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ABSTRACT 

In 1998 the genome sequence of Mycobacterium tuberculosis H37Rv was published1.  

M. tuberculosis is the primary causative agent of tuberculosis, a disease with a long history in 

humans, which still has a great impact on human mortality today.  As part of the 

M. tuberculosis Structural Genomics Consortium we selected nine target genes (Rv0534c 

(menA); Rv0548c (menB); Rv0553 (menC); Rv0555 (menD); Rv0542c (menE); Rv3853 

(menG); Rv0558 (ubiE); Rv0989c (grcC2) and Rv0990c) from M. tuberculosis, including all 

known members of the menaquinone biosynthesis pathway, for structural studies.   

All nine genes were taken through the structural genomics “pipeline”, either becoming stuck at 

various “bottlenecks” or continuing successfully to structure solution.  At the initial 

bioinformatics analysis step, eight of the nine targeted genes were deemed suitable for further 

study.  PCR amplification and cloning of these genes into several different expression vectors 

followed.  Expression of the gene products for the seven successfully cloned genes was 

undertaken in an E. coli expression host, followed by experiments (refolding, lysis buffer and 

expression temperature screens) aimed at obtaining soluble protein in sufficient quantities for 

crystallisation.  Of the seven proteins successfully overexpressed, five remain at this stage as 

they could not be obtained in soluble form.  The remaining two, Rv3853 (MenG), solubilised 

by refolding, and MenB, solubilised by 24ºC expression, were purified and both successfully 

produced diffracting crystals.  The crystal structure of Rv3853 was determined by isomorphous 

replacement (SIRAS) and refined at 1.9 Å resolution (R = 19.0% and Rfree = 22.0%).  The 

structure of several different crystal forms of MenB, were determined by molecular 

replacement.  Refinement of two of these structures, MenB_P43212 at 2.15Å resolution (R = 

20.3% and Rfree = 23.1%) and MenB_C2-NCoA at 2.3 Å resolution (R = 19.7% and Rfree = 

22.5%), has been completed. 

The structure of Rv3853, combined with the discovery that UbiE was more likely to catalyse 

the final, S-adenosylmethionine-dependent, methyltransfer step of menaquinone biosynthesis, 

led to the conclusion that Rv3853 had been misannotated as MenG.  Combined with further 

bioinformatics analysis the Rv3853 structure has been useful in providing new ideas as to the 

real function of Rv3853.  In contrast, the structure of MenB confirmed its place as a member of 

the crotonase superfamily although the C-terminus was located in a position not observed in 

other crotonase superfamily structures.  Several flexible regions likely to be important in MenB 

function have been identified by examination of the various MenB structures.  
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C h a p t e r  1  

INTRODUCTION 

1.1 Structural Genomics 

1.1.1 Genomic Projects: A Wealth of Sequence Information 

Since the mid 1990s, a wealth of DNA sequence information for both eukaryotic and 

prokaryotic organisms has become available from the completion of many genomic 

sequencing projects.  These projects give the DNA sequences for all the genes in their 

source organism.  In the case of many of these gene sequences, very little is known about 

the structure and biochemical function of their gene products or the biological role of these 

gene products in the source organism.  For example, it is estimated that about 60% of the 

open reading frames (ORF) contained in the Mycobacterium tuberculosis genome are not 

able to be assigned a precise function and 16% are of totally unknown function1.  The 

desire to fill in some of these gaps has led to the development of new projects aimed at 

studying the function and structure of the protein products of genomes (also called 

proteomes).  

1.1.2 Defining Structural Genomics 

Structural genomics can be defined in several ways.  Succinctly, it is the systematic or 

large scale determination of the structure of all gene products in an organism2-5.  Due to 

practical constraints this definition can be refined to the experimental determination of the 

structures of a large representative group of gene products from an organism.  The group of 

gene products targeted depends a lot on the aims of the individual structural genomics 

projects6.  Some projects may aim to focus on those genes which represent proteins with 

predicted novel fold7-9 or those which are of unknown function4,9, while others, especially 

those which involve the human genome or organisms that impact on human health, may 

focus on genes for proteins that are implicated in a disease state and may potentially make 

good drug targets or may add additional information on disease development or 

virulence7,8. The definition can be further refined to the systematic determination of protein 

structures from a certain area of interest, for example signalling proteins6, conserved 
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biochemical pathways7 or even metabolic pathways in general10.  Despite the wide variety 

of aims, all structural genomics projects have professed a strong commitment to the 

development of new, faster and automated methods (so-called high throughput approaches) 

for the practical steps involved in obtaining a protein structure starting from a gene 

sequence7-9,11-16. 

1.1.3 Three Main Outcomes of Structural Genomics 

The aims for structural genomics projects can be quite varied; however three of the main 

outcomes of these projects are discussed in more detail below.  These are: (i) providing 

structures which can be used as structural templates for homology modelling and providing 

structures of novel folds which will help to populate fold space; (ii) using structural 

information to aid in functional annotation; and (iii) use of structures obtained by structural 

genomics approaches in drug design.  These outcomes are often interrelated and it is 

possible that all three outcomes can be realised by a single structural genomics project. 

1.1.3.1  Providing Structural Templates and Mapping Fold Space  

1.1.3.1.1 Definitions and Protein Classification Terms  

An important output expected from a structural genomics project is “a fundamental 

understanding of the protein universe in a three dimensional sense”7.  Before this outcome 

is addressed in more detail, several terms, widely used in this field, need to be defined.  As 

these terms often have more than one usage this section serves to define them as used in 

this thesis. 

A general definition of a protein family, based on the criterion of protein sequence identity, 

is that members of the same protein family should, at minimum, share around 30% 

sequence idenitity9,13,17.  Other definitions of a protein family, based on different criteria, 

can also be used.  In the SCOP (Structural Classification of Proteins) database the unit of 

classification is not a protein but a protein domain, defined as: 

“An evolutionary unit observed in nature either in isolation or in more than one context in 

multidomain proteins18” 
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For small and many medium-sized proteins, the whole protein comprises one domain, in 

which case it is the entire protein that is classified into families etc17.  Many large proteins 

have more than one domain, however, in which case it is the domain that is classified17.  

Proteins (or protein domains) are clustered into families in SCOP based on having a 

common evolutionary origin17.  Two criteria are used in this classification17.  Firstly, as 

already defined above, if proteins/protein domains share a minimum of 30% sequence 

identity (over a domain) they are classified into the same family17.  Alternatively, a 

functional and structural criterion is used which allows proteins/protein domains with 

lower sequence identities, but whose structures and functions are very similar, to be 

grouped into the same family17.  Proteins can also be classified into the broader category of 

protein superfamilies17,19.  SCOP classifies proteins into a superfamily if they have a low 

sequence identity but have structures, and possibly functional similarities, that suggest a 

likely common evolutionary origin17.  Due to the fact that primary sequence and structure 

are related, those proteins with similar sequences are likely to have similar structures.  

