrotron source 

The majority of X-ray diffraction datasets were collected using synchrotron radiation 

at the Australian Synchrotron, Melbourne, Australia. This facility provides two 

protein crystallography beamlines MX-1 (with a bending magnet) and MX-2 (with an 
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ondulator). MX-1 is equipped with an ADSC Quantum 210r Detector whereas a 315r 

detector operates on MX-2. Both beamlines are controlled using BlueIce interface and 

are equipped with a SAM loading robot, offering cryocooling of crystals with liquid 

nitrogen.  

X-ray diffraction data for the wild-type and surface mutant construct of Mtb-DHAD 

were collected on the MX1 beamline at the Australian Synchrotron. Parameters used 

for data collection are summarised in Table 2.11.  

Table 2.11: Summary of collection parameters of Mtb-DHAD data on MX1. 

Crystal No. of images Oscillation Exposure (attenuation%) 

Wild type 360  1° 1 s, 80% 

Mut3 360 1° 1 s, 70% 

 

2.8.3 Data processing 

X-ray diffraction data were indexed and integrated with the XDS suite (87). The 

POINTLESS package, part of the CCP4 suite (88,89), was then used for initial space 

group prediction and for conversion of integrated reflections from XDS into a suitable 

format for merging and scaling using SCALA (part of CCP4 suite). Appropriate high-

resolution limits were determined by comparing several statistical parameters, such as 

Rmerge, Rpim, mean I/I, completeness and CC1/2 (90,91). 

 

2.8.4 Matthews analysis 

The crystal unit cell volume was analysed to estimate the solvent content and the 

likely number of molecules present in the asymmetric unit (AU). Matthews 

coefficient (VM , in Å3.Da-1) (92) is defined as below: 
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VM = VAU / (n × Mr) 

where VAU is the volume of the AU in Å3, n the number of molecules present in the 

AU and Mr the molecular weight of a single molecule in Daltons. Matthews analysis 

was performed through the CCP4 software suite (89).  

 

2.8.5 Phase determination 

In X-ray crystallography, diffraction is a result of the interactions between the 

incident X-rays and electrons in the crystal structure. Each observed diffraction spot 

(or reflection) corresponds to a diffracted wave, characterised by both an amplitude 

and a relative phase. The amplitude is calculated from the intensity measured by the 

detector, whereas the phase information cannot be measured directly and is lost 

during data collection. The phase, however, can be estimated using phasing methods 

that include either molecular replacement (MR) or experimental phasing [e.g. 

single/multiple-anomalous dispersion (SAD or MAD), isomorphous replacement (SIR 

or MIR)] or a combination of both. In this project, both MR and MAD methods were 

employed to obtain phase information.  

 

A. Molecular replacement  

Molecular replacement is used for phase determination when a search model sharing 

at least 25-30% sequence identity is available with the target molecule. Attempts are 

made to place the search model within the unit cell by a series of rotations and 

translations such that it approximately replicates the experimental diffraction data 

from the crystal structure. In this way, trial positions for the molecules can be found 

and initial phases determined. First, a rotation search is performed based on vectors 

within molecules (intramolecular vectors), and then the translation search determines 

vectors between symmetry-related molecules (intermolecular vectors). Once the 

positions of all molecules have been found, the packing of these molecules within the 

unit cell is tested and the number of molecular clashes estimated. The likely 
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correctness of the solution obtained is evaluated using scores from both translation 

and rotation functions. The translation function score (TF Z-score) is the most 

representative indicator of accurate phase determination and a TF Z-score of 6 or 

more together with no (or very few) clashes is usually a good indication of successful 

phase determination. 

PHASER (93) and MOLREP (94), part of CCP4 suite, were used for molecular 

replacement. Successful solutions were optimised by iterations of rigid body 

refinement (REFMAC5), manual model building in COOT (95) and restrained 

refinement (REFMAC5) against the experimental data (96).  

B. Multiple anomalous dispersion (MAD) phasing 

Methods of experimental phasing based on the anomalous dispersion properties of 

atoms are often employed when phase determination by molecular replacement fails 

or when a high sequence identity model is not available. Anomalous dispersion is 

present when the energy of the incident X-ray beam is close to the transition energy 

(transition edge) of electrons in an atom, providing the energy for the transition to 

occur. This transition in turn results in a change in the phase and amplitude of the 

diffracted X-rays.  

Although anomalous dispersion can be measured and utilised in native proteins 

containing transition metals (and more recently also sulfur atoms), the transition edges 

of atoms that are commonly present in biological molecules are often out of the 

energy range that is accessible for X-ray diffraction experiments. Heavy atoms are 

usually incorporated into proteins in the laboratory to provide anomalous scattering 

centres for experimental phasing. Nowadays, synchrotron radiation offers the 

possibility to specifically select the X-ray transition energies required for these 

experiments. Anomalous scattering from heavy atoms is used to determine the 

positions of these atoms, referred to as substructure determination. This substructure 

can then be used to estimate the phases for all reflections and solve the protein 

structure.  
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In the case of Mtb-PruA, selenium (Se) atoms were substituted for sulfur (S) during 

protein expression and anomalous scattering arising from Se atoms was used for 

phase determination. Prior to data collection, a fluorescence scan was conducted in 

order to accurately determine the absorption edge for the selenium atoms in the 

crystal. Data were then collected at three different wavelengths (in order): high 

remote (Å), inflection (Å) and peak (Å). 

Datasets were processed using XDS as described in §2.8.3 with separated Friedel 

pairs. All datasets were combined and scaled as a single file. Phasing was performed 

using the SHELX C, D and E pipeline (97). SHELX C was used to analyse the 

distribution of the anomalous signal. SHELX D was then used to solve the heavy atom 

substructure and determine the positions of the Se atoms (98). Finally, SHELX E was 

used to perform the phasing and obtain the two possible phase solutions (original and 

inverted). The chosen solution was then refined by iterative cycles of autobuilding, 

manual building using COOT and refinement using BUSTER (99) or REFMAC5 (96).  

 

2.8.6 Model building  

Once initial phases had been determined through experimental phasing, a model could 

be built within the electron density. Often, the initial phases are poor and can be 

greatly improved by density modification. Automatic model building methods are 

based on pattern recognition, interpretation of an electron density map and automated 

protein chain tracing. Basically, iterative cycles between fitting of polypeptide 

fragments and subsequent refinement are performed. Based on an expected protein 

sequence, peptides were added to the existing model. If the inserted fragment 

improved the phases, the next fragment was fitted; otherwise the fragment was pruned 

out. As a rule of thumb, successful automatic model building requires a resolution of 

2.5 Å or better. 

Following determination of the phases for Mtb-PruA, the ARP/wARP autobuilding 

software was used to generate a starting model (100). After each modelling cycle, 10 

cycles of refinement were performed using REFMAC5 (see §2.8.7). Automatic model 

building often results in gaps in the protein sequence or errors requiring manual 
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intervention. Protein models can then be further improved by iterative cycles between 

manual building (COOT) and refinement.  

 

2.8.7 Refinement 

The refinement process checks and fixes any issues related to the chemistry or 

geometry of a protein model, while optimising agreement with the electron density 

map. The process is monitored using crystallographic R and Rfree factors at the end of 

each refinement cycle. Structures of Mtb-PruA were refined using BUSTER-TNT (99) 

and REFMAC5 (96). When multiple molecules with similar conformations were 

present in the asymmetric unit, non-crystallographic symmetry (NCS) restraints were 

used during refinement (101). In the case of protein structures in complex with small 

molecule ligands (e.g. coenzymes), the coordinates for ligands were obtained from the 

COOT ligand library and manually fitted into the electron density.  Water molecules 

were first automatically added using COOT and then manually checked for correct 

distance and hydrogen-bonding features.  

 

2.8.8 Model validation  

A. Crystallographic R factors 

The overall agreement of a protein model with the electron density was assessed by 

inspection of the crystallographic R factor at the end of each refinement step. The R 

factor indicates the agreement between observed structure factors (Fobs) and 

calculated structure factors (Fcalc), according to the following equation: 

𝑅 =  
∑||𝐹𝑜𝑏𝑠|− |𝐹𝑐𝑎𝑙𝑐|| 

∑|𝐹𝑜𝑏𝑠|
 

A theoretical value of 0 for the R factor indicates a perfect agreement between the 

observed and calculated amplitudes, whereas a value of 0.6 shows a set of random 

amplitudes. In practice, R factor values over 0.5 indicate very poor agreement 
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between the observed and calculated structure factors, which is a characteristic of an 

incorrect structure or poor data quality or a major issue in data processing.  

Given the danger of reducing the R factor unjustifiably by introducing too many 

parameters in protein models, the free R factor (Rfree) has been used to monitor the 

progress of structure refinement (102). Rfree is calculated with the same formula as for 

the R factor but only applies to 5% of data that is randomly chosen and not used in the 

refinement process. Rfree is used to assess potential over-fitting of the model, since a 

high divergence between R factor and Rfree is an indication of model over-fitting.  

 

B. Molprobity 

The quality of refined models was assessed using the structure-validation web server 

Molprobity (103). Following the addition of hydrogen atoms, this server performs an 

extensive evaluation of model quality by checking numerous variables such as 

geometry restraints, rotamers, packing (atom clashes), bond lengths, Ramachandran 

outliers and average B factors. The overall model quality is indicated using an overall 

Molprobity score.  

 

2.8.9 Structural analysis 

Superimposition and comparison of protein structures were carried out using 

Secondary Structure Matching5 F

5 (SSM, PDBeFold from EBI interface) (104), which 

aligns different protein structures and ranks them according to overall RMSD, number 

of aligned residues, sequence identity or number of matched Secondary Structure 

Elements (SSE score). Analysis of protein surface and assembly was performed using 

PISA6F

6 (104). This web-based interactive tool investigates the biological relevance and 

stability of assembled macromolecular complexes. Interactions such as hydrogen 

bonds and salt bridges across the interface are also analysed.  

                                                 

5 http://pdbe.org/fold 
6 http://pdbe.org/pisa 
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2.9 Functional analysis 

Functional analysis of proline utilisation pathway in Mtb was carried using both UV-

visible spectrophotometry and 2D-NMR spectroscopy.  

For UV-visible spectrophotometry experiments, the PruA and PruB enzymes were 

dialysed against the assay buffer (20 mM potassium phosphate buffer pH 8.0, 100 

mM NaCl and 0.2 mM TCEP). An NAD+ stock solution was prepared in the assay 

buffer and used to a final concentration of 0.5 mM. The proteins and the cofactor 

were mixed together in the assay buffer and the reaction was started by the addition of 

different concentrations of proline, over the range 0.2 μM – 1 mM. Different 

PruA:PruB ratios were used to find the optimal ratio for the assays. The reactions 

were monitored by measuring the increase in absorbance at 340 nm, using a Cary 

4000 UV-Visible spectrophotometer (Varian) at ambient temperature. The increase in 

absorbance measures the conversion of NAD+ to NADH in the PruA-catalysed 

reaction.  

For NMR spectroscopy experiments, both the proteins and the cofactor were prepared 

as described previously for the UV-vis spectrophotometry experiments. 15N-labeled 

proline and glutamate were purchased from Cambridge Isotope Laboratories. An 

optimal PruA:PruB ratio of 1:10 was used for the assays, corresponding to 

concentrations of 0.3 μM PruA and 3 μM PruB. The reactions were set up as 

described earlier, supplemented with 10% D2O and were then started by the addition 

of 15N-labelled proline to a final concentration of 1 mM. Activity was monitored 

using two-dimensional 1H-15N NMR spectroscopy at 291 K for 18 h. The relative 

ratios of the substrate, intermediate and the product were determined by dividing the 

integrals of the corresponding signals over the sum of the integrals at any given time 

point. NMR spectra were collected on a Bruker DRX 600 MHz instrument equipped 

with a 5-mm z-gradient TCI cryoprobe. Long-range correlations between coupled 1H 

protons and 15N were obtained from the analysis of 15N-1H HMBC data. Data were 

processed and analysed using nmrPipe (105) and CcpNmr Analysis (106). 



Chapter 3  -  BCAA pathway 

 55 

 

Chapter 3  - BCAA pathway 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Chapter 3  -  BCAA pathway 

 56 

3.1  Introduction 

The BCAA pathway leads to the biosynthesis of Ile, Leu and Val (ILV), which are 

essential amino acids in humans. Early studies of BCAAs have shown evidence for 

the importance of this pathway in the survival and virulence of mycobacteria, 

including Mtb and M. bovis. The absence of the BCAA biosynthetic pathway in 

humans and its essentiality in Mtb suggest that enzymes from this pathway could 

potentially be valuable targets for the development of new vaccines and/or drugs 

against TB (49,107).  

The biosynthesis of Ile and Val is carried out through four enzymatic reactions, with 

the first three reactions being shared with Leu biosynthesis (Figure 1.3). We have 

focused here on the enzymatic reaction immediately preceding the branch point to 

Leu biosynthesis, catalysed by DHAD (ilvD, Rv0189c), which would allow inhibition 

of the biosynthesis of all three amino acids. Homologues of DHAD (e.g. from E. coli) 

are reported to use a [4Fe-4S] cluster as a cofactor (108) and Mtb-DHAD is also 

suggested to bind an [Fe-S] cluster (58).  

 

3.1.1 Iron-sulfur binding proteins 

A. [Fe-S] clusters 

Iron-sulfur clusters are found in all three kingdoms of life and are generally composed 

of iron (Fe3+ and Fe2+), sulfide (S2-) and often cysteine thiolate sulfur (S--CH2). Given 

the delocalisation of electron density over both iron and sulfur, [Fe-S] clusters 

primarily function as mediators of electron transfer in biochemical reactions. [Fe-S] 

clusters exist in different forms, from simple [2Fe-2S] to complex [8Fe-8S] clusters 

(109). The most widespread forms of clusters are, however, rhombic [2Fe-2S] and 

cubane [4Fe-4S] forms (Figure 3.1). Other metals such as Mo and Ni can also be 

incorporated in these clusters (109,110). The majority of [Fe-S] clusters are usually 

coordinated by cysteine or histidine residues, although aspartic acid, arginine and 
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serine residues have also been reported as ligands (111). In E. coli, nearly 80 [Fe-S]-

dependent proteins use different forms of the cluster as a prosthetic group (112).  

The redox state of the [Fe-S] clusters is indicated by the “core” oxidation state, which 

is calculated based on the number of iron and sulfide ions in the cluster and the charge 

state of the iron atoms. For instance, in the oxidised state of [2Fe-2S] clusters both 

iron atoms are Fe3+ and both sulfur atoms are sulfides (S2-), which corresponds with a 

core oxidation state of +2 or [2Fe-2S]2+. In the reduced state, one iron atom is reduced 

to Fe2+ resulting in a core oxidation state of +1 or [2Fe-2S]1+. The oxidation states are 

more complicated for [4Fe-4S] clusters, where they could be stabilised in four 

different states. These include [4Fe-4S]3+ (3 Fe3+ and 1 Fe2+), [4Fe-4S]2+ (2 Fe3+ and 2 

Fe2+), [4Fe-4S]1+ (1 Fe3+ and 3 Fe2+) and [4Fe-4S]0 (0 Fe3+ and 4 Fe2+), although the 

[4Fe-4S]2+ and [4Fe-4S]1+ states are the most common ones (109,113,114).  

Given the different redox states of various [Fe-S] clusters, they support a wide range 

of redox potentials. For example, the redox potentials of [2Fe-2S] clusters in 

ferredoxin range from -400 to -50 mV whereas the Rieske [2Fe-2S] centres are more 

positive, ranging from -150 to +450 mV (115-118). Similar variations are also present 

in the case of [4Fe-4S] clusters, where [4Fe-4S]3+/2+ clusters show more positive 

redox potential (+50 to +350 mV) compared to [4Fe-4S]2+/1+ clusters (-250 to -400 

mV) (119). This gives rise to a wide range of reduction potentials associated with 

essential biological functions including electron transfer, regulatory function, sulfur 

incorporation, radical generation, protein structure stabilisation and substrate 

activation (Table 3.1).  
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Figure 3.1. Schematic representation of the most abundant [Fe-S] clusters. Iron atom 

(red) is bound to an inorganic sulfur atom (yellow) and usually to a sulfur atom from a 

cysteine side chain.  

 

B. Electron-transfer functions  

The most common function of [Fe-S] clusters is transferring electrons in biochemical 

reactions, which is a result of the ability of iron to adopt multiple accessible oxidation 

states, as described above. Unlike most electron carriers such as haem or NAD+, [Fe-

S] clusters cover a wide range of reduction potentials, as described before, explaining 

their role in several crucial biological functions such as respiration and photosynthesis 

(120). For example, members of the Rieske enzyme family are components of 

cytochrome complexes that contain a [2Fe-2S] cluster with high reduction potential 

and mediate electron transfer between different cytochrome subunits. Ferredoxins 

participate in various oxidation-reduction reactions and are able to use [2Fe-2S], [3Fe-

4S] or [4Fe-4S] clusters and thus are able to cover a wide range of oxidation states 

and redox potentials.  

 

C. Radical S-adenosylmethionine (SAM) enzymes 

These enzymes catalyse biochemical reactions through generation of radicals and are 

involved in various biosynthetic pathways (121). Members of the SAM enzyme 

superfamily are known to bind [4Fe-4S] clusters, in which three cysteine residues 

coordinate three Fe atoms from the cluster with the last Fe being coordinated by 

SAM. The [4Fe-4S] cluster initiates the generation of radicals via the formation of the 

5’-deoxyadenosyl intermediate (122). Since the catalytic mechanism is based on the 

availability of the last Fe atom, the [4Fe-4S] cluster could easily be converted into 

[3Fe-4S], rendering the enzyme inactive.  
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D. Roles in substrate activation 

In this class of enzymes, the [Fe-S] cluster is able to directly bind a reaction substrate. 

In a similar manner to SAM-enzymes, the catalytic activity is dependent on the 

availability of one Fe atom from the [4Fe-4S] cluster. In the enzyme aconitase, for 

instance, the fourth coordination site of the [Fe-S] cluster is filled by citrate, which 

remains bound until the release of the final product, isocitrate (123).  

 

E. Involvement in sulfur incorporation 

[Fe-S] clusters can be directly used as reaction substrates, in which the cluster 

provides sulfur atoms to a reaction that eventually leads to degradation of the cluster. 

Biotin synthase from E. coli, for instance, uses a [2Fe-2S] cluster to provide the sulfur 

atom required to convert dethiobiotin into biotin (124,125). Similarly, lipoate 

synthase (LS) makes use of a [2Fe-2S] cluster to incorporate sulfur atoms into 

octanoate to form octanoic acid, the precursor of lipoic acid cofactor (126,127). 

Lipoic acid functions as a cofactor for enzymes involved in energy metabolism, 

including pyruvate dehydrogenase complex and -ketoglutarate dehydrogenase 

complex (127,128).  

 

F. Roles in structure stabilisation 

There are reported examples of the binding of [Fe-S] clusters to some enzymes, in 

which the binding of the cluster results in structure stabilisation. For instance, 

endonuclease III from E. coli is an enzyme that binds DNA and performs a base 

excision repair activity. This enzyme also binds a [4Fe-4S] cluster that is revealed to 

be essential to maintain DNA-binding, although the cluster does not take part in the 

catalytic activity (129). 
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G. Regulatory functions 

[Fe-S] clusters can also exhibit sensory or regulatory functions, with [2Fe-2S] and 

[4Fe-4S] clusters observed in regulatory proteins. The biosynthesis of [Fe-S] clusters 

is carried out by the activity of two systems, referred to as the isc and suf systems. 

The IscR and SufR repressors that are involved in the regulation of these two systems, 

respectively, could bind [Fe-S] clusters and hence regulate their biosynthesis and 

assembly. In E. coli, IscR exists in both apo and [2Fe-2S]-bound forms and acts as an 

iron-sulfur sensor. Under low-iron conditions, apo-IscR is able to activate both isc and 

suf systems and hence [Fe-S] production, whereas it acts a repressor when sufficient 

iron is available.  

 

 

 

 

 

 

 

Table 3.1: Function of [Fe-S]-binding proteins and their cluster form. 

Function Examples Organism Cluster form Reference 

Electron 

transfer 

 

Nitrogenases 

 

Rieske proteins 

 

Ferrefoxins 

- Fd 

Azobacter vinelandii 

Clostridium pasteurianum 

Thermus thermophilus 

Mus musculus 

 

Spirulina platensis 

Mycobacterium 

[8Fe-8S] 

[4Fe-4S] 

[2Fe-2S] 

[2Fe-2S] 

 

[2Fe-2S] 

(130) 

(131) 

(132) 

(116) 

 

(115) 
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3.1.2 Dehydratase enzymes  

Dehydratase enzymes are [Fe-S]-dependent proteins that use the cluster to activate the 

reaction substrate. As mentioned earlier, the [Fe-S] cluster in these enzymes is 

accessible to the solvent with an exposed iron atom serving as substrate binding and 

catalytic site. Based on the proposed reaction mechanism (112), the solvent-accessible 

iron coordinates the dihydroxyacid substrate through hydroxyl and carboxylate 

- FdxA 
smegmatis 

[3Fe-4S] (133)  

Radical 

generation 

HydE 

BtrN 

Thermotoga maritima 

Bacillus circulans 

[4Fe-4S] 

[4Fe-4S] 

(122) 

(134) 

Substrate 

activation 

 

Phosphogluconate- 

dehydratase 

Aconitase 

Acetyl-CoA synthase 

Shewanella oneidensis 

 

Homo sapiens 

Moorella thermoacetica 

Apo 

 

[4Fe-4S] 

[4Fe-4S] 

(Unpublished 

data) 

(123) 

(135) 

Enzyme 

stabilisation 

Endonuclease III 

Amidotransferase 

Escherichia coli 

Bacillus subtilis 

[4Fe-4S] 

[4Fe-4S] 

(129) 

(136) 

Regulation / 

sensor 

 

IscR  

 

SufR 

SoxR 

Escherichia coli 

Thermincola potens 

Escherichia coli 

Escherichia coli 

Apo / [2Fe-2S] 

[2Fe-2S]  

Apo 

[2Fe-2S] 

(137) 

(137) 

(138) 

(139) 

Sulfur 

incorporation 

Biotin synthase 

Lipoate synthase 

Escherichia coli 

Escherichia coli 

[4Fe-4S] / [2Fe-2S] 

[2Fe-2S] 

(125) 

(127) 
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groups. Deprotonation of a basic residue then triggers the abstraction of the hydroxyl 

group from the substrate by the catalytic iron atom, which functions as a Lewis acid 

(Figure 3.2). Accessibility of the iron atom makes this class of enzymes rather 

unstable and highly sensitive to environmental stress (57,140). Dehydratases use 

[4Fe-4S]2+ clusters that could get oxidised by reactive oxygen species (ROS) into 

unstable [4Fe-4S]3+ forms, triggering a subsequent expulsion of an Fe atom, to leave a 

stable [3Fe-4S]+ form (141,142). This phenomenon has been described in Ec-DHAD, 

where exposure to ROS and nitric oxide (NO) was able to damage the catalytic 

cluster, rendering the enzyme inactive (143). A similar effect of NO towards DHAD 

activity has also been observed for Mtb-DHAD (58).  

 

 

Figure 3.2. Catalytic mechanism of dehydratase enzymes. A solvent-accessible iron from a 

[4Fe-4S] cluster binds to the substrate (2,3-dihydroxy-acid isovalerate) and also serves as a 

Lewis acid. A basic residue from the enzyme triggers the formation of a covalent bond 

between the reactive iron and the hydroxyl group of the substrate.  

 

 

 

3.1.3 [Fe-S] binding features of Mtb-DHAD 

His, Tyr and Asp residues commonly coordinate iron atoms in iron-binding proteins, 

whereas it is cysteine residues that are usually bound to the iron atoms in [Fe-S] 

clusters (111). Despite the presence of crystal structures for numerous [Fe-S] binding 

proteins, no clear consensus sequence for [Fe-S] binding has been identified. 



Chapter 3  -  BCAA pathway 

 63 

Nonetheless, consensus [Fe-S] binding motifs have been suggested for [2Fe-2S] (C–

X4–C–X2–C–X30–C) and [4Fe-4S] (C–X2–C–X2–C–X20-40-C) clusters (138).  

In a study conducted by Saini et al. protein sequences from Mtb were submitted to 

database analysis based on in silico amino-acid pattern searches. The results have led 

to the identification of 50 ORFs encoding putative [Fe-S]-dependent enzymes, 

including DHAD (144). Mtb-DHAD contains eight Cys residues in the protein 

sequence with a potential partial motif being recognised as C190-X17-C
208-X5-C

214 

(Figure 3.3). Exposure of the reactive Fe of the [Fe-S] cluster in this class of enzymes 

could explain the absence of the fourth Cys residue in the protein sequence.  

E. coli DHAD, Shewanella oneidensis phosphogluconate dehydratase and E. coli L-

serine dehydratase are members of the dehydratase family that have been 

experimentally shown to bind [4Fe-4S] clusters (143,145-147). These proteins share 

42%, 30% and 23% sequence identity with Mtb-DHAD, respectively. No crystal 

structures are, however, available for members of this family in complex with the 

cluster.  

MPQTTDEAASVSTVADIKPRSRDVTDGLEKAAARGMLRAVGMDDEDFAKPQIGVASSWNEITPCNLSLD

RLANAVKEGVFSAGGYPLEFGTISVSDGISMGHEGMHFSLVSREVIADSVEVVMQAERLDGSVLLAGCD

KSLPGMLMAAARLDLAAVFLYAGSILPGRAKLSDGSERDVTIIDAFEAVGACSRGLMSRADVDAIERAI

CPGEGACGGMYTANTMASAAEALGMSLPGSAAPPATDRRRDGFARRSGQAVVELLRRGITARDILTKEA

FENAIAVVMAFGGSTNAVLHLLAIAHEANVALSLQDFSRIGSGVPHLADVKPFGRHVMSDVDHIGGVPV

VMKALLDGLLHGDCLTVTGHTMAENLAAITPPDPDGKVLRALANPIHPSGGITILHGSLAPEGAVVKTA

GFDSDVFEGTARVFDGERAALDALEDGTITVGDAVVIRYEGPKGGPGMREMLAITGAIKGAGLGKDVLL

LTDGRFSGGTTGLCVGHIAPEAVDGGPIALLRNGDRIRLDVAGRVLDVLADPAEFASRQQDFSPPPPRY

TTGVLSKYVKLVSSAAVGAVCG 

Figure 3.3. Amino acid sequence of Mtb-DHAD enzyme. The putative [Fe-S] binding motif 

is highlighted in yellow with the putative iron-binding Cys residues shown in red. Other Cys 

residues are indicated in green. 

3.2 Results and Discussion 

3.2.1 Cloning 

Dr Ghader Bashiri had initially cloned the full-length and truncated (49) Rv0189c, 

for expression in E. coli and M. smegmatis, into pProEx HTb (N-terminal His6-tag) 
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and GatewayTM cloning vectors (N-terminal His6-, GST- and MBP-tags). The fusion 

tags in all constructs are cleavable using rTEV protease.  

 

3.2.2 Expression and purification of wild-type DHAD 

A. Expression 

Initial solubility trials of these constructs, conducted by Dr Bashiri, showed solubility 

for the full-length construct in both E. coli and M. smegmatis host cells using either 

IPTG or autoinduction protocols. Proteins purified from the Gateway constructs 

showed a brown colour upon purification, indicating the likely presence of an [Fe-S] 

cluster as expected from bioinformatic analyses. The proteins were, however, heavily 

aggregated as evidenced by elution in the void volume in size exclusion 

chromatography. I continued this project using the pProEX-Rv0189c construct.  

The pProEX-Rv0189c construct was expressed in E. coli BL21 (DE3) cells using TB 

autoinduction media (as described in §2.4.1). The expression media were 

supplemented with 0.1 mg.mL-1 of both ferric ammonium citrate and ferrous sulfate, 

together with 1 mM L-cysteine to provide iron and sulfur for the required biosynthesis 

of [Fe-S] clusters. Following overnight expression, approximately 20 g of wet cell 

mass, obtained from 0.5 L culture, was mechanically lysed, centrifuged and the lysate 

subsequently used for purification.  

 

B. IMAC purification 

The pProEX-Rv0189c construct expresses Mtb-DHAD with an N-terminal His6-tag 

that is cleavable using rTEV protease. A Ni-NTA column was used for the first step 

of purification, in which the recombinant protein was eluted by a linear gradient of 

imidazole (20 – 500 mM over 150 mL at 1 mL.min-1) (Figure 3.4A). Two peaks 

eluted at 145 and 200 mM imidazole showed a protein size corresponding to Mtb-

DHAD, although only fractions corresponding to the second peak displayed a brown 

colour. Protein fractions from this peak were pooled together and the affinity tag was 
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cleaved overnight with rTEV protease as described in §2.5.7. Cleaved protein was 

then separated by a subtractive IMAC purification, in which the cut protein passed 

through the Ni-NTA column while rTEV and uncut protein stuck on to it.  

 

C. SEC purification  

Cleaved Mtb-DHAD was concentrated to 500 L, injected onto a size exclusion 

chromatography column and the purity was assessed on SDS-PAGE (§2.5.6). The 

SEC chromatogram displays two major peaks; the first peak elutes at the void volume 

of the column (8.6 mL) indicating protein aggregation whereas the second one elutes 

at 13.5 mL as a symmetrical peak (Figure 3.4B). Protein fractions corresponding to 

the latter peak displayed the characteristic brown colour, retaining the bound cluster 

during the purification process. The purity obtained after the final step of purification 

was encouraging for further protein characterisation.  
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Figure 3.4. Purification of wild-type Mtb-DHAD. (A) A typical chromatogram obtained 

from the IMAC purification step, showing the A280 trace. The red line indicates the protein 

fractions analysed on SDS-PAGE, shown on the right. (B) SEC chromatogram for the 

fractions from (A) with the corresponding SDS-PAGE analysis on right. Lanes 1 – 5 

correspond to the subtractive IMAC purification following rTEV digestion: 1) before 

digestion; 2) after overnight digestion; 3) IMAC flow-through; 4) 20 mM imidazole wash and 

5) 500 mM imidazole wash. Lanes 6 – 10 correspond to fractions from the second peak on 

SEC, indicated in red. M: molecular weight standards (kDa).  
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3.2.3 Biophysical characterisation 

Following purification, a series of biophysical techniques including SEC-MALS, DLS 

and UV-visible absorbance were conducted to assess the solution properties of the 

protein prior to structural studies. 

 

A. SEC-MALS 

To establish the oligomeric state of Mtb-DHAD, SEC-MALS experiments were 

performed on freshly purified protein (§2.6.6). By measuring light scattered at 

multiple angles, the molecular weight can be accurately determined regardless of 

protein shape. Protein samples were prepared for analyses in a range of 

concentrations: 1.5, 3.0 and 6.0 mg.mL-1. Two peaks eluted in the SEC 

chromatogram; the first peak (8 mL) indicates the presence of aggregates whereas the 

second one (11.7 mL) corresponds to the well-behaved Mtb-DHAD protein. The 

elution volume was the same for all three concentrations (Figure 3.5). Analysis of the 

data collected from the MALS detector estimates a molecular weight of 110 kDa, 

compatible with the predicted Mr of 118 kDa for the DHAD dimer. The same result is 

obtained over the tested concentration range, indicating that Mtb-DHAD exists as a 

dimer in solution.  
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Figure 3.5. SEC-MALS analysis of Mtb-DHAD. SEC trace of Mtb-DHAD, showing the 

refractive index (thin lines) and weight average molecular weight (thick lines) data. The trace 

is shown for three different protein concentrations (6.0 mg.mL-1 in green, 3.0 mg.mL-1 in blue 

and 1.5 mg.mL-1 in purple). The dotted line represents the estimated molecular weight of 

dimeric form of Mtb-DHAD at 118 kDa.  

 

B. UV-visible absorbance 

Mtb-DHAD is predicted to bind [Fe-S] clusters, evidenced by its brown colour upon 

purification. The presence of [Fe-S] clusters could be detected using various 

spectroscopic techniques, including UV-visible spectrophotometry. Definition of the 

cluster state, however, requires more specific experiments such as magnetic circular 

dichroism (MCD) and electron paramagnetic resonance (EPR). In this project, we 

used a UV-visible absorption scan (250 – 600 nm) of Mtb-DHAD to detect the 

presence of an [Fe-S] cluster (Figure 3.6). The scan shows two broad peaks, at 340 

and 420 nm, indicating the presence of an [Fe-S] centre. A broad signal at 420 nm 

suggests the presence of a [4Fe-4S] cluster (111,148), but this needs to be confirmed 

through more definitive techniques.  
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Figure 3.6. UV-visible absorption scan of Mtb-DHAD. Two broad peaks at 340 and 420 

nm, indicated by arrows, suggest the presence of an [Fe-S] cluster.  