Furthermore, proteins can differ by greater than 80% sequence identity (i.e. less than 20% 

identity) and still share the same general fold3.  This can be illustrated by a recent release of 

SCOP in which 40,452 protein domains were grouped into 2327 families and 1294 

superfamiles but only 800 folds18.  While the term fold can be used in many contexts, in 

this thesis the SCOP definition of a fold will be used.  In SCOP superfamilies and families 

are classified as having a common fold if: 

“their proteins share the same major secondary structure in the same arrangement with the 

same topological connections17”   

1.1.3.1.2 Structural Templates for Homology Modelling 

One of the key aims of structural genomics is to have an experimentally determined 

structural representative for each family of proteins6,9,13,20,21.  Having a structural 

representative of each family provides a structural template to allow the structures of other 

family members to be predicted by homology modeling3,8,20.  The value of this is illustrated 

in a pilot study where two experimentally determined structures studied yielded thirty-one 

homology models8.  The amount of sequence identity needed by homology modelling 
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varies but is estimated to be between 30 and 40%21-23 (matching approximately the 

sequence identity criterion for a protein family).  In the case of superfamilies, it is 

estimated that more than one structural representative will be needed for successful 

modeling21.  Currently, work with homology modelling has shown that out of eighteen 

genomes, 26-42% of the proteins could be modelled which, as some proteins contain 

multiple domains, translated to 17-32% of the genome on a per amino acid basis24. It is 

estimated that solving protein structures for between 10,000 and 16,000 carefully chosen 

protein sequences would be enough to enable homology modelling of every globular 

protein sequence in nature3,8,13,22,23.  The art comes in carefully picking targets that are 

going to give the most coverage in terms of structures able to be modelled from the 

experimental structure7,21.  Proteins belonging to large protein sequence families with many 

members will be more desirable in this respect7,21. 

1.1.3.1.3 Mapping Fold Space 

It is estimated that during the course of structurally characterising all protein families, 

structures of proteins with novel folds will be found which will help to populate “fold 

space”21.  There is evidence to suggest that there is only a small finite number of folds4.  

For example, there are fewer new folds per year deposited in the Protein Data Bank (PDB) 

even though the total number of structures deposited is each year increasing4.  It is believed 

that the number of protein folds will be less than the number of protein families16, with the 

current estimate for the number of unique folds varying from 1000-50003,7,8,22,24.  There are 

currently ~800 folds represented in the PDB8,22,23.  This number of folds is only slowly 

increasing each year with ~8% of the 2159 structures deposited in the PDB in 1999 having 

a novel fold25.  Therefore, many structural genomics initiatives are specifically targeting 

proteins that are predicted to have novel folds6,7,9,12.  

1.1.3.2 Using Structural Information to Aid Functional Annotation 

The function of a protein can be defined in many ways, often using terms interchangeably.  

Therefore, functional definitions should be treated carefully.  Consistent with the literature, 

in this thesis the term biochemical function will refer specifically to the chemical reaction 

or binding process carried out by the protein.  For example, a protein may have a 
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biochemical function transferring a methyl group from S-adenosyl methionine to another 

molecule.  The term cellular function will be used to refer to the pathway in the cell in 

which the protein functions such as signal transduction, sugar metabolism or amino acid 

biosynthesis. For example, the methyltransferase protein above may have a cellular 

function as an enzyme in the menaquinone biosynthetic pathway.  The term biological 

function will then be used in an even broader sense and will refer to the role the protein 

plays in the overall functioning of the organism.  For example a menaquinone biosynthesis 

protein contributes to producing menaquinone which is used by bacteria in electron 

transport.  Electron transport provides energy to the bacteria in the form of ATP, enabling 

many cellular processes to be carried out.   

Analysis of the three dimensional structure of a protein reveals many important features.  

For example, analysis of the protein shape and surface properties, or the discovery of 

bound ligands, can reveal clefts or charged regions which may help to identify active 

sites4,20,25.  Analysis of the positions of catalytic or other residues in an active site, or 

residues that conform to structural and functional motifs may indicate possible catalytic 

mechanisms4,20,25.  Comparison of the protein fold with those of other proteins is also a 

powerful tool that can reveal evolutionary relationships4,20,25.  Such observations can assist 

greatly in assigning a biochemical function to a protein, but generally not in assigning its 

biological or cellular function25.  The biochemical information gleaned may be useful, 

however, in developing functional hypotheses that can then be experimentally tested using 

other genomic and proteomic techniques20,25.  Conversely, if the cellular or biological 

function is already known, the structure can help reveal the molecular mechanisms 

involved in this cellular process20.  This could also include any disease states in which the 

protein is implicated3. 

One of the most powerful insights from structures is in the discovery of evolutionary 

relationships or homology not evident at the primary sequence level4,6,20,24-27.  It is 

estimated that about half of distant homologues are missed by sequence-based tools28.  This 

means that structural comparisons can be used in a similar way to sequence comparisons, 

using homology to obtain clues about the biochemical function of a protein of unknown 
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function2,4,6,8,20.  In the cases where there is not enough structural similarity for a 

biochemical function to be confidently assigned, there may be enough information gleaned 

from structural relationships to propose a biochemical function which can then be 

experimentally tested8,13,20.  This can be illustrated by two recent examples.  In the case of 

MJ0226 from Methanococcus jannaschii, the protein had a novel fold in which a section 

showed resemblance to a nucleotide binding protein20,29.  This suggestion of a possible 

function led to biochemical tests that showed MJ0226 bound to xanthine triphosphate 

(XTP) and inosine triphosphate (ITP), and had nucleotide triphosphatase activity20,29.  This 

in turn led to a proposed biological/cellular function in which the proteins role was to 

protect the DNA in this organism from incorporation of modified purine bases such as 

dXTP and dITP20.  This was then confirmed by complementation experiments20.  In the 

case of MJ0882 from Methanococcus jannaschii, the structure showed homology to a 

family of S-adenosyl methionine dependent methyltransferases, even though there was no 

obvious relationship at the sequence level20.  Subsequent biochemical tests confirmed this 

biochemical function20. Even in cases where a function is known, structural homologies 

can help in such ways as determining the specific binding partner or ligand of a protein13.  

In some cases, solution of a protein structure may lead to the discovery of an unexpected 

ligand or even a buffer or additive molecule bound20.  This compound, whether it be a real 

ligand/cofactor or not, may reveal a cofactor binding or active site20.  This can lead both to 

location of key functional sites, and from examination of those sites, to clues concerning 

biochemical function.  Another example from Methanococcus jannaschii (MJ0577) 

illustrates this20,30.  In this protein structure, ATP was found co-crystallised, suggesting a 

possible biochemical role for the protein as either an ATPase or an ATP-dependent 

molecular switch20,30.  Biochemical experiments undertaken to explore these hypotheses 

favoured the latter function20,30.  