 

3.2.4 Crystallisation  

A. Initial screening 

Initial crystallisation screenings were undertaken, as described in §2.7.1, against all 

available in-house screens at a protein concentration of 10 mg.mL-1. The 

crystallisation was also conducted in the presence of 1 mM 2-oxoisovalerate, the 

product of the reaction catalysed by DHAD. Among heavy precipitates, needle-like 

crystals were obtained in a condition containing 1.6 M (NH4)2SO4 at pH 8.0 in the 

presence of 1 mM product after three days at 18°C. These crystals appeared to be 

colourless, suggesting a possible loss of the [Fe-S] cluster during crystallisation. Fine 

screening was then performed to obtain bigger crystals by optimising the ammonium 

sulfate concentration and overall pH of the crystallisation solution. The best looking 

crystals were obtained in 2.0 M (NH4)2SO4 at pH 8.0, typically growing out of 

precipitates within 7 days at 18 °C. The morphology of these optimised crystals 

shows the presence of multiple crystals stacked together. Crystals were fished out 

using cryoloops (Hampton Research) and cryoprotected by soaking into the 
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crystallisation condition containing 2.2 M (NH4)2SO4 prior to flash-cooling in liquid 

nitrogen (Figure 3.7A).  

  

B. Initial X-ray diffraction  

Crystals were exposed to the X-ray beam on beamline MX1 at the Australian 

Synchrotron. The diffraction patterns indicated that these were protein crystals and a 

dataset was collected that extended to approximately 4.0 Å resolution (Figure 3.7C). 

A closer inspection of the diffraction pattern indicated high mosaicity, estimated 

between 0.7 – 1.4° by MOSFLM, suggesting that the diffraction arose from multiple 

lattices. The smeary diffraction, however, prevented data indexing and processing. In 

an attempt to determine crystal parameters including space group and unit cell 

dimensions, different batches of data were selected for indexing. Although all 

attempts resulted in high penalties, the space groups P2 and C2 were commonly 

chosen during indexing by MOSFLM. This enabled estimation of some crystal 

parameters, although processing of the whole dataset remained unsuccessful. The 

poor quality of the diffraction data pointed to the need for further improvement in the 

crystals in order to obtain high-quality diffraction data suitable for structure 

determination. Crystal seeding and surface entropy reduction approaches were 

therefore used to improve Mtb-DHAD crystals, as described below.  

 

C. Crystal seeding 

Crystals from the original condition were used for streak- and micro-seeding 

experiments (§2.7.2). For streak-seeding experiments, crystallisation drops were set 

up and left to equilibrate overnight. Following equilibration, different concentrations 

of seed stock (up to 1/1000 dilution) were used to seed the drops using cat whiskers. 

Crystals appeared overnight and reached final size after a week. Although their 

morphology was drastically improved and crystals appeared with sharper edges 

(Figure 3.7B), these crystals did not reach suitable size for X-ray diffraction. Similar 

results were obtained in micro-seeding experiments. The protein solution was mixed 
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with crystallisation solution and different concentrations of seed stock in 1/1/1 ratio. 

Crystals appeared overnight and reached final size within 3 – 4 days. The morphology 

of these crystals was comparable to the crystals obtained from streak seeding and they 

were likewise unsuitable for X-ray diffraction at the Australian Synchrotron.  

 

3.2.5 Alteration of surface properties to improve crystallisation 

Following the unsuccessful attempts to obtain high-quality diffracting crystals of 

wild-type DHAD, it was decided to try other strategies that have been developed, 

aimed at changing the protein surface to enhance intermolecular interactions and the 

prospects of forming stable, well-ordered crystals. The first involved changing the 

surface charge by reductive methylation of lysine residues. The second used a method 

known as surface entropy reduction (SER), in which long, flexible, side chains on the 

protein surface, often Lys or Glu, are mutated to reduce the surface flexibility in the 

hope that more stable intermolecular interactions can be made as a result of reduced 

entropy (149).  
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Figure 3.7. Crystallisation and X-ray diffraction of WT-DHAD. (A) Crystals obtained 

from fine screening. (B) Crystals obtained by micro-seeding from the original hit in (A). 

These crystals were not suitable for X-ray diffraction due to small size and extreme thinness. 

(C) X-ray diffraction pattern from the original crystals in (A). The inset shows the weak and 

smeary diffraction obtained.  

 

A. Reductive methylation of lysine residues  

Following the IMAC purification step, the Mtb-DHAD protein solution was used for 

reductive methylation using formaldehyde and di-methylborane according to a 

published protocol (150). During the course of the reaction, DHAD rapidly lost its 

brown colour, suggesting a reduction or loss of [Fe-S] cluster. Nevertheless, the 
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reaction was carried out overnight and the methylated protein was further purified by 

SEC. The methylated protein eluted in the void volume of the SEC column, indicating 

aggregation, and leading to the conclusion that the methylated protein was not 

suitable for crystallisation attempts. The amino acid sequence of Mtb-DHAD contains 

16 lysine residues, composing 2.8% of total protein sequence. Since reductive 

methylation modifies all exposed lysine residues, the observed aggregation might be 

due to methylation of the majority of lysine residues in protein. 

 

B. Surface entropy reduction of Mtb-DHAD 

Prediction of suitable mutation sites  

The surface entropy reduction prediction server (SERp7F

7 ) was used to identify 

mutation sites that could potentially enhance crystallisability of Mtb-DHAD. Based 

on this prediction, a series of mutations were suggested that are clustered in three 

different sites (Figure 3.8A). These sites were confirmed as likely to be present on the 

protein surface, based on a three-dimensional model of Mtb-DHAD predicted using 

the modelling program i-Tasser8 F

8 (Figure 3.8A). Combinations of six mutations were 

designed (Table 3.2), in the hope that they would favour inter-molecular interactions 

and aid formation of high-quality diffracting crystals.  

 

 

                                                 

7 http://services.mbi.ucla.edu/SER/ 
8 http://zhanglab.ccmb.med.umich.edu/I-TASSER/ 
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Figure 3.8. Surface entropy reduction of Mtb-DHAD. (A) Mutations of Mtb-DHAD 

predicted to influence its crystallisability. (B) Location of suggested mutations on a three-

dimensional model of Mtb-DHAD obtained through i-Tasser.  

 

Mutagenesis 

The three individual mutation sites predicted based on SERp, and a combination of 

those sites, were prepared using the original pProEX-Rv0189c construct as a template 

for mutagenesis (Table 3.2). The desired mutations were designed in the forward 

primers. Both forward and reverse primers were phosphorylated at their 5’ ends to 

facilitate the ligation step following PCR amplification. The mutants were prepared 

using the primers outlined in Table 2.7 and iProof HF Polymerase (BioRad), as 

described in §2.2.4. All mutants were confirmed by sequencing.  

Table 3.2: Mtb-DHAD surface mutants. 

Mutation Description 

Mut1 E29A, K30A 

Mut2 K76, E77A 

Mut3 K169A 

Mut12 E29A, K30A, K76, E77A 

Mut13 E29A, K30A, K169A 

Mut23 K76, E77A, K169A 
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Expression and solubility trials 

The Mtb-DHAD mutants were transformed into E.coli BL21 (DE3) for expression 

and solubility tests using 50 mL of TB autoinduction medium as described in §2.4.2. 

Cells were harvested by centrifugation, resuspended in the same lysis buffer as the 

wild-type protein, supplemented with 10% glycerol, and lysed by mechanical 

disruption. Clarified lysate was incubated with washed Ni-NTA beads and thoroughly 

washed with the washing buffer. The bound proteins were eluted with the buffer 

containing 250 mM imidazole and analysed on SDS-PAGE. Apart from Mut12, 

which was found to be insoluble, all other mutants (Mut1, Mut2, Mut3, Mut13 and 

Mut23) were soluble and displayed a brown colour upon purification, suggesting the 

retention of the [Fe-S] cluster. The expression levels for all the soluble mutants were 

similar to that of the wild-type protein (Figure 3.9). Protein expression was then 

scaled up for all soluble mutants to conduct crystallisation trials.  

 

Figure 3.9. Solubility trial for surface entropy mutants. Lanes 1 - 5 correspond to the 250 

mM imidazole wash of Mut1-, Mut2-, Mut3-, Mut13- and Mut23-DHAD mutants 

respectively; lane 6: Wild-type Mtb-DHAD after final step of purification. M: molecular 

weight standards (kDa). 
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Purification of mutant constructs  

A similar protocol to that used for the wild-type DHAD was used to purify the mutant 

constructs. The mutant proteins, however, showed a high degree of aggregation on 

size-exclusion chromatography, suggesting that the surface mutations had changed the 

propensity of the proteins to aggregate. Optimisation of the purification protocol 

indicated a great reduction in protein aggregation upon supplementing the IMAC and 

size-exclusion buffers with 10% and 2% (v/v) glycerol, respectively. All five surface-

mutant proteins were then purified using the buffers supplemented with glycerol. The 

proteins were eluted at similar elution volumes to the wild-type protein (~13.5 mL on 

a Superdex 200 10/300 column) with little or no aggregation. This result indicates that 

neither protein folding nor [Fe-S] cluster binding was affected by the designed 

mutations.  

 

Crystallisation of Mtb-DHAD mutants 

Following purification, crystallisation trials were carried out on each of the individual 

mutants at 10 mg.mL-1 as described in section §2.7.1. The Mut3 and Mut13 constructs 

were both crystallised in similar conditions (Table 3.3) in the presence of 

oxoisovalerate (1 mM), the product of the reaction catalysed by DHAD. The crystals, 

similar to those of the wild type protein, were colourless, indicating a loss or 

reduction of the [Fe-S] cluster. 

Table 3.3: Crystallisation conditions for Mtb-DHAD mutant constructs.  

Mutant Precipitant composition 

Mut3  12.5% PEG1K, 12.5% PEG3350, 12.5% MPD, 0.03 M DC, pH 8.5 

10% PEG 20K, 10% PEG550, 0.03 M DC, pH 8.5 

25.5% PEG4K, 0.17 M (NH4)2SO4, 15% glycerol 

40% PEG300, 0.1 M phosphate citrate pH 5.2 

10% PEG6K, 0.1 M Bicine pH 9.0 

Mut 13 10% PEG1K, 10% PEG3350, 10% MPD, 0.03 M DC, pH 8.5 

Percentages are indicated in w/v; DC, divalent cations including 0.03 M MgCl2 and 0.03 M CaCl2. 
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X-ray diffraction  

The crystals took seven days to reach a suitable size for diffraction on the MX1 

beamline at the Australian Synchrotron. Since the crystallisation conditions contained 

a mixture of different cryoprotectants (including PEG and MPD), the crystals were 

flash-cooled in liquid nitrogen without any additional cryoprotection. A full dataset 

was collected using the following data-collection parameters: 360° oscillation, 70% 

attenuation and 1 s exposure time. Diffraction patterns extended to approximately 3.5 

Å (Figure 3.10), but the overall diffraction was anisotropic and of poor quality. A 

closer inspection of the diffraction patterns reveals similar pathological symptoms to 

those observed for the crystals of the wild type DHAD (Figure 3.7). Although the full 

dataset could not be processed, a few images were indexed with MOSFLM in space 

group P2, indicating a unit cell with dimensions of a = 89.0 Å, b = 111.7 Å and c = 

111.3 Å. Due to time constraints, this project had to be suspended as this stage.  
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Figure 3.10. Diffraction patterns obtained from Mut3-DHAD crystals. (A) Diffraction 

pattern from crystals at the start of data collection. (B) Diffraction pattern after rotation of the 

crystal through 90°. In each case, the inset shows a closer view of the diffraction spots. 

Diffraction quality was greatly influenced by the orientation of the crystal, indicating high 

anisotropy. The overall diffraction has high mosaicity and suggests the presence of multiple 

lattices.
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4.1 Introduction 

Proline is the only cyclised amino-acid encoded by the genetic code, providing some 

unique characteristics to protein structures due to the incorporation of its alpha 

nitrogen atom within a pyrroline ring. Proline also has a wide range of functions in 

different organisms, such as immunoprotection (151), osmoprotection (152) and 

adaptation to environmental stress (153). In Mtb, the proline utilisation pathway has a 

crucial role in both persistence and protection against toxic metabolites (15,65).  

 

4.1.1 Proline utilisation in Mtb 

The first step in the catabolism of amino acids is usually a deamination reaction. This 

step can be catalysed by various enzymes such as amino acid transaminases, oxidases 

and dehydratases. In the case of proline, however, these enzymes cannot be utilised 

since the alpha nitrogen atom is part of a pyrroline ring. For this reason, a specific 

family of enzymes is required (70). As described in Chapter 1 (Figure 1.4), proline is 

mainly metabolised to and from glutamate. The conversion of proline into glutamate 

involves two enzymatic reactions, catalysed by proline dehydrogenase (PRODH) and 

1-pyrroline-5-carboxylic dehydrogenase (P5CDH) (Figure 1.4). The enzymes PruB 

and PruA catalyse these reactions in Mtb, respectively, and the open reading frames 

encoding these enzymes are part of an operon (65). Expression of this operon is 

mediated through PruC (65), a transcriptional regulator that binds to the promoter 

region of the operon. Organisation of the genes encoding these proteins is highly 

conserved among various mycobacterial species (Figure 4.1). This conservation is 

further supported by transposon mutagenesis studies, indicating essentiality of the 

genes encoding all three proteins in Mtb (154).  
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Figure 4.1. Organisation of the pruABC genes in mycobacteria. The DNA sequence and 

organisation of pruB, pruA and pruC are highly conserved across various mycobacterial 

species.  

 

A. Mtb-PruB 

Mtb-PruB is an FAD-dependent enzyme that catalyses the first reaction of the proline 

utilisation pathway, converting proline into 1-pyrroline-5-carboxylic (P5C). Multiple 

sequence alignment of various proline dehydrogenase domains and monofunctional 

enzymes has allowed the identification of ten conserved motifs within the protein 

(Figure 4.2A). Three-dimensional structures of this enzyme [including PRODH from 

E. coli, Pseudomonas putida (P. putida), Bradyrhizobium japonicum (B. japonicum) 

and Geobacter sulfurreducens (G. sulfurreducens)] show a distorted ()8 TIM barrel 

fold, with the majority of the conserved motifs forming the core of the TIM barrel 

(Figure 4.2B). These motifs also provide the residues for substrate recognition and 

FAD binding (155).  
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Figure 4.2 Sequence alignment and structure superimposition of PRODH enzymes. (A) 

Multiple protein sequence alignment of PRODH domains (E. coli, G. sulfurreducens and B. 

japonicum) and monofunctional enzymes (M. tuberculosis and T. thermophilus). Conserved 

sequence motifs are indicated with black lines. (B) Superimposition of the PRODH structures 

(T. thermophilus, E. coli, B. japonicum and G. sulfurreducens) with the conserved sequence 

motifs mapped onto the structures, outlined in black.  
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B. Mtb-PruA 

Mtb-PruA performs the second step in proline utilisation by converting GSA (a 

structural tautomer of P5C) into glutamate. This enzyme belongs to the aldehyde 

dehydrogenase (ALDH) superfamily. Crystal structures of homologous domains and 

monofunctional enzymes are available from human [PDB code 3V9G, (156)], mouse 

[PDB 4LH3, (156)] and several bacterial species [Bacillus licheniformis (PDB code 

3RJL, unpublished structure), Bacillus halodurans (PDB code 3QAN, unpublished 

structure) and Thermus thermophilus (PDB code 2EIW, (157)].  

This enzyme consists of three domains: an NAD+-binding domain, a catalytic domain 

and a dimerisation domain. The catalytic domain possesses a highly conserved 

cysteine residue that is located in the active-site pocket (Figure 4.3). These enzymes 

display a homodimeric arrangement, in which two monomers assemble into in a 

dimer through an arm-swapping mechanism.  

 

Figure 4.3. Crystal structure of P5CDH from Thermus thermophilus. The enzyme dimer 

is shown in two different orientations, with one monomer is displayed in cartoon form and the 

other monomer in surface representation. The NAD+-binding domain is shown in green, the 

catalytic domain in brown and the dimerisation domain in light blue. The catalytic cysteine 

residue is shown in pink sticks.  
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C. Mtb-PruC 

Some organisms possess a trifunctional enzyme (e.g. E. coli PutA, Ec-PutA) that 

contains the required catalytic activities to convert proline into glutamate, along with 

a DNA-binding domain that acts as a repressor (158). In Mtb, the upstream genomic 

region of the pruAB operon shows the presence of a gene (Rv1186c, pruC) encoding a 

putative protein of 538 residues. Protein sequence analysis with Pfam 9 F

9 suggests the 

presence of a helix-turn-helix fold consistent with DNA-binding activity, as observed 

in Ec-PutA (159-161). Berney and colleagues were the first to report experimental 

evidence that PruC is capable of binding to the promoter region of pruAB operon in 

vitro (65), showing that the expression levels of both PruA and PruB were 20 to 100 

times lower in M. smegmatis ΔpruC mutants (65).  

Crystal structures of the DNA-binding domains of PutA proteins have been reported 

in both apo and DNA-bound states for various prokaryotes, including E. coli (PDB 

code 2RBF) and P. putida (PDB code 2JXG) (161-163). These structures display a 

homodimer, in which each monomer is composed of a ribbon-helix-helix motif 

(Figure 4.4). These domains are very small in size, between 45-54 residues, and 

appear to be quite conserved (80% sequence identity between E. coli and P. putida 

DNA-binding domains). There is, however, no available structural information on any 

monofunctional regulator of the proline utilisation pathway in any organism.  

 

Figure 4.4. Dimeric structure of the DNA-binding domain of PutA from E. coli. Each 

monomer adopts a ribbon-helix-helix motif.  

                                                 

9 http://pfam.xfam.org/ 
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4.2 Results and Discussion 

 

4.2.1 Mtb-PruB 

A. Amplification and cloning 

The open reading frame encoding PruB (Rv1188) was amplified using protocols 

described in §2.2.3 and the primers outlined in Table 2.4. The amplified PCR product 

was then cloned into the pYUB28b vector to express PruB with either N-terminal 

(cleavable using thrombin) or C-terminal His6-tags.  

 

B. Solubility trial 

The pYUB28b-Rv1188 constructs expressing either N- or C-terminal His6-tagged 

protein were expressed in 25–50 mL of ZYM-5052 autoinduction medium (§2.4.1). 

The cells were lysed in buffer (20 mM Tris-HCl pH 8.5, 150 mM NaCl, 20 mM 

imidazole, 1 mM CEP) and the supernatant was then used for pull-down 

experiments using TALON beads. The results indicated that, whereas PruB was 

insoluble when expressed in in E. coli, expression in M. smegmatis yielded soluble 

protein (Figure 4.5). Soluble expression was observed for both N- and C-terminal 

His6-tagged proteins, although the expression yield was higher for the C-terminal 

tagged construct that was subsequently used for large-scale purifications. The mass 

spectrometry analysis (§2.6.5) of the trypsin digested protein indicated significant 

protein sequence coverage that confirmed the identity of Mtb-PruB. 
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Figure 4.5. Solubility of Mtb-PruB expressed in M. smegmatis. The solubility was tested 

using pull-down with TALON beads. Lane 1: Elution fraction containing 250 mM imidazole, 

indicating a purified protein at 36.2 kDa corresponding to Mtb-PruB. M: molecular weight 

standards (kDa).  

 

C. Large-scale expression  

Upon confirmation of the protein solubility, the expression was scaled up to 4 L using 

2 L conical flasks, each containing 0.5 L of expression medium (§2.4.1). Following 

harvesting, cells were resuspended in 20 mM Tris-HCl pH 8.5, 150 mM NaCl, 20 

mM imidazole, 1 mM CEP and lysed using cell disruption (§2.5.2).  

 

D. IMAC purification 

The cleared lysate was loaded onto a Ni-NTA column, where the protein was eluted 

by a linear gradient of imidazole (20 – 500 mM over 150 mL at 1 mL.min-1) in the 

buffer (Figure 4.6A). Two peaks eluted at 105 and 150 mM imidazole; the former 

belongs to the GroEL chaperone from M. smegmatis (~56 kDa) while the latter 

showed a protein band corresponding to PruB (~36.2 kDa) (Figure 4.6B). Protein 

fractions from the second peak were pooled together, dialysed overnight and used for 

SEC purification.  
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E. SEC purification 

The PruB protein solution was concentrated down to 500 L and injected onto a size-

exclusion chromatography column. The concentrated protein displayed a yellow 

colour, suggesting co-purification with its FAD cofactor. The SEC chromatogram 

displays a single peak that eluted at the void volume of the column (9.3 mL), 

indicating protein aggregation (Figure 4.6C).  

 

F. Improvements in protein solubility and aggregation 

Buffer screening 

In an attempt to increase protein yield and also to overcome the aggregation problem, 

the purified PruB was screened against a range of different conditions using DSF. In 

this approach, the effect of small molecules on protein stability is investigated through 

changes in the protein melting temperature (Tm) (§2.6.7). Of ~50 different conditions, 

100 mM HEPES pH 8.0, 100 mM Na formate and 0.1 mM n-octyl-β-D-glucoside 

(BOG) separately showed increases in the protein Tm by 3.4, 3.2 and 3.5 degrees, 

respectively (Figure 4.7A). A new buffer composition was prepared based on this 

result (50 mM HEPES pH 8.0, 100 mM Na formate, 1 mM BOG and 0.5 mM TCEP) 

for subsequent protein purification. The new buffer composition increased the protein 

Tm by four °C. 

Small-scale expression experiments using the original and the new buffers showed 

that the protein yield was significantly improved upon using the new buffer 

composition (Figure 4.7B). Purification of PruB in large scale, however, indicated 

that the new buffer system did not have any effect on the apparent protein aggregation 

and the protein again eluted in the void volume of SEC column. Further attempts to 

improve protein quality included adding FAD, riboflavin and glycerol to the lysis or 

purification buffers, all of which proved unsuccessful and PruB remained unsuitable 

for structural analysis. Similar solubility issues were encountered in the recent 

functional study of Mtb-PruB (164), where the authors used 0.1% Triton X100 in the 
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lysis buffer to obtain soluble protein.  The purified protein was, however, used for 

functional experiments, as described in §4.2.10.  

 

Figure 4.6. Purification of Mtb-PruB. (A) A chromatogram from IMAC step, showing 

protein elution using a linear gradient of imidazole. Blue and Red lines indicate the fractions 

run on SDS-PAGE. (B) A 12 % (w/v) SDS-PAGE gel of the fractions as described in (A). M: 

molecular weight standards (kDa). (C) A chromatogram from the SEC purification step, 

showing that protein eluted in the void volume.  
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Figure 4.7. Improvements in Mtb-PruB solubility. (A) The first derivative curves from 

protein Tm experiments obtained from DSF experiment, in which the new buffer composition 

(blue, 50 mM HEPES pH 8.0, 100 mM Na formate, 1 mM BOG and 0.5 mM TCEP) shows 

an increase in protein Tm from 46.8 to 50.7 °C. compared with the original buffer (red, 20 mM 

Tris-HCl pH 8.5, 150 mM NaCl, 0.5 mM TCEP). (B) SDS-PAGE gel of PruB purified in 

pull-down experiments using the original and new buffer systems. Lanes A1-A4 correspond 

to the protein fractions purified using the original buffer, whereas lanes B1-B4 are purified 

using the new buffer composition. In both cases the lanes represent 1) insoluble material; 2) 

supernatant; 3) wash fraction with 20 mM imidazole; 4) elution fraction with 250 mM 

imidazole. M: molecular weight standards (kDa).  
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Co-expression with E. coli chaperones 

Although Mtb-PruB could be successfully expressed in M. smegmatis and its yield 

was greatly enhanced using buffer screening, we could not prevent the observed 

protein aggregation. E. coli strains that co-express combinations of molecular 

chaperones (e.g. DnaK, DnaJ, GrpE, ClpB and GroESL) are reported to greatly 

improve the quantity and quality of recombinant protein by contributing to the folding 

process (165-167). Several E. coli strains co-expressing different molecular 

chaperones (165) were transformed with the pYUB28b-Rv1188 construct. Following 

expression in ZYM-5052 medium (§2.4.1), proteins were purified by pull-down and 

their solubility assessed on SDS-PAGE gels (Figure 4.8). None of the strains, 

however, showed any expression, consistent with our initial results of no expression 

in an E. coli host.  

 

Figure 4.8. Co-expression of Mtb-PruB with molecular chaperones in E. coli. SDS-PAGE 

gels of PruB co-expressed with four different combinations of chaperones: A) DnaK, DnaJ 

and GrpE; B) DnaK, DnaJ, GrpE, ClpB; C) DnaK, DnaJ, GrE, ClpB, GroESL (high 

expression); D) DnaK, DnaJ, GrE, ClpB, GroESL (low expression). In each case the lanes 

represent: 1) supernatant; 2) wash fraction with 20 mM imidazole; 3) elution fraction with 

250 mM imidazole. M: molecular weight standards (kDa).  
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4.2.2 Mtb-PruA 

A. Amplification and cloning 

The open reading frame encoding PruA (Rv1187) was amplified using protocols 

described in §2.2.3 and the primers outlined in Table 2.4. The amplified PCR product 

was then cloned into the pYUB28b vector using NdeI/HindIII restriction sites to 

express PruA with an N-terminal His6-tag (cleavable using thrombin).  

 

B. Solubility trial 

Expression of the pYUB28b-Rv1187 construct was carried out in both E. coli and M. 

smegmatis host cells using ZYM-5052 autoinduction medium (§2.4). Protein 

expression in E. coli revealed low solubility, whereas it showed much higher yield in 

M. smegmatis (Figure 4.9). Pull-down experiments were carried out using 50 mM 

HEPES pH 7.5, 150 mM NaCl, 1 mM -ME. The significant protein sequence 

coverage obtained from the trypsin-digested protein analysed by mass spectrometry 

(§2.6.5) confirmed the identity of Mtb-PruB. 

 

Figure 4.9. Solubility of Mtb-PruA expressed in M. smegmatis. The solubility was tested 

using pull-down with TALON beads. 1) Insoluble material; 2) supernatant; 3) wash fraction 

with 20 mM imidazole; 4) elution fraction with 250 mM imidazole, indicating a purified 

protein at ~60 kDa corresponding to Mtb-PruA. M: molecular weight standards (kDa).  
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C. Large-scale expression  

Following soluble expression, large-scale expression was carried out in 4 L culture 

using 2 L conical flasks each containing 0.5 L of expression medium. The cells were 

then harvested and lysed by mechanical cell disruption (§2.5.2). 

 

D. IMAC purification 

Mtb-PruA was purified using pre-washed TALON beads (Clontech) following the 

procedure described in §2.5.3. The protein was then eluted using buffer containing 

250 mM imidazole and the purity was assessed by SDS-PAGE (Figure 4.10A). Based 

on SDS-PAGE, a large amount of protein is present in both flow-through and wash 

fractions. To increase the protein yield, the flow through was re-loaded onto the 

beads, eventually resulting in a significant amount of protein of high purity (Figure 

4.10A).  
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Figure 4.10. Purification of Mtb-PruA. (A) SDS-PAGE of the protein obtained from the 

IMAC step: 1) flow through; 2) 20 mM imidazole wash; 3-5) 250 mM imidazole wash 

fractions from successive IMAC steps. (B) A typical SEC chromatogram of the purified 

protein from (A) with the corresponding SDS-PAGE shown in (C). Lanes 1-11 in (C) 

correspond to the protein fractions from the SEC fractions indicated by the red line in (B). M: 

molecular weight standards (kDa).  

 

E. SEC purification 

Mtb-PruA purified by IMAC was concentrated to 500 L and injected onto an SEC 

column. The chromatogram displayed two major elution peaks; the first peak eluted at 

the void volume of the column (9.1 mL) whereas the second one eluted at 14.4 mL as 

a symmetrical peak (Figure 4.10B). Both peaks belong to Mtb-PruA, based on SDS-

PAGE (Figure 4.10C), with the former indicating the presence of aggregated protein 
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and the latter corresponding to a well-behaved protein. The protein from the second 

peak was subsequently used for all structural and functional experiments. 

 

F. Expression and purification of SeMet-PruA 

In order to solve the crystal structure of Mtb-PruA by experimental phasing methods, 

SeMet-substituted PruA was expressed in M. smegmatis using PASM-5052 

autoinduction medium (§2.4.2.3) M. smegmatis cells grow much slower in PASM-

5052 media, presumably due to the toxicity of SeMet, and thus the cells were grown 

for 14 days at 37°C. The SeMet-substituted protein was purified as described for the 

native-PruA and behaved in a similar manner to the wild-type protein. SeMet 

incorporation was confirmed by mass spectrometry where molecular weights for both 

SeMet- and wild-type PruA were measured at 61 314 and 60 955 Da, respectively, 

corresponding to the substitution of approximately eight Met residues with SeMet: 

(61 314 – 60 955) / 47* = 7.63 SeMet 

* where 47 corresponds to the difference in molecular weight between Met and SeMet 

 

G. Crystallisation of Mtb-PruA 

Crystallisation of Mtb-PruA was carried out as described in §2.8. Crystals were 

obtained in 0.1 M Bicine-Tris pH 8.1, 10% PEG1000, 10% PEG3350, 10% MPD and 

0.03 M each of sodium nitrate, disodium hydrogen phosphate and ammonium sulfate. 

Crystals reached final size after three days at 18 °C (Figure 4.11). Optimisation of 

crystallisation conditions was carried out by fine screening (§2.7.2) and the best 

crystals grew in 0.1 M Bicine-Tris pH 8.1, 12% PEG1000, 12% PEG3350, 12% MPD 

and 0.03 M each of sodium nitrate, disodium hydrogen phosphate and ammonium 

sulfate. Since the crystals were formed in the presence of a mixture of PEG1000, 

PEG3350 and MPD, no additional cryoprotection was required for crystal freezing in 

liquid nitrogen. In order to define the molecular interactions involved in the binding 

of the NAD+-cofactor to PruA, we also attempted to solve the structure of PruA-
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NAD+. Native crystals were soaked for 2-3 minutes in 1 mM NAD+ and subsequently 

flash cooled in liquid nitrogen. 

 

Figure 4.11. Mtb-PruA crystals. Crystals were obtained in 0.1 M Bicine-Tris pH 8.1, 12% 

PEG1000, 12% PEG3350, 12% MPD and 0.03 M each of sodium nitrate, disodium hydrogen 

phosphate and ammonium sulfate and grown for three days at 18°C. Crystal size was 

estimated to ~250 m along the longest edge. 

 

4.2.3 Structure determination of Mtb-PruA 

A. Data collection and processing 

Initial diffraction tests using our home-source X-ray generator revealed protein 

diffraction to ~3.0 Å resolution. Data collection was carried out on the MX2 

microbeamline at the Australian Synchrotron using SeMet- and native-PruA crystals. 

In order to determine the optimal wavelength for the detection of anomalous signal 

arising from Se atoms, an energy scan was performed to determine accurate Se 

absorption edges. Diffraction data were collected to 2.0 Å resolution at three different 

wavelengths including high remote, peak and inflection wavelengths (§2.8.5). 

Diffraction data for native and NAD+-soaked crystals were also collected on the MX2 

microbeamline at the Australian Synchrotron to 2.0 Å resolution (native) and to 2.25 
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and 1.6 Å resolution (for crystals soaked in NAD+). Images were collected by rotating 

the crystals through 360 degrees with 1° oscillations, each with a 1s exposure time. 

All collected datasets were processed using XDS, with subsequent merging and 

scaling by SCALA (§2.8.3).  

 

B. Substructure determination by MAD 

During the crystallisation of Mtb-PruA, two different crystal forms with the same 

space group (P622) were obtained within all crystallisation drops. These crystal forms 

differed in that the unit cell dimension along the c axis was almost doubled in the 

longer unit cell (194 Å vs 96 Å, referred as the long and short unit cells, respectively). 

An initial structure for PruA was obtained using MAD phasing from a short-cell 

SeMet-PruA crystal with one PruA molecule per asymmetric unit. The substructure 

solution and phase calculations were performed using the SHELX suite. SHELXC 

showed the presence of an anomalous signal to 2.5 Å resolution, which was chosen as 

the resolution cut-off for structure determination. All possible eight SeMet atoms 

were found using SHELXD with occupancies varying from 1 to 0.63, giving an 

overall correlation coefficient of 64%. SHELXE was then used for phasing and 

density modification, in which the output showed a clear difference between the 

original and inverted solutions. The quality of the resulting electron density map from 

this phasing met the standards for ARP/wARP automated model-building protocols. 

Data collection and processing statistics are summarised in Table 4.1.  
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Table 4.1: Data collection and processing statistics. 