Although structural homology is often useful to assign biochemical functions there are 

limitations.  One of the reasons for this is that there are a limited number of protein folds, 

so some protein folds can support several different functions25,31.  Conversely, a function 

can be associated with more than one fold25.  It is therefore unsurprising that other methods 
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are being developed to use structural data to predict function.  Much effort has been made 

in recent years to find in silico ways to predict the locations of catalytic residues, functional 

sites, ligand binding and active sites, based on structural information14,21,31-35. 

In summary, knowledge of a protein structure is a very useful tool in helping to assign a 

biochemical function to a protein, and can provide important information on molecular 

mechanisms of action and evolutionary relationships of target proteins20,25.  Hypotheses 

about biochemical or possible cellular and biological functions derived from structural 

information can be tested by further experimentation20,25.  In this manner, structural 

genomics projects can contribute to understanding better the biology of the target 

organism2,4,36, including disease states.  

1.1.3.3 Structural Genomics and Drug Design  

Some groups involved in structural genomics efforts specifically target genes whose gene 

products, for example proteins from viruses or bacteria, are somehow involved in disease 

states and hence are potential drug targets7,37.  The aim here is to provide high resolution 

structures of many drug targets which can be used in structure based drug design37.  In 

some cases, even if the study does not specifically focus on potential drug targets, 

subsequent information from various sources may reveal that some of the resulting 

structures are indeed good drug targets.  For example, a vision of the Mycobacterium 

tuberculosis Structural Genomics Consortium is that the structural information that could 

speed up drug discovery is in place by the time key drug targets are identified by genetic 

means or high throughput screening11.  Hence one of the aims of structural genomics is to 

provide a wealth of structures that can be used for structure based drug design11.   

Drug design is one of the key driving forces in the commercial application of structural 

genomics36.  A large amount of industrial interest is centred on the use of high-throughput 

structural genomics, for structure based drug design36.  Some companies are focusing on 

developing the methodology, while others are tackling drug design36.  For example, Astex 

Technologies in the UK focuses on the development of high throughput methods for 

structure based drug discovery23.  Although most drug design still involves the traditional 
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high throughput screens of compound libraries38, the past decade has seen much wider use 

of structural information in drug design39,40.  So far only a few drugs have been developed 

from structure-based approaches, including the HIV 1 protease inhibitors Viracept and 

Agenerase23,27,39 and the neuraminidase inhibitors Relenza and Tamiflu27,39.  Until recently, 

due to the time and resources required to produce a structure, it was considered impractical 

to use structures routinely in drug design23,41.  However, technical advances have made the 

process of structure generation faster and hence the use of protein structures in all aspects 

of drug design more feasible23,39,41.  In this respect, as well as providing access to crystal 

structures for many drug targets, structural genomics has assisted in the development of 

some of the high throughput techniques that are being integrated into the drug discovery 

process39,41.   

In contrast to the goal of analysing single representatives of each protein family, multiple 

high resolution structures from the same protein family are considered useful in drug 

design10,27,40.  This can facilitate the design of drugs that are specific to a certain 

protein10,25,40 and can assist in predicting and avoiding toxicology problems and side 

effects25,40.  Conversely, multiple structures can also help in the design of drugs that have 

many targets, such as broad spectrum antibiotics40.  Protein structures, through analysis of 

binding site character, can also help determine whether a protein target is a suitable target 

for small molecule inhibitors25.  These examples illustrate how structural information 

during early stages of drug development, could be useful in helping to reduce the number 

of failures in the later stages of drug development25.  

1.1.4 Technical Considerations 

Structural genomics is a relatively new field that has been the subject of active research 

since the late 1990s when many pilot projects aimed at exploring the feasibility and 

technical requirements of this approach were set up9,20,22.  There are now a number of 

consortia that have been established in countries that include Canada, France, Germany, 

Japan, the UK and the U.S.A.36. 



Chapter 1 Introduction                                    
 
 
 

 
9 

The development of structural genomics had been encouraged not only by the success of 

genomic projects but also the new technology available for structure determination5,11.  

This included developments in the 1980s and 1990s in recombinant DNA technologies, as 

well as structure determination methods, which combined to make the process of 

determining a structure much faster39.  It was also recognised, however, that further 

technological development and the implementation of automated high throughput 

techniques would be necessary12,20.  Many of the pilot projects focused on technology 

development and infrastructure building that would be needed for high throughput 

structure determination8,9,20, with this still being a focus of many projects today20. 

Examples of the techniques used by structural genomics approaches today include: PCR 

based recombinant DNA technology8; ligation independent cloning techniques e.g. 

GATEWAY6,42; large scale automated E. coli expression systems23,42; use of protein 

affinity tags such as His6, glutathione-S-transferase (GST) and maltose binding protein 

(MBP) for purification43; use of robotic crystallisation23,44; cryogenic crystal handling44; 

use of selenomethionine incorporated proteins for MAD phasing; X-ray area detectors8; 
13C and 15N protein labelling for NMR16; high field NMR spectrophotometers8; tuneable 

synchrotron sources8; and automated or semi-automated software for structure solution by 

MIR, MAD or MR, and for model building23,36,44. 

1.1.4.1 A Typical Structural Genomics Pipeline 

The approach that structural genomics takes involves a broad starting base of targets that, 

due to the failures along the way, narrows down to a small number of protein structures at 

the end8,21.  A typical progression of events in an X-ray crystallographic structural 

genomics pipeline is outlined in Figure 1.1.  It should be noted that there are several 

NMR-based structural genomics projects underway as well9,16,36. 
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Figure 1.1: A typical X-ray crystallography structural genomics pipeline. 

Due to loss of target proteins at each step this looks much like a funnel. MAD=multiple 
anomalous dispersion, MIR=multiple isomorphous replacement, MR=molecular replacement 

1.1.5 Current Structural Genomics Projects  

There are many consortia currently working on structural genomics projects in the world 

today, and Table 1.1 lists a few of these.  In many cases, multiple institutions, both 

nationally and internationally, may be involved.  Additionally, some commercial 

companies are undertaking their own structural genomics projects36.  
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Country Project Name, (Coordinating Institution) and Targets 

Japan16 The RIKEN Structural Genomics Initiative (RIKEN Genomic Sciences Centre)  
• Bacterial, mammalian and plant proteins with biomedical importance or predicted 

novel folds, crystallography and NMR targets, technology development. 
The Protein Structure Factory (Max-Delbrück-Centre for Molecular Medicine, 
Germany)  
• Technology development, human proteins, novel protein folds. 
Structural Genomics of Pathogens (The Pasteur Institute, France)  
• M. tuberculosis and other pathogen proteins, novel protein folds. 

Structural genomics of Yeast (University Paris-Sud, France)  
• Yeast proteins, novel protein folds. 
X-ray Diffraction Software (University of York)  
• Technology development.  

Europe12,36 

SPINE –Structural Proteomics in Europe (Oxford University) 
(http://www.spineurope.org) 
• Technology development, proteins of medical interest (bacterial and viral 

pathogens, human proteins involved in disease), both NMR and crystallography 
targets. 