 

a Values in parentheses are for the outermost resolution shell 
b Pearson correlation coefficient  
c Map correlation coefficient 
†Rmerge = ∑hkl∑i |Ii(hkl)-‹ I(hkl)›|/ ∑hkl∑iIi(hkl), where I is the observed intensity, and ‹ I› is the mean 

value of I. 
‡Rpim = ∑hkl (1/N-1)1/2∑i |Ii(hkl)-‹ I(hkl)›|/ ∑hkl∑iIi(hkl), where N is the multiplictity 
≠CC1/2 corresponds to the comparison of two random half datasets 

 

 SeMet-PruA (short) Apo-PruA 

(long) 

PruA-NAD+ 

(long) 

PruA-NAD+ 

(short) 

Dataset 

Wavelength (Å) 

Space group 

Cell dimensions  

     a (Å) 

     b (Å) 

     c (Å) 

     α, β, γ (°) 

Resolution (Å)a 

 

Rmerge 
a† 

 

Rpim
a‡ 

 

Unique reflectionsa 

Observed reflections 

Mean I/σIa 

Multiplicity 

Completeness (%) 

CC1/2 meanb≠ 

MapCCc org/inv (%) 

Remote 

0.953698 

P622 

 

162.9 

162.9 

96.2 

90,90,120 

2.5 

(2.6-2.5) 

0.169 

(0.542) 

0.073 

(0.235)        

24,660            

280,615 

23.4 (8.5) 

64.4 (63.4) 

99.7 (98.1) 

0.996 

(0.973) 

40.4/28.3 

Inflection 

0.979231 

P622 

 

163.0 

163.0 

96.3 

90,90,120 

2.5 

(2.6-2.5) 

0.200 

(0.725) 

0.086 

(0.318) 

24,323 

279,178 

23.5 (7.9) 

63.0 (61.7) 

99.8 (99.2) 

0.998 

(0.969) 

40.4/28.3 

Peak 

0.979083 

P622 

 

163.1 

163.1 

96.4 

90,90,120 

2.5 

(2.6-2.5) 

0.189 

(0.734) 

0.080 

(0.320) 

24,376 

280,960 

24.6 (9.4) 

63.5 (61.7) 

99.7 (98.6) 

0.998 

(0.969) 

40.4/28.3 

 

1.5418 

P622 

 

164.4 

164.4 

194.0 

90,90,120 

2.0 

(2.15-2.04) 

0.24 

(1.664) 

0.046 

(0.338) 

99,133 

2,777,368 

16.5 (2.6) 

28.0 (23.2) 

99.7 (98.5) 

0.998  

(0.702)          

- 

 

0.953692 

P622 

 

163.9 

163.9 

194.0 

90,90,120 

2.25 

(2.37-2.25) 

0.184 

(0.570) 

0.053 

(0.170) 

73,091 

1,004,614 

10.1 (4.2) 

13.7 (13.2) 

99.9 (99.8) 

0.993   

(0.958)          

- 

 

0.953700 

P622 

 

163.1 

163.1 

96.2 

90,90,120 

1.60 

(1.69-1.60) 

0.103 

(1.981) 

0.024 

(0.548) 

98,328 

1,766,636 

17.7 (1.6) 

18.0 (13.8) 

99.8 (98.7) 

0.999  

(0.581)          

- 
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C. Structure determination of apo- and NAD+-bound PruA 

Both native apo-PruA and PruA-NAD+ structures were solved by molecular 

replacement with MOLREP, using the SeMet-PruA structure as a search model. In 

MOLREP, molecular replacement solutions are scored according to the Correlation 

Coefficient of intensities and to the Packing Function (related to the number of 

molecular clashes). The program outputs a contrast value, for which a value of 2.5 or 

above indicates successful structure determination. In the case of apo-PruA and PruA-

NAD+, the contrast values obtained were ~39.5.  

 

D. Refinement 

All structures were refined by cycles of manual building using Coot and refinement 

using both BUSTER and REFMAC5. Following refinements, structures were validated 

using the Molprobity webserver (§2.8.10). The SeMet-PruA structure was refined 

using data to 2.5 Å resolution, resulting in a crystallographic Rcryst = 14.4% and Rfree = 

20.7% (Table 4.2). The structure of a long-cell crystal of native apo-PruA was refined 

using 2.0 Å resolution data to a crystallographic Rcryst  = 22.9% and Rfree = 24.1% 

(Table 4.2). The small-cell PruA-NAD+ structure was refined at 1.6 Å resolution, with 

a final crystallographic Rcryst = 17.1% and Rfree = 20.2%, whereas the structure with 

the long unit cell was refined at 2.25 Å resolution, resulting in a crystallographic Rcryst 

= 27.7% and Rfree = 30.7% (Table 4.2). Short unit cell Rfree reflections for short unit 

cell crystals were selected from short cell SeMet-PruA data and transferred to the 

short cell PruA-NAD+ whereas long unit cell Rfree reflections were selected from long 

unit cell apo-PruA and transferred to long unit cell PruA-NAD+. 
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Table 4.2: Structure refinement statistics. 

 

E. Crystal disorder 

As noted earlier, two crystal forms were obtained under the same crystallisation 

condition, but differed in their respective unit-cell dimensions. The long-cell crystals 

 SeMet-PruA 

(short) 

Apo-PruA 

(long) 

PruA-NAD+ 

(long) 

PruA-NAD+ 

(short) 

PDB Code  

Resolution range (Å)  

No. reflections  

Rwork/Rfree (%)  

Number of atoms 

     Protein 

     Ligand 

     Water 

RMSD from ideality 

     Bonds (Å) 

     Angles (°) 

Average B factors (Å2) 

     Protein 

     Waters 

Ramachandran statistics 

     Favored (%) 

     Allowed (%) 

     Outliers (%) 

     Poor rotamers (%) 

Molprobity score; percentile 

4IDM 

39.78 – 2.50 

39,636 

14.4/20.7 

 

4110 

- 

223 

 

0.017 

1.8 

 

26.13 

29.68 

 

96.23 

3.77 

0 

2.64 

1.62;99th 

4IDS 

19.95-2.04 

98,996 

22.9/24.1 

 

4142 

- 

490 

 

0.01 

1.03 

 

26.74 

39.21 

 

97.76 

2.24 

0 

1.2 

1.09;100th 

4IHI 

29.51-2.25 

68,453 

27.7/30.7 

 

4109 

44 

450 

 

0.02 

1.07 

 

16.67 

28.30 

 

96.80 

3.01 

0.19 

1.45 

1.55;98th 

4JDC 

141.29-1.6 

93,414 

17.1/20.2 

 

4112 

27 

389 

 

0.03 

2.64 

 

24.77 

36.81 

 

97.18 

2.63 

0.19 

1.68 

1.61;82th 
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have an unusual arrangement of alternating crystal layers along the c axis (Figure 

4.12), in which an ordered layer is followed by a disordered layer such that layers 

with ordered molecules are separated by ~102 Å gaps where no structure can be seen. 

The nature of this disorder is detailed in §4.2.9, but the observed electron density in 

the missing layers appears to be weak with an unusual distribution. Although some 

features of connectivity and parts of secondary structural elements can be recognised, 

neither PHASER nor MOLREP was able to locate protein molecules within these 

layers. The width of the ordered layer is ~ 98 Å, suggesting that a layer of ordered 

molecules could be accommodated in the 102 Å empty layer.  

 

Figure 4.12. Mtb-PruA crystal packing in long unit cell dimension along c axis. The 

overall crystal packing, with an arrangement of layers of ordered molecules separated with 

empty layers of 102 Å, is shown. An ordered layer of protein molecules could be placed 

within the empty layers. 
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4.2.4 Overall structure of Mtb-PruA 

The ordered short-cell crystal structure contains one molecule of Mtb-PruA in the 

asymmetric unit. The whole molecule, comprising residues 1-543, is well-defined and 

has excellent electron density except for residues 419-425 and residue 490, for which 

no electron density was observed. These residues are located on the protein surface 

with no apparent crystal contacts. Residues 419-425, however, are ordered in the 

structure with the long unit cell. In each of the PruA structures, the Ramachandran 

plot has a single outlier at Phe498, which is located after a proline residue and is well 

defined by the electron density. This residue is central to a key conformational 

difference in the Mtb-PruA active site when compared with other PruA enzymes, as 

described later. 

The fold of Mtb-PruA is organised into three domains; an N-terminal nucleotide 

(NAD+) binding domain (residues 1−160, 181-294 and 502−520), a catalytic domain 

(residues 295-501) and a dimerisation domain (residues 161−180 and 521−543) 

(Figure 4.13). Both the fold, and sequence comparisons (Figure 4.14), clearly identify 

Mtb-PruA as a member of the very large aldehyde dehydrogenase (ALDH) family 

(168). The NAD+-binding domain adopts a modified Rossmann fold that is 

characteristic of the ALDH family; this binds the NAD+ cofactor at the C-terminal 

face of the -sheet. The catalytic domain, which includes the catalytic cysteine 

(Cys327), also has a Rossmann-type α/β fold, but with seven -strands. The active 

site is located at the interface between the NAD+-binding and the catalytic domains, 

with a relatively large water-filled channel leading to the catalytic Cys327 (§4.2.11). 

The dimerisation domain has two -strands (β6 and β21) that project out from the 

monomer, together with a C-terminal extension of ~20 residues, not seen in most 

ALDH family members. 
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Figure 4.13. Three-dimensional crystal structure of Mtb-PruA. (A) Cartoon representation 

of PruA monomer structure with NAD+ in red sticks and the catalytic cysteine Cys327 shown 

as green sticks. The structure displays a catalytic domain (pink), an NAD+-binding domain 

(blue) and a dimerisation domain (yellow). (B) PruA topology diagram with the domains 

coloured the same as (A). 

 

4.2.5 Structural comparison   

A search of the Protein Data Bank (PDB) using SSM (169) shows that  the most 

similar homologues of Mtb-PruA are all monofunctional P5C dehydrogenase 

(P5CDH) enzymes, from a variety of species. These include the very similar human 

and mouse enzymes (Hs-P5CDH and Mm-P5CDH) [PDB codes 3V9G and 4LH3, 
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(156)], with 45% and 44% sequence identity, respectively, and RMSDs of ~1.30 Å 

over 520 residues, together with bacterial enzymes from Thermus thermophilus (Tt-

P5CDH) [PDB code 2EIW, (157)], Bacillus halodurans (PDB code 3QAN, 

unpublished) and Bacillus licheniformis (PDB code 3RJL, unpublished). The bacterial 

enzymes all have ~30% sequence identity with Mtb-PruA, and RMSDs of 1.94-1.98 

Å over ~500 residues. It is curious that the most similar enzymes to the Mtb-PruA are 

the two mammalian ones. These share not only the same monomer fold with Mtb-

PruA but also the same dimer association formed through a similar C-terminal 

extension, as described below.   

Searches of the PDB also match Mtb-PruA with the P5CDH domains from the 

multifunctional proline utilisation enzymes from three organisms: Bradyrhizobium 

japonicum [PDB code 3HAZ, (170); 27% sequence identity and RMSD 1.9 Å over 

445 aligned residues], Geobacter sulfurreducens (PDB code 4F9I, unpublished; 25% 

identity and RMSD 1.9 Å over 488 residues) and Anabaena variabilis (PDB code 

4H7N, unpublished; 19% identity and RMSD 2.4 Å over 433 residues). The main 

structural difference between mono- and multi-functional P5CDH enzymes appears to 

be the absence of secondary structure elements equivalent to strands 1-4 from the 

N-terminal region of Mtb-PruA.   
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Figure 4.14. Multiple sequence alignment of Mtb-PruA with P5CDH homologues. 

Catalytic residues N190 and C327 are indicated by red stars and residues involved in NAD+ 

binding are shown by blue triangles. MtbPruA: Mycobacterium tuberculosis PruA; 

HsP5CDH: human; MmP5CDH: mouse; TtP5CDH: Thermus thermophilus; BjP5CDH: 

Bradyrhizobium japonicum; BlP5CDH: Bacillus licheniformis. 
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4.2.6 The PruA dimer 

The crystal structure of Mtb-PruA shows that two PruA monomers assemble to form a 

highly stable dimer, in which 4146 Å2 or 18% of the solvent accessible surface area of 

each monomer is buried, as analysed by the program PISA (104). This large dimer 

interface is consistent with results from analytical size exclusion chromatography and 

dynamic light scattering, which show that Mtb-PruA is dimeric in solution (data not 

shown). The dimer is substantially stabilised by arm swapping (Figure 4.15), in which 

two β-strands of the dimerisation domain from one monomer (β6 and β21) associate 

with the catalytic domain of the other monomer, resulting in the formation of an 

intermolecular β-sheet comprising nine β-strands. The C-terminal extension of the 

dimerisation domain also interacts with the outer surface of the catalytic domain from 

the other monomer, further stabilising the dimer. Although the C-terminal extension 

seen in Mtb-PruA is specific to only a few ALDH members, the arm swapping is a 

feature of dimer formation by all ALDH members.  

The Mtb-PruA dimer is essentially the same as that formed by other P5CDH enzymes. 

Superposition of the Mtb-PruA dimer on to that formed by the human enzyme shows 

an RMSD in Cα atomic positions over 1048 residues of the dimer of 1.52 Å, only 

slightly greater than the RMSD when the monomers are compared (1.32 Å). There 

are, however, some specific differences. In particular, the buried hydrophobic surface 

between monomers is enhanced in Mtb-PruA by the addition of Phe498, which is 

flipped out of the active site by a local conformational change (Figure 4.18).  
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Figure 4.15. Mtb-PruA dimer. Two monomers are associated through arm swapping to form 

the dimer. Both monomers are displayed as surface representations, but with one monomer 

also shown as a cartoon model. 

 

4.2.7 NAD+-binding  

NAD+ mostly binds to the outer face of the NAD+-binding domain (Figure 4.16). 

Within the active site, the cofactor binds in an extended conformation (Figure 4.17A), 

binding to the C-terminal face of the β-sheet formed by strands β7 to β11. 

Superposition of the apo-PruA and PruA-NAD+ structures from either long or short 

cell shows that no large-scale conformational changes accompany NAD+ binding, the 

only significant movement being in the loop carrying Cys327 (long unit cell PruA-

NAD+), which moves to accommodate the nicotinamide ring of NAD+. The overall 

pairwise RMSD over 537 Cα atomic positions for the four apo-PruA and PruA-NAD+ 

structures is 0.27-0.40 Å. 

The adenine ring of NAD+ occupies a mostly hydrophobic pocket formed by Tyr184, 

Ile186, Phe245, Thr269, His272 and Leu273, all from the nucleotide-binding domain, 

and makes just one direct hydrogen bond, from N1 to the Ser249 hydroxyl group. The 

adenosyl ribose group binds through its 2’ and 3’-OH groups to the amino group of 

Lys212, and through its 2’-OH to the carbonyl oxygen of Thr187. The central 

diphosphate moiety of the nucleotide binds in the same spatial location as in other 
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Rossmann-fold enzymes, adjacent to the 7-7 loop, but this non-classical Rossmann 

domain lacks the typical GXGXXG motif, and only a single hydrogen bond is made 

via this loop, from the peptide NH of Phe189 to one of the -phosphate oxygens. Two 

other direct hydrogen bonds are present between an -phosphate oxygen and Ser266 

(OG and NH) from the 10-10 loop. The nicotinamide ribose makes just a single 

direct hydrogen bond to the protein, from its 2’-OH to the carbonyl oxygen of the 

catalytic Cys327, but is in van der Waals’ contact with Gly295 and Phe427. Finally, 

the key nicotinamide ring is sandwiched between the side chains of Thr264 and the 

catalytic Cys327. This requires movement of Cys327 to allow sufficient space for the 

nicotinamide, a phenomenon seen also when NAD+ is bound by Mm-P5CDH and Tt-

P5CDH. This adjustment places the sulfhydryl group of Cys327 only 3.1 Å from C4, 

the site of hydride transfer on the nicotinamide ring. 

 

Figure 4.16 Binding of NAD+ in Mtb-PruA. NAD+ (red spheres) binds at the surface of 

NAD+-binding domain (in blue). Catalytic and dimerisation domains are featured in pink and 

yellow, respectively.  

The short-cell and long-cell PruA-NAD+ complexes show an intriguing difference 

that is related to the need for Cys327 to move to accommodate the nicotinamide ring. 

In the long-cell structure the NAD+ molecule is fully ordered and can be visualised 
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completely as described above. In the short-cell structure, however, Cys327 is 

modified by β-ME, with formation of a hydroxyethyl disulfide moiety (Cme327) 

(Figure 4.17B and C). This evidently cannot be displaced and no density can be seen 

for the nicotinamide ring and ribose, though the adenosyl diphosphate portion is 

bound identically.  

Overall, NAD+ binding in Mtb-PruA is characterised by a rather small number of 

direct hydrogen bonds, 9 in total, plus another 10 water-mediated interactions. This 

represents a higher proportion (53%) of water-mediated interactions than is usual for 

NAD+ binding sites within Rossmann-fold enzymes, typically about 30% (171). The 

relative lack of direct hydrogen bonds is consistent with the role of NAD+ as a co-

substrate that dissociates from the enzyme during its catalytic reaction. 

 

 

Figure 4.17. NAD+ binding to Mtb-PruA. (A) Stereo view of NAD+ binding in the ordered 

PruA active site of the long-cell crystal form. NAD+ is shown in yellow, fitted to its 2Fo-Fc 

omit electron density, contoured at 1.5. Water molecules are shown as purple spheres. (B) 

Cys327 in the short-cell crystal form, chemically modified as a hydroxyethyldisulfide 

derivative. The corresponding 2Fo-Fc omit electron density is also shown, contoured at 1.5. 

(C) Superimposition of the NAD+ molecules from the ordered and disordered Mtb-PruA 

active sites. In the ordered active site, with an unmodified Cys327, the NAD+ molecule could 

be fully modelled (red sticks). Upon -ME modification of Cys327 (green sticks), NAD+ 
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could only be partially modelled (yellow sticks) with no apparent electron density for the 

nicotinamide-riboside moiety.  

4.2.8 Catalytic mechanism and prospects for inhibitor development 

The PruA catalytic reaction can be understood in terms of a series of steps that begin 

with binding of the coenzyme NAD+ and substrate GSA. Nucleophilic attack on the 

C atom of GSA by the active site Cys327, with the formation of a thiohemiacetyl 

intermediate, is followed by hydride transfer to C4 of the nicotinamide ring and 

dissociation of the resulting NADH. Finally, hydrolysis of the thioacyl intermediate 

leads to release of the product glutamate.  

The structural elements of PruA catalysis have mostly been elucidated, through 

structural analyses of NAD+ and glutamate complexes of Tt-P5CDH (157) and Mm-

P5CDH (156). Mtb-PruA shares most of the same structural elements. Superposition 

of the NAD+ complexes of Mtb-PruA, Tt-P5CDH and Mm-P5CDH shows that NAD+ 

binds identically in each case. The main chain NH of Cys327 and the side chain of 

Asn190 are in position to provide the oxyanion hole that binds the carbonyl oxygen of 

GSA and stabilizes the developing negative charge. The -carboxyl and -amino 

groups of GSA should be bound by the main chain NH groups of Gly477 and Ala488 

and the hydroxyl of Ser328, by analogy with the glutamate binding mode to Tt-

P5CDH and Mm-P5CDH (Figure 4.18).  

Despite the conservation of active site residues, there do appear to be structural 

differences, arising from flexibility in the active site, which could be exploited for 

Mtb-specific inhibitor design. The most significant of these involves the binding site 

for the substrate, GSA. Although GSA is itself unstable, complexes of Mm-P5CDH 

and Tt-P5CDH with the product glutamate clearly define the probable substrate-

binding site. This involves two Phe residues, Phe212 and Phe520 in Mm-P5CDH, 

equivalent to Phe191 and Phe498 in Mtb-PruA. In the mouse and T. thermophilus 

enzymes the two Phe side chains provide a pre-formed pocket; the glutamate is 

sandwiched between them, while making hydrogen bonds with other residues through 

its -amino and -carboxyl groups. Despite the fact that all the glutamate-binding 

residues are fully conserved at the sequence level (Figure 4.14), in Mtb-PruA Phe 498 
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is flipped ~ 11.5 Å out of the active-site, into the dimer interface. This leaves a 

substantial water-filled cavity in the active site, much larger than in the other P5CDH 

enzymes, which could be exploited for the development of Mtb-specific inhibitors. 

The conformational change involving Phe498 has been well tested by refinement and 

is consistently a feature of all the Mtb-PruA structures.  

Additionally, there is a difference in the structural response to NAD+ binding. As 

noted above, the catalytic Cys327 must move aside to allow the correct binding of the 

nicotinamide ring. In Tt-P5CDH and Mm-P5CDH this involves simply a rotation 

about C-C and movement of S by 3-4 Å. In Mtb-PruA, however, movement of 

Cys327 is associated with a substantial conformational change in the loop 326-329, 

altering the potential interactions this loop can make in the active site.  

 

 

Figure 4.18. Conformational differences in the Mtb-PruA active site. Stereo view 

comparing the glutamate binding site of mouse PruA (blue) with the corresponding region of 

Mtb-PruA (green). Residue numbers are those for Mtb-PruA. In the mouse P5CDH enzyme 

(and in Tt-P5CDH) glutamate binds in a pocket between the side chains of two Phe residues, 

Phe212 and Phe520. In contrast, in Mtb-PruA, Phe498 (equivalent to Phe520) occupies the 

dimer interface as a result of a conformational change of residues 497-505. This leaves a 

much larger substrate-binding cavity in the Mtb-PruA active site, suggesting an attractive site 

for inhibitor design. 
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4.2.9 PruA crystal disorder  

As described previously in §4.2.4, two crystal forms of PruA were obtained from 

identical crystallisation conditions. Although both forms belong to the same space 

group (P622), they differ in their cell dimensions along the c axis, which is almost 

doubled in the longer unit cell (194 Å vs 96 Å). 

 

A. Order-disorder defect 

The Mtb-PruA apo structure determined from the short-cell crystals is essentially the 

same as that determined from the ordered part of the long-cell crystals, with a RMSD 

of only 0.38 Å over 537 Cα atomic positions. The PruA-NAD+ complexes, however, 

show a surprising difference, whereby the crystals with the long cell show an ordered 

active site in which NAD+ can be fully modelled, whereas the crystals with the shorter 

unit cell display a disordered active site in which only partial density is observed for 

NAD+ with no apparent electron density for the nicotinamide-riboside moiety. 

A number of reports can be found in the literature describing crystal structures with 

similar arrangements of ordered and disordered layers, referred to as order-disorder 

and/or lattice-translocation defects (172-174). We performed various analyses in 

order to find out the nature of crystal disorder in the long-cell PruA crystals described 

here (Figure 4.12). We considered the possibility of twinning complications, but 

twinning tests (175) provided by both XDS and SCALA showed that neither perfect 

nor partial merohedral twinning was present. We also noted that some of the long-cell 

crystals gave rise to an alternating pattern of reflections with strong and weak 

intensities along the c axis, suggesting the possibility of either a pseudo-translation in 

space group P622 or an additional screw axis. The data could be reindexed in space 

group P6322 by POINTLESS but in this space group the structure could not be refined 

below R ~ 40%, whereas the final R factor in space group P622 is 25%. The native 

Patterson map has a peak at (x=0.0145, y=0.0076, z=0.5) with a height corresponding 

to 16.8% of the origin peak intensity. This indicates that a pseudo-translation, 



Chapter 4  -  Proline utilisation pathway  

 112 

equivalent to half a unit cell, exists along the c axis and explains the pattern of strong 

and weak intensities. It also confirms P622 as the likely correct space group.   

We next attempted to define the structure in the disordered layer by collecting MAD 

data from a long-cell crystal and looking for potential positions of selenomethionine 

atoms within the empty layer. Whereas SHELXD had identified the location of all 

eight possible selenium atoms of the single PruA molecule in the short-cell crystal 

form, it located a larger number of selenium atoms (up to 30) in the long-cell crystal 

form, with occupancies varying from 1.0 to 0.17. The first eight selenium atoms with 

the highest occupancies (1.0 to 0.6) were in the ordered layer of the crystal and 

corresponded to those in the short-cell crystal. The remaining, low-occupancy, sites 

were in the disordered layer, providing evidence that there is protein present, and that 

an anomalous signal from the disordered protein can be detected. An electron density 

map phased by these 30 sites showed that the selenium sites in the disordered layers 

were associated with “doughnut-shaped” electron density for the selenium atoms 

rather than conventional spherical shapes (Figure 4.19). This “doughnut-shaped” 

electron density for the selenium atoms is probably indicative of different orientations 

of the molecule within a layer, with the electron density map being an average of all 

orientations.  

The electron density map phased by the full number of selenium atoms, including 

those found in the disordered layer, was then submitted to MOLREP, searching for 

two monomers in the asymmetric unit. Two molecules were built, one in the ordered 

layer and another in the disordered layer, related to each other by a 180° rotation. The 

electron density for the molecule in the disordered layer was weak and noisy, 

however, compared with that for the molecule in the ordered layer. MOLREP 

positioned the second molecule such that the selenium atoms were in the middle of 

the “doughnut-shaped” electron density in the disordered layer, and this molecule in 

the disordered layer could not be refined satisfactorily, although some helices 

appeared to be in the right positions. Comparison of the R and Rfree values for the 

structures with one or two copies in the asymmetric unit showed little difference, 

suggesting that the structure in the missing layer contributes little to the overall 

diffraction.  
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Although modelling the protein in the disordered layer could not be achieved, our 

results suggest that PruA molecules adopt several different orientations within these 

layers, possibly a relatively small-scale in-plane disorder. It is not clear what the 

origins of the crystal disorder may be, although it may be significant that only in the 

ordered layer of the long-cell crystals was the catalytic Cys327 unmodified by β-ME. 

Attempts to reproduce crystals in the same condition without β-ME were not 

successful, indicating that β-ME is somehow implicated in the formation of the two 

crystal forms. Although we could not find any bound -ME molecules, we postulate 

that the reducing agent may be involved in crystal contacts of the long cell crystals, 

but that because of the described disorder no electron density is observed.  

 

Figure 4.19.  Electron density of SeMet-89 residue. (A) The “doughnut-shaped” 2Fo-Fc 

electron density associated with SeMet-89 in the empty layer. (B) The electron density for the 

same residue in the ordered layer. Electron density maps are contoured at 4.0 and 8.0  for 

the disordered and ordered layer respectively, without any refinement after phasing. The 

positions of SeMet atoms are shown by yellow spheres within the electron density. 
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B. Alternative crystal form 

In order to overcome the order-disorder defect observed in PruA, we attempted to 

identify a new crystal form. For this purpose we used the Silver Bullets Bio additive 

screen from Hampton Research, which contains a wide range of small molecules with 

multiple functional groups that can generate intermolecular crosslinks that can be 

crucial to the formation of a well-ordered crystal, suitable for structural analysis (85). 

Mtb-PruA was screened against Silver Bullets Bio screen by mixing the original 

precipitation condition obtained from Morpheus screen (176) [including 0.1 M 

Bicine/Tris pH 8.1, 12% PEG1000, 12% PEG3350, 12% MPD and 0.03 M each of 

sodium nitrate, disodium hydrogen phosphate and ammonium sulfate] with both 

reservoir solution and Silver Bullets Bio screen in 1:2:1 ratio (Morpheus 

condition:reservoir:screen). 

 

Crystallisation and crystal packing 

Crystals with different morphology appeared within two days at 18°C and displayed 

an intriguing pink colour (Figure 4.20). This colour was attributed to the presence of 

the cobalamin molecule, part of the Silver Bullets Bio screen condition. Furthermore, 

the pink-coloured crystals of Mtb-PruA protein had a different morphology from the 

previously-grown crystals and proved to belong to the trigonal space group P3121, 

with unit cell dimensions a = b = 164.3 Å, c = 259.1 Å, γ = 120°. This is a distinctly 

different crystal form from the original hexagonal crystals, in space group P622, and 

displays none of the disorder seen previously. The crystal structure contains three 

PruA dimers, arranged in a loosely packed hexamer, together with four cobalamin 

molecules (Figure 4.21). These cobalamin molecules occupy intermolecular sites in 

the crystal, bound to equivalent sites on the external faces of four PruA molecules 

(two dimers) but also making additional contacts with neighbouring molecules in the 

crystal (Figure 4.21). Two PruA molecules (one dimer) have no associated cobalamin, 

apparently because this cobalamin-free dimer is further away from neighbouring 

molecules than are the other two dimers in the asymmetric unit; the closest distance 
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between this dimer and the adjacent symmetry-related molecule is ~10 Å (Figure 

4.21).   

 

 

Figure 4.20. Different morphologies of Mtb-PruA crystals. The original crystal 

morphology of apo-PruA (left) compared with the new crystal hit bound to cobalamin (right). 

The pink colour of the latter is explained by the bound cobalamin within the crystal lattice.  

 

Structure of PruA-cobalamin complex 

The crystal structure of PruA-cobalamin complex was solved by molecular 

replacement using the apo Mtb-PruA structure as a search model and was refined at 

2.27 Å resolution to a crystallographic Rfactor = 14.8% and Rfree = 20.4% (Table 4.3). 

Three dimers of Mtb-PruA assemble about a 3-fold non-crystallographic symmetry 

axis to form a hexamer in the asymmetric unit (Figure 4.21). Analysis with PISA 

(104) shows that 6.3-6.8% of the solvent accessible surface of each dimer is buried by 

hexamer formation. In the centre of the hexamer, the N-terminus of each monomer 

packs against the dimerisation domain of a monomer from a neighbouring dimer. At 

the dimer-dimer interfaces, the NAD+-binding domain from one dimer (N-terminus 

and α3 helix) interacts with the catalytic domain (α15 helix) and the dimerisation 

domain (β6 strand) of the other dimer. Despite these interactions, the hexamer appears 

to be a crystallographic artefact, since PruA behaves as a dimer in solution (177). 
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Figure 4.21. Crystal structure of Mtb-PruA in complex with cobalamin and NAD+. (A) 

Cartoon representation of PruA hexamer, in which two dimers (light blue) are bound to two 

molecules of cobalamin each (blue sticks) and the third dimer (green) binds two molecules of 

NAD+ (green sticks). (B) Crystal packing of the same hexameric arrangement as (A). Two 

dimers (blue cartoon) display cobalamin-mediated crystal contacts with the symmetry-related 

molecules, whereas the third dimer (green cartoon) lacks similar crystal contacts. The latter is 

unable to bind cobalamin and hence is free to bind NAD+ (green spheres).  

 

Excellent electron density is present for the four cobalamin molecules, covering the 

corrin ring and its central cobalt atom, and the nucleotide loop that is attached to the 

corrin ring and provides a dimethylbenzimidazole (DMB) group as a fifth ligand to 

the cobalt atom. Surprisingly, although the cobalamin used in the Silver Bullets Bio 

screen is in its adenosylcobalamin form, there is no electron density for the adenosyl 

moiety in any of the four cobalamin molecules in the present structure (Figure 4.21), 

and the cobalt atom has no sixth ligand. Similar observations have been made in 

crystal structures of cobalamin-dependent proteins, where the authors have speculated 

that the adenosyl moiety is probably cleaved off by photoreduction during 

crystallisation, cryoprotection or exposure to the X-ray beam during data collection 

(178,179). 

Cobalamin occupies the same site on each of the four Mtb-PruA molecules to which it 

binds, with its nucleotide loop in a cleft whose floor is provided by strands β7 and β8 
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of the parallel β-sheet of the NAD+-binding domain and whose walls are formed by 

helices α9 and α10; the corrin ring and associated cobalt ion are on the surface of the 

protein (Figure 4.22). Cobalamin binding is primarily mediated through water 

molecules (18 hydrogen bonds) with only two residues from the protein directly 

involved in cobalamin binding; the OD1 oxygen from Asp250 and the main chain 

carbonyl group from Phe246 make hydrogen bond interactions with the same nitrogen 

atom (N62) from one of the propionamide side chains of cobalamin (Figure 4.22).  

 

 

Figure 4.22. Cobalamin binding in Mtb-PruA. Stereoview of cobalamin binding to Mtb-

PruA. Hydrogen bond interactions between the protein (blue cartoon), cobalamin (cyan 

sticks) and water molecules (purple spheres) are shown in dashed lines. Cobalamin is 

displayed in 2Fo-Fc omit electron density map contoured at σ=3.0.  

 

Superposition of the monomer structures shows little difference between the apo-

PruA and PruA-cobalamin complex, with an overall RMSD in Cα atomic positions of 

0.73 Å over 536 aligned residues. The main conformational change observed upon 

cobalamin binding is 3-4 Å movement of helix α10 (residues 267 – 279), resulting in 

a 10° opening of the angle formed between helices α9 and α10 (from 31.1° to 41.3°) 

(Figure 4.23). This is associated with much higher B-factors for helix α10 in the 

cobalamin-free monomers (63.5 and 67.7 Å2) compared to the same helix in the 
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cobalamin-bound monomers (24.5 and 40.1 Å2), indicating a higher degree of 

movement/disorder.  