Canada36 Structural Genomics of Archaeal Proteins (University of Toronto)  
• Archaeal Proteins 

The Northeast Structural Genomics Consortium (Rutgers University) 
• Eukaryotic gene families, technology development, small proteins, both NMR and 

crystallography targets 

The Midwest Centre for Structural Genomics (Argonne National Laboratory) 
• Novel protein folds, technology development, proteins unique to pathogens of 

eukaryotes. 
The Southeast Collaboratory for Structural Genomics (University of Georgia) 
• Technology development, human and C. elegans proteins, both NMR and 

crystallography targets  

The New York Structural Genomics Research Consortium (The Rockefeller 
University) 
• Technology development, yeast proteins, novel protein folds 

The Joint Centre for Structural genomics (The Scripps Research Institute) 
• Technology development, human and C. elegans signal transduction proteins 

Berkley Structural Genomics Centre (Berkeley and Lawrence Berkeley National 
Laboratory) 
• Mycoplasma proteome, novel protein folds, technology development 

U.S.A.9 

The Mycobacterium tuberculosis Structural Genomics Consortium (Los Alamos 
National Laboratory) 
• M. tuberculosis proteins, novel protein folds, technology development 

Table 1.1: A selection of structural genomics projects currently being undertaken 
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1.1.6 The Mycobacterium tuberculosis Structural Genomics Consortium (MTBSGC) 

1.1.6.1 Beginnings: The Genome Sequence  

In 1998 the genome sequence of Mycobacterium tuberculosis H37Rv strain was 

published1.  The genome is GC rich with a 65.6% GC content and contains about 4000 

genes1.  From sequence homology, 40% of the gene products were given general functional 

annotations, with a further 44% showing sequence similarities that gave clues to function, 

and the remaining 16% being of totally unknown function1.  A clinical strain, CD1551, has 

now also been sequenced45 as have the closely related organisms Mycobacterium bovis46 

and Mycobacterium leprae47.  This sequence information has been used in many 

applications, from comparative genomics to functional and structural genomics, including 

the Mycobacterium tuberculosis Structural Genomics Consortium, which was formed in 

2000 (http://www.tbgenomics.org). 

1.1.6.2 The Setup and Facilities 

There are over 70 laboratories in 12 countries currently involved with the Mycobacterium 

tuberculosis Structural Genomics Consortium (http://www.tbgenomics.org).  The 

consortium is set up with central facilities in the USA intended to carry out key tasks for 

the consortium11.  The central facilities are for high throughput cloning, expression tests, 

crystallisation and X-ray data collection11, are funded by NIH-NIGMS (National Institute 

of Health-National Institutes of General Medical Sciences) and are located in different 

centres in the USA11.  Cloning and purification are carried out at UCLA and Los Alamos 

National Laboratory, crystallisation at Lawrence Livermore National Laboratory (LLNL), 

data collection at beamline 5.0.2 of the Advanced Light Source at Lawrence Berkley 

National Laboratory and beamline X8C of the National Synchrotron Light Source in 

Brookhaven, and data warehousing at UCLA44.  Apart from the core facilities which are 

shared, the laboratories involved work independently, while sharing methods and results11.    

1.1.6.3  The Aims 

As stated by Terwilliger et al.11 the aims of the consortium are to: 

“Encourage, coordinate and facilitate determination of structures from M. tuberculosis”11 
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And to: 

“..analyse and interpret the structures of M. tuberculosis proteins and to work 

collaboratively to test ideas about M. tuberculosis protein function that are suggested by 

structure or related to structural information”11 

The goal is to determine more than 400 structures from Mycobacterium tuberculosis5,15,48. 

It is thought that these structures will provide a useful foundation to assist in understanding 

the cellular biology of this organism, and in providing the structures of potential drug 

targets5.  Additionally the consortium is committed to developing and optimising high 

throughput structure determination15. 

1.2 Tuberculosis 

In order to understand the significance of the Mycobacterium tuberculosis Structural 

Genomics Consortium it is necessary to look a bit closer at the organism in question; what 

is known about it, its significance to human health, and what more needs to be known. 

1.2.1 The Disease: An Overview  

Tuberculosis has been known as “the white plague” due to the great impact it has had on 

human mortality49.  In Europe in the 18th and 19th centuries tuberculosis was the major 

cause of death50.  During the industrial revolution the disease flourished in cities, 

associated with poor housing, inadequate sanitation, malnutrition and overcrowding50. The 

disease was one of the leading causes of death in the U.S.A. from the 1800s to the early 

1900s51.  Prior to the middle to late 1800’s there was debate over the causative agent of 

tuberculosis, with some believing it was contagious while others believing it to be 

hereditary51. In the 1860s, experiments by Francoise Villemin showed that tuberculosis 

was infectious and in 1882 Koch cultured the tubercle bacillus and showed that it caused 

TB51,52.  The advent of chemotherapy in the mid-1900s has significantly reduced the death 

rate, especially in the developed countries, although tuberculosis is still a major health 

problem today. 
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1.2.2 The Causative Agent: Mycobacterium tuberculosis 

Mycobacterium tuberculosis is the bacterium primarily responsible for tuberculosis (TB) in 

humans, although Mycobacterium bovis, Mycobacterium canetti and Mycobacterium 

africanum can also cause the disease50.  Another Mycobacterium, M. microti has recently 

been isolated from immunosuppressed patients53.  All these organisms are slow growing 

(doubling time ~24 h) and closely related Mycobacteria, and are members of what is 

termed the “Mycobacterium tuberculosis complex” along with the vaccine strain 

Mycobacterium bovis Bacille Calmette-Guerin (BCG)50,53,54.  These organisms share 

99.9% identity at the DNA level as well as identical 16s rRNA53, and are considered a 

single species based on DNA/DNA hybridisation studies50.  However they show different 

phenotypes and different host ranges and pathogenicity53,54.  M. tuberculosis, M. canetti 

and M. africanum are primarily human pathogens, with M. tuberculosis being the principal 

causative agent of human tuberculosis (TB)50,53.  M. canetti is a rare smooth variant, 

usually of African origin, and M. africanum has been isolated primarily in TB patients 

from sub-Saharan Africa50,53. M. bovis has a wide host range, including cattle and humans, 

while M. microti is primarily limited to voles50,54.  Recent comparative analysis of the 

genomes has revealed regions of deletion in the genomes which have proved very useful in 

distinguishing between the species50,53-55.  

The members of the genus Mycobacterium are actinomycetes, and are closely related to 

other gram positive bacteria with cell wall chemotype IV that contain mycolic acids56.  

Other closely related organisms include Corynebacterium, Nocardia and Rhodocococcus56.  