 

Figure 4.23. Conformational change in Mtb-PruA upon cobalamin binding. Binding of 

cobalamin in Mtb-PruA results in a 10° opening of the angle between α9 and α10 helices.  
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Table 4.3: Processing and refinement statistics of PruA-cobalamin structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Values in parentheses are for the outermost resolution shell 
b Pearson correlation coefficient 

 
PruA-cobalamin PruA-cobalamin-NAD+ 

Processing 

PDB Code 

Wavelength (Å) 

Space group 

Cell dimensions  

     a (Å) 

     b (Å) 

     c (Å) 

     α, β, γ (°) 

Resolution (Å)a 

Rmerge 
a 

Rpim
a 

Unique reflectionsa 

Observed reflections 

Mean I/σIa 

Multiplicity 

Completeness (%) 

CC1/2 meanb 

 

4LEM 

0.953691 

P3121 

 

164.3 

164.3 

259.1 

90,90,120 

20.01-2.27 (2.39-2.27) 

0.175 (1.127) 

0.038 (0.291) 

186,040 

4,012,807 

15.7 (1.6) 

21.6 (9.4) 

99.50 (92.7) 

0.998 (0.498) 

 

4NS3 

0.953691 

P3121 

 

164.9 

164.9 

260.2 

90,90,120 

20.05-2.38 (2.51-2.38) 

0.185 (0.870) 

0.054 (0.297) 

163,553 

2,019,802 

12.2 (1.8) 

12.3 (5.8) 

99.6 (94.6) 

0.995 (0.573) 

Refinement 

Resolution range (Å)  

No. reflections  

Rwork/Rfree (%)  

Number of atoms 

     Protein 

     Ligand 

     Water 

RMSD from ideality 

     Bonds (Å) 

     Angles (°) 

Average B factors (Å2) 

     Protein 

     Waters 

Ramachandran statistics 

     Favored (%) 

     Allowed (%) 

     Outliers (%) 

     Poor rotamers (%) 

Molprobity score; percentile 

 

20.02-2.27 

176621 

14.8/20.4 

 

24,947 

364 

2515 

 

0.016 

1.838 

 

31.55 

37.01 

 

97.03 

2.94 

0.03 

1.31 

1.34;100th  

 

142.77-2.38 

155,251 

14.9/20.1 

 

24,843 

418 

2631 

 

0.015 

1.816 

 

27.9 

31.46 

 

97.32 

2.65 

0.03 

2.03 

1.52;99th 
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NAD+ binding to the PruA-cobalamin complex 

Pre-formed crystals of PruA-cobalamin were soaked in 250 μM NAD+ prior to 

cryoprotection to determine whether cobalamin and NAD+ could simultaneously bind 

to the protein. The structure of this PruA-cobalamin -NAD+ complex was solved by 

molecular replacement and refined at 2.38 Å resolution, to a crystallographic Rfactor = 

14.9% and Rfree = 20.1% (Table 4.3). The PruA-cobalamin -NAD+ structure shows the 

same arrangement of six PruA monomers in the asymmetric unit arranged as three 

dimers. In this structure, the four cobalamin-binding monomers (two dimers) still 

have cobalamin bound, but no NAD+, whereas the other two monomers (previously 

cobalamin-free) now each bind a molecule of NAD+ (Figure 4.21). Superposition of 

the PruA-cobalamin-NAD+ and PruA-NAD+ dimers shows that parts of the nucleotide 

loop of cobalamin share the same binding site with the adenine moiety of NAD+ 

(Figure 4.24), explaining why both ligands cannot bind to the same active site 

simultaneously. 

 

 

Figure 4.24. Cobalamin and NAD+ binding in Mtb-PruA-cobalamin-NAD+ crystals. A 

stereoview of the overlay between NAD+-bound (green sticks) and cobalamin-bound (blue 

sticks) monomers of Mtb-PruA. Parts of the nucleotide loop of cobalamin share the same 

binding site with the adenine moiety of NAD+. 
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4.2.10 Functional validation of the proline utilisation pathway 

The substrate for Mtb-PruA, GSA, is unstable and therefore has to be prepared in situ 

through the action of Mtb-PruB. The purified Mtb-PruA and Mtb-PruB proteins were 

used to reconstitute the full proline utilisation pathway and the overall conversion of 

proline to glutamate (Figure 1.4) was monitored spectroscopically. UV-visible 

spectroscopy was used to find the optimum enzyme ratios and substrate and cofactor 

concentrations, monitoring the conversion of NAD+ to NADH, which accompanies 

the final, PruA-catalysed, step of the pathway. The optimal PruA:PruB ratio was 

determined to be 1:10 and this was then used in all functional experiments. With an 

initial concentration of 1 mM proline, the reaction showed an increase in the 

absorbance at 340 nm over the 18 h period for which the reaction was monitored 

(Figure 4.25D). This unequivocally demonstrated that both enzymes are active and 

that PruB, although aggregated, produces enough P5C to provide the GSA substrate 

for conversion to glutamate by PruA.  

The reaction was then further investigated by NMR spectroscopy. The -nitrogen of 

proline is contained within a pyrroline ring, making it an ideal situation to monitor 

proline consumption and glutamate production at the same time using 15N NMR 

spectroscopy. The proline utilisation pathway was therefore reconstituted using the 

purified PruA and PruB enzymes, as above, and its activity investigated by 2D 1H-15N 

NMR spectroscopy. The assay monitors 15N-proline consumption and subsequent 

production of 15N-glutamate, with the signals from 15N-labelled compounds being 

recorded every 30 min over 18 h. The intensities of the two singlet peaks 

corresponding to proline (2.2/54.7 ppm and 1.9/54.9 ppm, Figure 4.25A) decreased 

throughout the reaction, concurrently with an accumulation of the glutamate signal 

(two singlets at 1.96/40.0 ppm and 1.87/40.2 ppm, Figure 4.25B). The signals for both 

15N-labelled proline and glutamate, assigned as H, are the same as the signals from 

the respective controls (data not shown). An additional singlet appears at a relatively 

high proton chemical shift value (7.62/15.4 ppm) with a significant signal to noise 

ratio (Figure 4.25A inlet). We speculate that this singlet corresponds to the reaction 

intermediate, P5C, which is produced from proline by PruB (Figure 1.4). In accord 

with this conclusion, a signal at 7.78 ppm has been previously assigned to H in the 
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P5C structure using 1H-NMR (180). It is likely that the presence of the N-C double 

bond in P5C prevents the exchange of H with water molecules, allowing the H 

signal to be detected. Whereas the intermediate level remains constant throughout the 

course of the reaction (Figure 4.25C), almost all proline is converted to glutamate 

after 18 h, when only residual signal from proline is detectable (Figure 4.25B and C).  

 

Figure 4.25. Functional characterisation of proline utilisation pathway in Mtb. Purified 

PruA and PruB enzymes were used to reconstitute the proline utilisation pathway and activity 

was then monitored by UV-visible and NMR spectroscopy. (A) The 15N-proline signal from 

two-dimensional 1H-15N NMR experiment at the start of the reaction. The inset indicates the 

signal detected from an intermediate of the reaction, believed to be P5C. (B) The 15N-

glutamate signal from the same experiment as (A) detected after 18 h. The arrows indicate 

residual signal from 15N-proline at the end of the reaction. (C) The relative ratios of proline 

(red diamonds), glutamate (green triangles) and the intermediate (yellow circles) during the 

course of the reaction. (D) A duplicate reaction of (C) using UV-visible spectrophotometry, 

which monitors production of glutamate from P5C by reduction of NAD+ using the PruA 

enzyme. 
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4.2.11 Investigation of PruA and PruB interaction 

Unlike Mtb, some organisms possess a bifunctional enzyme that contains both 

PRODH and P5CDH activities (e.g. Ec-PutA). A recent study on PutA from 

Geobacter sulfurreducens PCA (Gs-PutA) has indicated the existence of a 75 Å-long 

substrate channel, where proline enters the PRODH domain, is converted into 

P5C/GSA, which is then internally transferred to the P5CDH domain to release 

glutamate as the final product (181). This observation suggests that monofunctional 

enzymes, such as PruA and PruB, could potentially interact to mediate a similar 

transfer. Analysis of the Mtb-PruA structure with the MOLEonline10F

10 server suggests 

the existence of a 30 Å-long internal channel, connecting the outer surface of the 

protein with the active site (Figure 4.26). Interestingly, superposition of Mtb-PruA on 

to Gs-PutA (sharing 28.7% sequence identity and a RMSD value of 1.9 Å over 485 

aligned residues) shows that the Mtb-PruA channel faces the tunnel of the PRODH 

domain in Gs-PutA, which is consistent with a likely substrate channelling scenario in 

Mtb proteins (Figure 4.26). To investigate this, we conducted co-expression 

experiments and also used protein-protein interaction systems, including the 

mycobacterial protein fragment complementation (M-PFC) and Split-Trp systems 

(182,183).  

 

                                                 

10 http://mole.upol.cz/ 
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Figure 4.26. Suggested substrate channelling in PruA and PruB proteins. (A) Mtb-PruA 

(light blue cartoon) is shown replacing the P5CDH domain of Gs-PutA, with the PRODH 

domain of Gs-PutA shown in surface representation (pink). The internal channel in Mtb-PruA 

is shown in green and that of the PRODH domain in black, as calculated by the MOLEonline 

server. In Mtb-PruA, the bound NAD+ molecule and the catalytic cysteine are shown in blue 

and yellow spheres, respectively. (B) The channel radius across Mtb-PruA. The overall radius 

of the channel seems to widen (1.7-2.9 Å) close to the catalytic site.  

 

A. Co-expression of PruA and PruB 

Protein solubility and stability could be greatly enhanced by the presence of an 

interacting partner. Given the aggregation issues encountered with Mtb-PruB, there is 
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a possibility that co-expression with its potential interacting partner (Mtb-PruA) could 

lead to the formation of a stable and well-behaved PruA-PruB complex. Similar 

effects of co-expression with interacting partners are recently reported in the enzyme 

complex (anthranilate synthase, TrpEG) that catalyses the committed step reaction in 

the tryptophan biosynthesis pathway in Mtb. In this case, the TrpG protein could only 

be expressed when co-expressed with its interacting partner TrpE (Bashiri et al., in 

publication).  

Co-expression experiments on the Mtb-PruA and Mtb-PruB proteins were carried out 

using the shuttle vectors previously developed in our laboratory (79). Considering the 

observation that Mtb-PruA and Mtb-PruB are transcribed together under physiological 

conditions, the pruAB operon was cloned into pYUB28b vector to express the operon 

under control of one promoter. In this case, either Mtb-PruA (N-terminal) or Mtb-

PruB (C-terminal) was expressed with His6-tag to allow detection and purification of 

the likely stable complex in pull-down experiments. In another attempt, the open 

reading frames encoding Mtb-PruA and Mtb-PruB were cloned into the pYUBDUet 

vector under control of two separate promoters. The Mtb-PruA protein was expressed 

with an N-terminal His6-tag whereas Mtb-PruB was expressed as native protein.  

All constructs were expressed in E. coli and M. smegmatis host cells using LB 

medium. Pull-down experiments were conducted using His6-tagged protein as bait to 

explore co-purification of the untagged protein partner. The results, however, 

indicated the purification of only the His6-tagged protein, with no clear presence of 

the untagged partner. Given these results, it remains unclear whether or not the Mtb-

PruA and Mtb-PruB proteins form a stable complex. It is possible, however, that these 

proteins interact in a transient manner rather than forming a stable complex. In order 

to investigate this possibility, bacterial two-hybrid systems were used as described 

below (184). 
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B. Mycobacterial protein fragment complementation (M-PFC) 

This system is similar to the widely-used yeast two-hybrid system (184) and is based 

on the functional reconstitution of three small murine dihydrofolate reductase 

domains (mDHFR) (182). These domains are independently fused to two proteins 

under investigation, and in the case that the two proteins interact, the mDHFR would 

result in the formation of functional mDHFR and confer resistance to trimethoprim 

antibiotic (Figure 4.27). 

 

Figure 4.27. Schematic representation of the M-PFC experiment. [F1,2] and [F3] 

represent the respective domains of mDHFR. Figure obtained from Singh et al., 2006. 

The plasmids required for this experiment (pUAB300 and pUAB400) were a kind gift 

from Dr Adrie JC Steyn, Department of Microbiology, University of Alabama at 

Birmingham, USA. The Rv1187 and Rv1188 open reading frames were separately 

cloned into each vector (Table 2.4), to account for a possible influence of the N- or C-

terminal orientation of the domains in mDHFR activity. M. smegmatis mc2155 cells 

were transformed with the resulting plasmids and the transformants were then 
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selected on LB or 7H9 plates using appropriate selection markers. Although 

transformation of the cells with individual plasmids resulted in colonies, co-

transformation with both plasmids failed to grow any colonies. Attempts to improve 

the transformation efficiency were made, such as varying electroporation parameters, 

using different selection media or different plasmid concentrations, all of which were 

unsuccessful. Given this result, we were not able to assess whether Mtb-PruA and 

Mtb-PruB interact using the M-PFC system and moved on to another strategy.  

 

C. Split-Trp system 

Further attempts to investigate molecular interaction between Mtb-PruA and Mtb-

PruB proteins were carried out using the Split-Trp system (183). This system is based 

on functional reconstitution of a bifunctional enzyme (TrpF or HisA), which is 

involved in the biosynthesis of tryptophan and histidine amino acids (185). The M. 

smegmatis strain used in this system carries a deletion in the gene encoding this 

bifunctional enzyme and hence shows tryptophan auxotrophy. When the enzyme is 

reconstituted, tryptophan biosynthesis is restored and the M. smegmatis cells are then 

able to grow on minimal medium lacking tryptophan.  

The M. smegmatis ΔhisA strain and the plasmids required for this experiment (pL240 

and pL242) were kind gifts from Dr Helen M. O'Hare and Professor Kai Johnsson, 

Institute of Chemical Sciences and Engineering, École Polytechnique Fédérale de 

Lausanne (EPFL), Switzerland. Similar to the M-PFC experiments, both Rv1187 and 

Rv1188 open reading frames were separately cloned into each vector. Similarly, 

following co-transformation of M. smegmatis hisA with both plasmids, cells failed to 

grow on plates supplemented with appropriate selection markers. Despite our 

numerous attempts to overcome this issue, we have been unable to obtain colonies 

following co-transformation.  
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4.2.12 Mtb-PruC 

A. Preliminary work 

As introduced in §4.1, PruC potentially mediates regulation of the proline utilisation 

pathway. Preliminary work was conducted by Dr Marion Weimar (University of 

Otago, Dunedin, New Zealand), who initially cloned the open reading frame encoding 

PruC (Rv1186c) into pKLD66 vector. This construct expresses PruC fused to an N-

terminal His6-MBP tag that is cleavable using TEV protease (186). Expression was 

carried out in E. coli using LB medium and IPTG induction at 25°C. Although the 

fusion protein could be purified from the membrane fraction, cleavage of the affinity 

tag resulted in PruC aggregation. Nevertheless, binding studies using the His6-MBP-

PruC construct conducted by Dr Michael Berney (University of Otago, Dunedin, New 

Zealand) showed binding to the pruAB promoter region (65). This preliminary data 

suggests that PruC solubility was influenced by the presence of the MBP fusion tag. 

Attempts to obtain well-behaved PruC protein for structural studies were carried out 

as described below.  

 

B. Initial expression trials 

The pKLD66-Rv1186c construct was initially used for expression in E. coli host cells. 

The expression was conducted using LB media and IPTG induction and protein was 

subsequently purified using amylose resin and size exclusion chromatography steps. 

Similar results to those from Professor Greg Cook’s lab were obtained, with the 

protein eluting in the void volume and PruC aggregating after cleavage with rTEV 

protease.  

As part of the experiments to investigate the protein localisation, membrane fractions 

were prepared from the E. coli cells expressing the pKLD66-Rv1186c construct. The 

membrane fractions were then solubilised using n-dodecyl -D-maltoside (DDM) and 

protein purification was carried out as described above. Based on large-scale 

purification results, no protein was present in the membrane fraction. This is, 
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however, inconsistent with the previous results obtained in Professor Greg Cook’s 

lab.  

C. Expression in M. smegmatis  

The open reading frame encoding PruC was cloned into the pYUB28b vector to 

express the protein with either an N- or C-terminal His6-tag. The resulting constructs 

were then used for expression in M. smegmatis, which showed no expression of the 

His6-PruC protein.  

 

D. Codon optimisation  

Codon usage is one of many factors that could influence recombinant protein 

expression. In order to optimise expression of PruC, the Rv1186c open reading frame 

was codon-optimised and synthesised for E. coli expression (GenScript©). The 

resulting construct was cloned into the pProEX-HTb vector (N-terminal His6-tag) and 

modified pProEx-HTa vectors (N-terminal His6-MBP tag).  

 

E. His6-PruC fusion  

The pProEX-Rv1186c construct with the codon-optimised sequence was used for 

expression in E. coli host cells. This construct expresses PruC with an N-terminal 

His6-tag. Pull-down experiments using TALON beads indicated the presence of a 

protein with the expected size of PruC, which was then confirmed through mass 

spectrometry, in which the peptide coverage resulting from the trypsin digestion was 

satisfactory. Upon large-scale purification, however, no soluble expression was 

obtained.  
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F. MBP-PruC fusion  

The codon-optimised Rv1186c sequence was cloned into modified pProEx-HTa 

vectors (provided by Dr Paul Young, The University of Auckland) using KasI/EcoRI 

restriction enzymes. These vectors allow expression of the His6-MBP fusion partner 

with the target protein using four different linkers (Table 4.4). Whereas one construct 

provides a TEV cleavage site between the tag and protein, the other three constructs 

are non-cleavable and respectively have 3-, 4- or 5-residue linkers between the MBP 

and target protein. The main purpose of these constructs is to improve the 

crystallisation of an MBP-tagged protein, with the linker size between the tag and 

target protein conferring different degrees of flexibility to favour molecular packing 

for crystallisation. Several crystal structures have been successfully solved using these 

vectors in the Structural Biology Laboratory (Dr Paul Young, to be published).  