One of the distinguishing characteristics of mycobacteria is their acid-fast staining 

properties, a property of the lipid-rich cell wall, which retains basic dye even in the 

presence of acidic organic solvents49,57.  This thick cell wall is quite distinct, containing 

both the normal cell membrane and peptidoglycan layer, and an extra outer layer that is 

composed of unusual lipids including mycolic acids (� hydroxyl fatty acids)1,57.  This 

hydrophobic cell wall can be of significance in chemotherapy, as it affects the ability of 

many drugs to enter the bacterium1.  The Mycobacterium genus comprises 56 members 

which are split into 2 groups; slow growing bacteria comprising 26 species including the 
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“Mycobacterium tuberculosis complex” and Mycobacterium leprae, and fast growing 

bacteria comprising 30 species including Mycobacterium phlei and Mycobacterium 

smegmatis 56.  These bacteria are found living in a wide range of environments, from soil 

and water to animal hosts56, with 10 of the species considered strictly human pathogens 

and 9 opportunistic pathogens49.   

1.2.3 The Disease: Ancient Origins 

Tuberculosis has a long history in humans and evidence of tuberculosis lesions and a spinal 

form of tuberculosis can be found in mummies from Egypt and South America dating back 

to 5000 B.C.50,51.  Acid-fast bacilli have also been isolated from remains in Heidelberg, 

Germany, that date from 5000 B.C.51.  There is reference to a disease most likely to be 

tuberculosis in ancient literature and art, including the writings of Aristotle (384-322 B.C.) 

who termed this disease consumption, and Chinese writings dating back to 2700 B.C.51.  A 

generally suggested hypothesis is that Mycobacterium tuberculosis possibly originated 

from Mycobacterium bovis via species transfer when humans settled and began to 

domesticate animals such as cattle at the beginning of the Neolithic period50.  Recent 

genetic studies that have mapped deletion events, however, suggest that Mycobacterium 

tuberculosis and Mycobacterium bovis diverged from a common ancestor that may have 

already been a human pathogen53.  These studies also suggest that M. bovis may have 

either originated from M. tuberculosis or emerged independently50.  

1.2.4 The Disease: Infection and Progression 

A person with active tuberculosis is infectious, and around 30% of all people who are in 

prolonged contact become infected themselves58,59.  The tuberculosis bacilli are passed 

from person to person as an aerosol droplet through coughing49,51,52,57,59.  They then enter 

the upper respiratory tract and alveolus where they are phagocytosed, primarily by alveolar 

macrophages49,51,52,57,59.  Within the first several weeks of infection, when the bacilli are 

still multiplying, infection can also spread to the lymph nodes and from there to other sites 

in the body via the blood49,51,52,57,59.  Around this time some of the alveolar macrophages 

that have phagocytosed bacilli will develop into epithelioid cells and a small tubercle will 

be formed51.  Some of the epithelioid cells become multinucleated giant cells and surround 
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the mass of epithelioid cells along with lymphocytes and plasma cells51,60.  This structure 

serves to wall off the organism and is known as a granuloma60.  Caseation necrosis (which 

results in dead tissue forming a dry firm mass) then begins within these tissues51, 

stimulated by a hypersensitivity response of the host immune system51. At this point 

(between 2 and 10 weeks) bacillus numbers decrease and the initial infection is contained 

but not entirely eradicated49,51,52,57,59, typically leaving behind what is known as a Ghon 

complex – calcified granulomas at lung bases and hilar lymph nodes61.  At this stage an 

otherwise immunocompetent individual is expected to have a ~10% chance of developing 

an active infection over a lifetime51, which can be broken down into a 3-5% chance in the 

first year followed by a 3-5% chance over the remaining lifetime59.  The infection and 

disease progression process is summarised in Figure 1.2.  

Active infection can result either from reactivation of the latent primary infection or from a 

second infection49.  It has been suggested that in countries where tuberculosis rates are high 

in the general population, reinfection is probably more significant, while in countries with 

low or medium rates, reactivation plays a more important role62.  In the case of reactivation 

a key trigger is immunosupression by factors such as malnutrition, drug use, diseases 

(especially HIV infection), immunosuppressive drugs or old age58,60.  Active disease is a 

chronic wasting illness with symptoms including weight loss, fever and coughing (in the 

case of lung disease)57, and often results in death.  Most of the symptoms including the 

tissue destruction are mediated by the host immune system response to the bacterium rather 

than the bacterium itself57,63.  Disease can occur in any tissue but is most common in the 

lungs57 where it is associated with increased size and fusing of granulomas, followed often 

by liquefaction of caseous tissue to form cavities that contain large numbers of bacilli51,64. 
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Figure 1.2: Summary of the M. tuberculosis infection process.  
The region comprising the primary infection is in the blue box. 

1.2.5 The Disease: The Latent/Persistent/Dormant State 

Mycobacterium tuberculosis has the ability to hide out for many years in the body, without 

multiplication or detection by the immune system, this being the hallmark of latent 

tuberculosis58,65.  This state is not infectious, but can activate at a later stage58.  The bacilli 

in latent disease are variably referred to either as dormant65,66, quiescent 58, persistent58 or 

non-replicating persistors (NRP)66,67.  Not much is certain about the physiological state of 

the bacilli during human latent infection58, and even the physical location of the “dormant” 

bacilli in the host is widely debated58,61,65,68. However due to the significance of the latent 

state this is an active area of current tuberculosis research65. 
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The ability of the bacilli to persist long-term and the phenomenon of latent tuberculosis, 

has a large negative impact on efforts to eradicate or control tuberculosis58.  There are no 

drugs that specifically target latent tuberculosis and none of the current anti-tuberculosis 

drugs is very effective against this form of the disease58,60,62,66.  The large numbers of 

latently infected people in the population therefore provide a pool of infection which may 

lead to active tuberculosis later in life65.  Furthermore, the ability of Mycobacterium 

tuberculosis to persist determines the long treatment duration required for active 

tuberculosis58,62,66,69.  In vitro experiments show that it only takes a number of days to kill 

all actively growing tuberculosis bacilli, but treatment in vivo requires ~6 months to be 

effective58.  An explanation for this observation is that in active disease there are several 

different populations of bacilli, including a population in a persistent state that may mimic 

the bacilli in latent disease58.  This population is mostly resistant to anti-tubercular drugs58.  

Because the states are in flux, however, the bacilli can enter a state that is drug susceptible 

and succumb eventually66.  

It is not known where the “dormant bacilli” of latent tuberculosis that are responsible for 

reactivation to active disease are located.  One possibility is that they reside in 

granulomatous regions either inside macrophages or extracellularly within the necrotic 

tissue of the old granulomas58,61,65-67.  It is also possible that they reside in the hilar lymph 

nodes populated during primary infection58,61,65-67.  There is also evidence that suggests that 

the bacilli can live outside granulomas in apparently normal tissue, either of the lungs or of 

other body organs61,62.  The fact that cases of reactivated tuberculosis appear in different 

regions of the lung or in non-lung tissue a distance from the initial primary lung 

granulomatous lesions and infected lymph nodes, supports this latter hypothesis58,62.  Work 

undertaken on autopsy samples in the early part of last century, and more recently, showed 

variable results, with studies isolating viable bacilli from both granulomatous lung lesions 

and apparently normal looking lung tissue61,62,65.  

1.2.5.1 Models of Latent Disease  

The environment in which the bacilli reside will determine the conditions they are exposed 

to, and therefore, the conditions that might help establish latent infection. Many models 
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have been developed (both in vivo animal models and in vitro models) that attempt to 

mimic latent disease58,60,65,70.  While the models all have limitations in their ability to fully 

mimic the human in vivo state, they have been extremely useful60. A summary of two 

common in vivo models is given in the Table 1.2.  These in vivo models are useful to check 

the effect of mutants in diseased states71. 

In vivo Models for Latent TB 
Cornell Mouse Model 58,60,70 
Description • Infect mouse intravenously with M. tuberculosis and then treat with 

isoniazid and pryazinamide for twelve weeks. 
• For 4-6 weeks after treatment there exists a “sterile-like” state, with no 

cultivatable or infectious bacilli. Additionally there appear to be more 
bacilli present than are detectable by acid-fast staining. 

• Either spontaneous (~30%) or induced (by immunosupression) 
reactivation then occurs and mice develop active disease. 

Advantages/ 
Disadvantages 

• Not ideal in mimicking human latent disease because mice, unlike 
humans, mostly develop non-cavitating infection. 

• In mice, latent disease is described by the number of bacilli reaching a 
plateau, even though the actual numbers are high, whereas in humans 
latent disease is characterised by low numbers of often uncultivatable 
bacilli. 

• In humans, drugs are not needed to induce latency and the rate of 
spontaneous reactivation is higher.  

Low Dose Mouse Model60 
Description • Low doses of M. tuberculosis are administered to strains of genetically 

resistant mice which have an effective immune response that controls 
the bacilli numbers. 

Advantages/ 
Disadvantages 

• The number of bacilli is higher than that for humans.  
• However the mice do undergo chronic infection with no symptoms for 

a long time, and the rate of spontaneous reactivation is similar to that 
of humans. 

Table 1.2: In vivo models for latent TB 

Some of the in vitro models mimic the environmental conditions that the bacilli are thought 

to encounter in vivo inside granulomas66,68.  The granuloma is thought to provide a 

microenvironment which has limited nutrients, low pH, hydrolytic enzymes, reactive 

nitrogen and oxygen species and reduced oxygen tension64,66.  It also contains 

antimicrobial molecules such as the cytokines like IFN� and TNF�, which are secreted by 
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immune cells that have been implicated in keeping the bacilli in a state of persistence60.  In 

addition to immune system control, it is thought that the granulomas serve as a physical 

way of walling off the infection from the rest of the body60.  However if the dormant bacilli 

are also present intracellularly in apparently normal tissue, then the immune system (and 

not a physical barrier) would be responsible for limiting disease68.  A summary of two in 

vitro models is given in Tables 1.3 and 1.4.  

The Wayne model is based on evidence in vivo that suggests that the contents of human 

granulomas and necrotic lesions (especially those that are blocked) have little access to air, 

and on the idea that alveolar macrophages, where bacilli can reside, may become 

facultative anaerobes, respiring in hypoxic sites in the later stages of infection66.  A portion 

of the bacilli residing in this microaerophilic or anaerobic environment remain viable66. 

The researchers found that they could also obtain viable M. tuberculosis bacilli in vitro by 

gradually depleting oxygen levels67.  The nutrient starvation model is based on the 

observation that in vivo bacilli isolated from granulomas have altered morphology and 

staining properties, and that this environment is nutrient limited68.  Many of the in vitro 

models have been used in conjunction with modern genomic and proteomic techniques, in 

an attempt to identify proteins up- or down-regulated during latency, and hence are of 

possible significance in some aspect of latent disease64,68,72-74.  
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In vitro Models for Latent TB 
Wayne Hypoxic Model66,67 
Description • M. tuberculosis cultures are placed in a deep liquid medium with a 

limited head space which is uniformly dispersed by gentle stirring and 
where the oxygen level is gradually depleted. The bacteria are then 
observed in three states, aerobic, NRP1 and NRP2. 

• Aerobic State (normal 20% oxygen): metabolically active, sensitive to 
isoniazid and rifampin and resistant to metronidazole (a drug that kills 
specifically in anaerobic conditions)  

• NRP1 (non-replicating persistence 1)(microaerophilic, 1% oxygen) : 
bacilli numbers remain static, no DNA synthesis, cell wall thickens, 
resistant to isoniazid, partially resistant to rifampin, resistant to 
metroinidazole, some protein synthesis 

• NRP2 (non-replicating persistence 2) (anaerobic at 0.06% oxygen):-as 
for NRP1 but bacilli now sensitive to metronidazole  

• When oxygen levels increase, growth is restored in a synchronous 
manner suggesting uniform arrest at same level of cell cycle 

Advantages/ 
Disadvantages 

• Assumes that the latent bacilli are most likely to reside in the granuloma 
either in the cells or extracellularly 

• Is not an in vivo model. However it is based on evidence in vivo that 
suggests that the contents of human granulomas and necrotic lesions 
have little access to air.  

• In vivo, when inside macrophages, �-crystallin expression is induced by 
the bacilli. Expression of �-crystallin is also induced by bacilli in the 
NRP states of the Wayne model 

• Rifampin, which acts on RNA synthesis, has some effect on latent TB 
in vivo, which matches observations for the NRP states 

• The metronidazole resistant NRP1 bacilli may correspond to the bacilli 
in the Cornell mouse model, which are also metronidazole resistant 

Table 1.3: The in vitro Wayne hypoxic model for latent TB 
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In vitro Models for Latent TB 
Nutrient Starvation Model 60,68 
Description • Bacteria are exposed to a nutrient poor medium for 6 weeks which 

arrests growth, the respiration rate decreases, the bacilli show resistance 
to isoniazid and rifampin while remaining resistant to metronidazole  

• When nutrients are restored to the medium then the bacilli regain their 
acid fastness and are still viable 

Advantages/ 
Disadvantages 

• Assumes latent bacilli reside in granulomas 
• It is not an in vivo model however it is based on the observation that in 

vivo bacilli isolated from granulomas have altered morphology (cell 
wall thickens) and staining properties 

• The cultures obtained in this model also show the altered staining 
properties and morphologies as observed in the in vivo bacilli 

• The bacilli are metronidazole resistant which matches that observed in 
the in vivo Cornell mouse model  

Table 1.4: The in vitro nutrient starvation model for latent TB 

1.2.6 The Disease: A Recent History  

Tuberculosis is still considered a major health problem today.  Around 30 million people 

died of TB in the last decade59,75 and it is estimated that approximately 25 million people 

will die in the next decade50.  Furthermore, it is estimated that 1/3 of the world’s 

population, around 1.7 billion people, are infected with Mycobacterium 

tuberculosis50,59,76,77.  While most of these people do not have active disease and are 

currently not infectious57, they provide a reservoir of infection which could become active 

in later life65.  Most of the impact is in the developing world, with 95% of the cases and 

98% of the deaths localised there78, but in recent years tuberculosis has become an 

increasing problem again in the developed world. 