Table 4.4: His6-MBP-PruC constructs. 

Construct name Description TEV cleavable 

MBP-3G-PruC Nter- (His)6 – AGA – MBP - Rv1186c - 

MBP-4G-PruC Nter- (His)6 – AGGA – MBP - Rv1186c - 

MBP-5G-PruC Nter- (His)6 – AGSGA – MBP - Rv1186c - 

MBP-TEV-PruC Nter- (His)6 – MBP – rTEV - Rv1186c +  

 

G. Expression and purification of MBP constructs 

The MBP-TEV-PruC construct was expressed in E. coli using TB medium as 

described in §2.4.1. Significant amounts of protein were purified from 0.5 L of culture 

medium using amylose resin. Following the first purification step, the protein was 

subjected to rTEV digestion. Analysis of overnight digestion by SDS-PAGE indicated 

that the tag was only digested for a fraction of the protein construct (Figure 4.28). 

Nevertheless, the cleaved PruC was separated from the uncut protein and rTEV using 

a subtractive Ni-NTA column, followed by protein concentration and injection on to 

an S200 10/300 size exclusion column. The protein was eluted as a single major peak 

(20 mM Tris-HCl pH 7.4, 500 mM NaCl, 0.5 mM TCEP, 10% glycerol) in the void 
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volume of the column, indicating aggregation. The same result was obtained for the 

other three MBP constructs (Table 4.4).  

 

Figure 4.28. Digestion of MBP-PruC protein using rTEV protease. SDS-PAGE gel 

obtained following overnight digestion of the MBP-PruC protein with rTEV protease. 1) 

MBP-PruC before rTEV digestion; 2) the sample after overnight digestion with rTEV. M) 

molecular weight standards. Estimated molecular weight: MBP-PruC: 101 kDa, PruC: 57.5 

kDa, MBP: 43 kDa, rTEV: 28 kDa.  

 

In an attempt to overcome protein aggregation, the MBP-3G-PruC construct (Table 

4.4) was purified using different buffers at various pH values, including MES (pH 5 

and 6) and Tris-HCl (pH 8 and 9). Amylose affinity purification of the protein under 

basic pH led to little or no soluble protein (Figure 4.29A), whereas soluble protein 

was obtained using acidic buffers (Figure 4.29B).  

Whereas the SEC chromatogram of the purification using the original condition (Tris-

HCl pH 7.4) shows a major peak at the void volume, the SEC trace at pH 6 features 

three major peaks. The first peak eluted at the void volume of the column (8.1 mL) 

indicating a protein aggregate, the second peak eluted at 11.5 mL as a symmetrical 

peak and third peak eluted at 15.9 mL (Figure 4.29C). Protein fractions corresponding 

to the peaks were analysed on SDS-PAGE, indicating the presence of full-length 

MBP-3G-PruC protein in the second peak (Figure 4.29D) while the third peak 

belonged to the MBP tag alone.  
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Figure 4.29. Purifications of MBP-3G-PruC. (A) SDS-PAGE from the purification of PruC 

at pH 8 and 9. 1) supernatant; 2) flow through; 3) wash fraction; 4) elution fraction with 10 

mM maltose. (B) SDS-PAGE from purification at pH 5 (Lanes 1 and 3) and pH 6 (Lanes 2 

and 4). 1) and 2) supernatant; 3) and 4) elution fraction with 10 mM maltose. (C) 

Chromatogram obtained from SEC purification at pH 5 (red line) and pH 6 (black line). The 

blue line indicates protein fractions analysed on SDS-PAGE (D). 

 

Following these encouraging results for the purification of the MBP-3G-PruC 

construct, all three non-cleavable MBP-PruC constructs were purified in 20 mM MES 

pH 6.0, 500 mM NaCl, 10% glycerol and 0.1 mM TCEP. The proteins were 

concentrated to 10 mg.mL-1 and subjected to crystallisation trials against in-house kits 

(§2.7.1). No positive hits were, however, obtained. This result suggests that PruC 

solubility is driven by the presence of the MBP tag, and that the protein may only be 

partially folded while fused to the MBP.  
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Metabolism of amino acids provides promising leads towards development of new 

vaccines and/or anti-TB agents. The absence of de novo biosynthetic pathways for 

nine essential amino acids in humans makes them ideal candidates for drug therapy. 

In Mtb, several amino acids also have crucial roles in mycobacterial viability (e.g. 

BCAAs) and persistence (e.g. proline). During this PhD project, we aimed at 

structural and functional investigation of the proteins involved in either the 

metabolism or the biosynthesis of these amino acids in Mtb.   

5.1 Mtb-DHAD 

As part of the research conducted during this thesis, Mtb-DHAD was targeted for 

structural characterisation. Mtb-DHAD catalyses the third step in the BCAA 

biosynthesis pathway. Although the function of Mtb-DHAD has already been studied 

in vitro (58), no structural information is available on this protein or its homologues 

from other species. The goal of this project was to determine the three-dimensional 

structure of Mtb-DHAD, with the ultimate aim of using a structure-based drug 

discovery approach to inhibit the BCAA biosynthetic pathway in Mtb.  

In an attempt to determine the crystal structure of Mtb-DHAD, the wild type and five 

surface-mutant constructs of the protein were expressed and purified. These proteins 

showed a brown colour on purification, suggesting the likely presence of [Fe-S] 

clusters bound to the recombinant proteins. The wild type and one of the surface 

mutant constructs could be crystallised, although the crystals were colourless 

indicating the loss of the [Fe-S] cluster during crystallisation. Wild-type crystals 

proved to be of poor quality and showed smeary diffraction to about 4 Å resolution 

(Figure 3.7). Although attempts to enhance crystal diffraction by seeding greatly 

improved crystal morphology, structure determination remained unsuccessful. 

Crystals of both E29A and E29A/K30A/K169A surface mutants of DHAD displayed 

more promising crystal morphology, but the resulting diffraction showed little 

improvements. Data were collected to 3.5 Å resolution but indicated a diffraction 

quality similar to that of the wild-type, with multiple lattices that rendered data 

processing problematic. 
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[Fe-S] binding proteins are known to be unstable under atmospheric conditions. As 

noted earlier, DHAD belongs to the dehydratase enzyme family in which an iron atom 

of the [Fe-S] cluster is directly involved in the enzymatic reaction and therefore needs 

to be solvent-accessible (112). This could, in part, explain the loss of the [Fe-S] 

clusters and hence the colourless nature of the Mtb-DHAD crystals. The following 

strategies are proposed to improve the crystal quality of the Mtb-DHAD protein, with 

the ultimate aim of determining its three-dimensional structure.  

 

5.1.1 Improving sample homogeneity 

DLS analyses of the purified wild type DHAD protein indicated a polydispersity of 

18% in the hydrodynamic radius, well within the recommended range of protein 

polydispersity (Pd ≤ 20%) that offers a high chance of growing crystals. Upon 

running a sample of the purified protein on a native-PAGE gel, however, two distinct 

protein bands were observed (Figure 5.1). The presence of two protein bands could be 

explained by the presence of different forms or states of [Fe-S] clusters within the 

protein population.  

Strong reducing agents, such as sodium dithionite (Na2S2O4), have been reported to 

enhance the sample homogeneity of [Fe-S] binding proteins. Na2S2O4 can reduce iron 

atoms in the cluster, expel an iron out of the cluster or bind to the cysteinyl ligands in 

the protein instead of the cluster (187-189). This method has been used successfully 

to improve sample homogeneity in determining the crystal structures of several [Fe-S] 

binding proteins (130,190,191). The same procedure could be utilised to modify the 

[Fe-S] cluster in Mtb-DHAD and improve its crystallisation propensity.  
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Figure 5.1. Native-PAGE of purified Mtb-DHAD. Lanes 1-3) the DHAD protein eluted in 

different fractions during SEC chromatography. Arrows indicate the presence of two protein 

bands that could potentially correspond to the DHAD species bound to different [Fe-S] cluster 

forms.  

 

5.1.2  In situ proteolysis 

Protein function is often facilitated by the presence of loops or segments that confer 

flexibility. This flexibility can, however, have an adverse effect on protein 

crystallisation. In situ proteolysis is a successful technique that can sometimes rescue 

protein crystallisation, using proteases to digest accessible loops or polypeptide 

termini, or even complete domains (192-194). This technique has been successfully 

used in crystallisation of a wide range of proteins (193). In practice, trace amounts of 

protease (e.g. trypsin and -chymotrypsin) are added to the protein solution just 

before setting up the crystallisation drops. The crystallisability of Mtb-DHAD 

constructs could be enhanced through using similar strategies.  

 

5.1.3 Anoxic environment  

For this project, all of the purification and crystallisation experiments to date have 

been conducted under atmospheric conditions. However, the [Fe-S] cluster in DHAD 

is believed to be sensitive to the presence of oxygen, which could also affect the 

protein heterogeneity, as discussed above. Using anoxic conditions has been reported 

to greatly improve crystallisation of [Fe-S] binding proteins by preserving the 
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integrity of the sample. Protein purification under anaerobic conditions is, however, 

technically demanding and requires a suitable anaerobic chamber equipped with 

protein purification and/or crystallisation systems. No such system was available to 

us, but this could be pursued in the future. Alternatively, protein purification could be 

conducted under atmospheric conditions followed by manual set up of crystallisation 

drops under anoxic environment; a glove box is available in the School of Biological 

Sciences that could be used for this purpose. 

 

5.1.4 Reconstitution of [Fe-S] clusters in vitro 

Several studies have reported the possibility of rescuing apo forms of [Fe-S]-binding 

proteins using the enzyme cysteine desulfurase (IscS), in the presence of inorganic 

iron and sulfur, to reconstitute the holo form of the enzyme. This protein has been 

characterised in E. coli and its ability to transfer [Fe-S] clusters to apo enzymes 

shown in vitro (195-199). The crystal structure of Mtb-IscS has recently been reported 

and its interaction with apo-partners shown using a yeast two-hybrid system (191). 

This approach could be applied to Mtb-DHAD, by expressing and purifying the IscS 

protein from either E. coli or Mtb and using it to assemble the [Fe-S] clusters and 

reconstitute them into Mtb-DHAD. This experiment needs to be conducted under 

anoxic conditions, however, as for the crystallisation experiments described above.
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5.2 Proline utilisation pathway 

Although not one of the essential amino acids in humans, the involvement of proline 

metabolism in mycobacterial persistence classifies it as a promising target for new 

anti-TB agents. Proline appears to have an important role in the adaptation of 

mycobacteria to slow growth rate and also a role in protection against toxic 

metabolites. As a major part of the research conducted during this thesis, the enzymes 

that convert proline into glutamate in Mtb, PruA and PruB, were investigated with 

regard to structure and function. The PruC protein, implicated as a transcriptional 

regulator of PruA and PruB enzymes (65), was also targeted for structural studies.  

Mtb-PruB was expressed as a soluble protein in M. smegmatis cells, although it 

proved to be aggregated despite using a range of different rescue strategies. The 

protein aggregation hindered pursuit of structural characterisation of the protein. The 

protein was, however, functionally active and could be subsequently used for 

functional reconstitution of the proline utilisation pathway.  

Mtb-PruA was expressed and purified in M. smegmatis cells, in a form suitable for 

structural and functional studies. Although the crystal structure was complicated by 

lattice translocation defects, both the apo- and NAD+-PruA structures were solved, at 

2.0 and 2.25 Å resolution, respectively. The lattice disorder was then overcome by 

cobalamin binding, which resulted in the establishment of new crystal contacts and 

well-ordered crystals. The structure of Mtb-PruA enzyme was found to be similar to 

other reported P5CDH enzymes/domains including human and mouse P5CDH 

enzymes, with the key structural features involved in binding and catalysis being 

largely conserved. Despite conserved functional elements, however, the Mtb-PruA 

active site displayed some intrinsic flexibility suggesting unique properties in 

substrate binding that could be exploited in drug design (Figure 4.18).  

In a novel approach, we studied the conversion of proline into glutamate using the 

purified Mtb-PruA and Mtb-PruB enzymes. The use of 2D-NMR allowed 

simultaneous monitoring of proline consumption and glutamate formation in the 

reconstituted reaction. To the best of our knowledge, this is the first experimental 
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validation of the proline utilisation pathway in (micro)organisms, at least for those 

organisms that possess monofunctional enzymes.  

The possibility of molecular interaction between PruA and PruB remains unanswered. 

Several studies have reported the existence of substrate channelling in the bifunctional 

PutA proteins from B. japonicum and G. sulfurreducens (170,181,200), in which the 

P5C intermediate is directly transferred from one domain to the other one without 

being released in solution. A long internal channel exists within the Mtb-PruA 

structure that supports the possibility of substrate channelling similar to that observed 

in bifunctional homologues (Figure 4.26). Despite numerous attempts (§4.2.11), 

however, we were unable to purify a stable PruA-PruB complex upon co-expression 

and our efforts to establish an experimental system to study the formation of a 

transient PruA-PruB complex was unsuccessful.  

Initial attempts to express Mtb-PruC as a His6-tagged protein, either in E. coli or M. 

smegmatis cells, were unsuccessful. Several MBP-PruC constructs with various linker 

lengths between the tag and the protein were cloned and expressed in E. coli. 

Although all these constructs were soluble, it appeared that the solubility of PruC was 

greatly influenced by the presence of the MBP tag and all the constructs were 

aggregated in solution. The MBP-PruC protein, was however able to bind the 

promoter region of the pruAB operon in vitro, indicating that the protein was folded to 

some extent in the presence of the MBP tag.  

One possibility for the misfolding of PruC could be due to the wrong annotation of 

start site for the protein. The plasmid constructs prepared during this study were 

designed based on the Tuberculist database, in which a methionine is annotated as 

translation start site. A closer inspection of the upstream region of the Rv1186c open 

reading reveals the absence of a stop codon for 900 base pairs. Interestingly, there is 

no methionine codon upstream of the current start site before the stop codon, although 

a valine codon (GTG) could be used as translation start site. Secondary structure 

prediction (PSIPRED server11F

11 ) for the polypeptide sequence encoded by the N-

terminal extension indicates the presence of two potential helices in 50 residues 

upstream of the current start site. Three valine residues (positions -17, -30 and -66) 

                                                 

11 http://bioinf.cs.ucl.ac.uk/psipred 
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located in this extension could be used as potential start site for PruC (Figure 5.2). 

The presence of these potential extra helices could greatly improve protein solubility 

and folding. New constructs could be prepared using these three valine residues to 

investigate protein solubility and aggregation.   

 

 

Figure 5.2. Secondary structure prediction of the N-terminal extension of PruC. Two 

potential helices are predicted to be present in the sequence. Three valine residues as potential 

translation start sites are indicated in red. This figure is modified from PSIPRED Server 

output. 
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In the present work, significant progress was made towards the understanding of the 

proline utilisation pathway in Mtb. With the use of a novel robust assay, we 

demonstrated that both PruA and PruB enzymes worked in cohort to convert proline 

into glutamate. The robust NMR-based enzymatic assay developed in this work could 

serve as a starting point for the testing and the identification of potential inhibitors of 

PruA/PruB enzymes.  

This research was aimed at generating a platform for structure-based drug design. 

While the structural analysis of Mtb-PruA was in progress, the structure of the 

equivalent human and mouse enzymes were determined, and were found to be 

surprisingly similar to the Mtb protein. Although the structural conservation of key 

residues involved in both NAD+ binding and catalysis suggests a highly similar 

reaction mechanism in the human and Mtb proteins, and would seem at first sight to 

make this enzyme unsuitable as a drug target, Mtb-PruA in fact displays some unique 

features that could be exploited for drug design purposes. In both Mm-P5CDH and Tt-

P5CDH structures, the substrate-binding site involves two Phe residues (Phe191 and 

Phe498 in Mtb-PruA) that provide a binding pocket for the reaction substrate. Both 

Phe residues are conserved at the sequence level, but Phe498 in Mtb-PruA is flipped 

away from an active site location towards the dimer interface. This suggests some 

unique flexibility associated with substrate binding that is inherent to Mtb-PruA. 

Although the dynamics associated with substrate binding remains unknown at this 

stage, we believe that this intrinsic property is a key feature that could be employed 

for the design of Mtb-specific inhibitors.  
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