With the establishment of effective chemotherapy for tuberculosis in the 1940s the rate of 

tuberculosis declined, especially in developed countries59.  For example, there was a 

decline in the number of reported cases of tuberculosis in the U.S.A. from 1953 when 

chemotherapy became widespread, until 198449,79.  By 1985 this decline had stopped, 

however, and in later years the incidence of TB has increased52,59,80.  For example, from 

1985-1991 the number of reported cases in the U.S.A increased by 18%79.  Today in 

developed countries, renewed efforts to control the disease have held this resurgence in 
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check, with the rates declining in some places59.  Even in developed nations, however, 

there are certain groups within the population and certain areas in which the incidence of 

tuberculosis is a significant problem59.  The increased incidence of tuberculosis in the 

developed world has been attributed to many factors, including immigration of people from 

areas with high incidences of tuberculosis59, poverty and homelessness79, 

overcrowding59and HIV52,59,79. 

1.2.6.1 Tuberculosis and HIV  

One of the major factors commonly cited for the resurgence of tuberculosis in the west, as 

well as a factor in the impact of tuberculosis globally, is HIV infection52,59,79.  In Sub 

Saharan Africa 2/3 of the observed doubling in tuberculosis rates in the early 1990s was 

attributable to HIV co-infection and in the U.S.A. 26-38% of all tuberculosis cases are due 

to HIV co-infection59.  The partnership between HIV and Mycobacterium tuberculosis 

means that co-infection makes the prognosis for both diseases worse59.  For example, the 1-

year TB mortality rate for a treated tuberculosis patient with HIV is 20-35% and the risk of 

disease activation is ~8% per year for a co-infected person (who is being treated for HIV 

with antiretroviral drugs) compared to ~10% over a lifetime59.  HIV kills the immune T 

lymphocytes (CD4 cells), hence suppressing the immune system and enabling the 

tuberculosis bacilli to become active and multiply59. The tuberculosis bacilli in turn 

stimulate replication of HIV within CD4 T lymphocytes, increasing the viral load59,81.  This 

results in further immunosupression and the cycle repeats59.  To make matters more 

complicated the frontline anti-tuberculosis drug rifampin interacts unfavourably with some 

of the drugs used in the HIV treatment regimen59,81.  All this results in a pool of TB 

susceptible people within the population that, if infected, are more likely to progress to 

active (infectious) disease.  

1.2.7 The Disease: Treatment and Multiple Drug resistance (MDR) 

1.2.7.1 Treatment of Tuberculosis: A Brief History  

Prior to the 1940s when the first chemotherapeutic agents to treat tuberculosis became 

available, the treatments for tuberculosis ranged widely, from those based on folklore like 
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starvation diets or purging and bleeding, to change of climates and exposure to fresh and 

sea air82.  From the mid-1800s to the mid 1900s sanatoria were common places to treat 

tuberculosis patients82.  These specialized hospitals housed tuberculosis patients and 

provided various treatment regimens including diet, fresh air and bed rest82.  Development 

of X-ray in 1895 showed that lung cavitations were associated with development of the 

disease and bed rest or surgery were common treatments recommended to reduce cavity 

size51.  It is difficult to say how effective these treatments were, due to the absence of 

clinical trials and the variation in success from person to person83. 

In the 1920s an attenuated form of Mycobacterium bovis (called Mycobacterium bovis 

Bacille Calmette-Guerin (BCG)) was developed that was used as a vaccine59.  Although 

showing a level of protection, especially when administered in children, this vaccine has 

shown a variable success rate from 0-80% that has a dependence on geographical 

latitude59. The trend appears to be that vaccination in those countries closer to the equator 

results in a lower level of protection52.  The vaccine is still used today. 

Most of the so called “front-line” drugs used to treat tuberculosis today (Table 1.5) were 

developed 30-50 years ago.  Key clinical trails undertaken by the British Medical Research 

Council in the 1970s developed the basis for the 6 month long multidrug therapy that is 

commonly used today84.  This treatment involves using a mixture of isoniazid, rifampin, 

and pyrazinamide for the first 2 months, followed by isoniazid and rifampin for the 

following 4 months49,77,85,86.  Sometimes ethambutol or streptomycin is included for the 

first 2 months85,86, until disease susceptibility to drugs is established87.   
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Drug Comments 

Streptomycin83,88 • Isolated in the 1940s from a bacterium Streptomyces griseus and 
used in the first clinical trials by 1944. Showed effective treatment 
as a monotherapy, but resistant bacteria emerged almost 
immediately. 

• Used less from the 1960s due to development of less toxic drugs. 
However is still used today especially in cases of MDR. 

para-aminosalicylic 
acid51,83,88 

• Developed in the 1940s, it was the first drug to combat resistance 
when used in combination with streptomycin. It is a second line 
drug today, mainly due to toxicity. 

Isoniazid88,89 • Developed as an anti-TB drug in 1951, it proved to be quite an 
effective addition to the current drug repertoire with desirable 
properties including a narrow spectrum of action and a low cost. It 
inhibits mycolic acid biosynthesis and is one of the main drugs 
used today. 

Pyrazinamide86,90 • Also discovered in the 1950s, but due to the high toxicity over the 
long treatment time required it was not used much until the 1970s, 
when shorter treatment duration was introduced. It is one of the 
main drugs used today. 

Ethambutol85,88 • Used from the 1960s, the target of this drug is one involved in cell 
wall biosynthesis.   

Rifampin51,88,91 • Discovered in the 1960s and used from the 1970s, it dramatically 
reduced the duration of therapy required. It is a broad spectrum 
antibiotic, which acts to inhibit RNA synthesis and is one of the 
main drugs used today. 

Table 1.5: Summary of the most commonly used anti-TB drugs 

1.2.7.2 Multiple Drug Resistance (MDR) 

When TB was treated using a single drug (monotherapy), drug resistance was common83,88.  

This can be explained by the existence of mutations in the natural Mycobacterium 

tuberculosis population that mean some bacilli are already naturally resistant to the drugs92.  

For isoniazid, the rate of resistance is about 1 in 106 bacilli, while for rifampin it is about 

1 in 108 bacilli92.  Often, if the number of bacilli is high (commonly up to 109 in a 

pulmonary cavity) there will be one present that is already resistant86,92.  Multi-drug 

therapy combats this, because the chance of being resistant to two independent drugs is low 

(assuming they have different cellular targets) hence the chance of being resistant to both is 

multiplicative (for example, with isoniazid and rifampin it would be 1 in 1014 bacilli)86,92.  

However, in recent years MDR (multi-drug resistance), which is defined as resistance to 
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two or more of the five front line drugs92, has become an issue.  For example, one paper 

notes that in the U.S.A. between 1976-1990 there were only four MDR resistant outbreaks 

reported, compared with ten in the years from 1990-1993, when the paper was published79.  

A World Health Organisation (WHO) survey in 1998 stated that all of the thirty-five 

countries surveyed reported resistant isolates, with the rate of resistance ranging from 2-

42%77.  

One of the reasons cited for the development of MDR is patient non-compliance to 

therapy75,77,79,85.  In order to address the non-compliance issue, the WHO developed a 

therapy called DOTS (Directly Observed Therapy Short-course) in which a patient is 

observed taking their medication by a doctor or social worker50,75,78.  While this strategy 

has been quite effective in the places where it has been implemented, only an estimated 

20% of the tuberculosis cases receive DOTS49,78 and it is predicted that the implementation 

of DOTS alone will not lead to the eradication of tuberculosis59.  If MDR is detected, 

treatment needs to be undertaken with a range of “second-line” drugs, which results in an 

increase in treatment time to about 2 years51.  Additionally the “second-line” drugs often 

have more side effects 85.  Generally MDR is associated with higher death rates86.  

1.2.7.3 Drug Development Efforts in Recent Years  

There has been little development of new drugs in the past 30 years75,84, although efforts 

have recently been renewed in an effort to combat the resurgence in TB cases and MDR.  

A Global Alliance for TB Drug Development has been established, with three main 

goals84.  These goals are reflected in much of the literature relating to tuberculosis drug 

development75,85,87,93.  One goal is to increase patient compliance and ease of DOTS 

administration, by shortening the treatment time75,77,84,85,87, improving toxicity85 or 

reducing the number of doses required to be taken under DOTS supervision84.  Another is 

to improve treatment for MDR resistant TB84,87.  The third is to provide more effective 

treatment for latent tuberculosis (not treatable by the current drugs), which would not only 

remove the reservoir of tuberculosis in the population but would reduce the required 

treatment times75,84,85,87. 
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Many approaches could be undertaken to achieve these goals.  An attractive option is to 

modify the current drugs to improve their effectiveness, to reduce the treatment times or 

number of doses needed85,87.  However, because there are strains resistant to these drugs 

already, drugs that attack novel targets also need to be developed78.  These novel targets 

could include members of pathways unique to mycobacteria or targets from key metabolic 

pathways unique to prokaryotes77,87.  The mechanism of action of most of the front line 

drugs is known, as are the genes that are mutated to give resistance78,87,94.  Drugs against 

these resistance genes are natural targets for the development of new drugs which could be 

given in combination with the original drugs78.  Development of drugs against the latent 

state requires understanding of the state in vivo, including an understanding of the genes 

and metabolic pathways that are important in that state77,78,85.  With the availability of the 

genomic sequence for M. tuberculosis (and others in the complex), much effort has gone 

into identifying genes that are essential to survival at various stages in the infection process 

(such as those that might be essential for survival in the latent state)77,84,85.  Potential targets 

that have already been identified include genes such as isocitrate lyase which is 

upregulated in the anaerobic models of latency, as well as in mice models78,87.  With the 

formation of the M. tuberculosis Structural Genomics Consortium, structures of many of 

these drug targets will be available and will allow conventional drug development 

methods, including high throughput screening methods, to be complemented with rational 

drug design using structural information84.   

1.3 Mycobacterium tuberculosis, Hypoxia and Menaquinone 

A significant amount of work has been undertaken in recent years to identify the genes that 

may enhance the survival of Mycobacterium tuberculosis in its latent state64,68,72-74. One of 

the theories of persistence postulates that the environment encountered by the tuberculosis 

bacilli inside macrophages and granulomas is one of low oxygen and hence marks a shift to 

hypoxic conditions66.  This may be one of the factors responsible for the shift of 

Mycobacterium tuberculosis to a state of dormancy or non-replicating-persistence66.  

Several in vivo models58,60,70 and the in vitro Wayne model67 (discussed above) have been 

developed that mimic the latent state.  These models have facilitated studies to identify 
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genes that are up- and down-regulated in the shift to low oxygen conditions in M. 

tuberculosis and its close relatives64,72-74,95.  Further functional and structural 

characterisation of the biochemical and biological role of these proteins will furnish a 

greater understanding of the dormant state, and provide targets for drug design.   

The activity of several genes, including nitrate reductase, a terminal oxidase in anaerobic 

electron transport, has been shown to correlate with the shift to hypoxic conditions72.  The 

genes encoding the nitrate reductase complex are distributed widely among bacteria, are 

involved in anaerobic electron transport and are known to accept electrons from a quinone, 

which in the case of Mycobacterium tuberculosis is menaquinone.  Menaquinone is also 

important because, in species where menaquinone is the sole quinone, it also plays a role in 

aerobic respiration.  This forms the rationale for targeting the menaquinone biosynthetic 

pathway for structural genomics.  

1.4  Menaquinone Biosynthesis 

1.4.1 Menaquinone, Ubiquinone and Electron Transport 

1.4.1.1 Quinones: An Introduction 

Menaquinone (vitamin K2), ubiquinone (coenzyme Q) and related quinones such as 

demethylmenaquinone, phylloquinone (vitamin K1) and plastoquinone are situated in 

various membranes of organisms, where they act as electron carriers involved in electron 

transport processes96,97.  Ubiquinone plays a role in both bacterial and eukaryotic electron 

transport97, menaquinone is associated with bacterial electron transport97 while 

phylloquinone and plastoquinone are involved in photosynthetic processes96.  

Quinones consist of an aromatic quinone group (benzoyl for ubiquinone and 

plastoquinone, naphthoyl for menaquinone, demethylmenaquinone and phylloquinone), a 

polyisoprenyl substituent of varying length (or in the case of phylloquinone a phytol tail96) 

and, except for demethylmenaquinone, a methyl substituent98.  The structure of these 

quinones is shown in Figure 1.3, with the isoprene (also called isoprenyl or isopentenyl) 

unit shown in brackets.  In unsaturated form, the isoprene unit contains five carbons with 

one double bond.  The nomenclature commonly used to describe quinones is as follows.  
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Menaquinone is represented as MK-n (Hx), where MK stands for menaquinone, n is the 

number of isoprene units in the isoprenoid tail and Hx is present if there is any saturation in 

the isoprene groups with x indicating the number of extra hydrogens present and hence the 

level of saturation98.,99.  For example, MK-9 (H2) indicates a menaquinone with 9 isoprenyl 

units in which one is saturated98.  DMK-n stands for demethylmenaquinone; an 

intermediate on the way to menaquinone as well as an active constituent of the membrane 

in its own right98.  Again n represents the number of repeating isoprenoid units98.  In an 

analogous manner ubiquinone is represented by Q-n98.  
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Figure 1.3: Relevant quinones  

The figure of menaquinone with the partially saturated isoprenyl tail is based on information 
presented in Batrakov and Bergelson (1978)100 while the other quinone figures are based on 
information presented in Meganathan (2001)97, and Collins and Jones (1981)98 
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Animals, including humans, are able to synthesise ubiquinone, which is therefore 

considered a coenzyme, but cannot synthesise menaquinone97.  Ubiquinone, also known as 

coenzyme Q, is present in the mitochondrial membrane where it acts in electron 

transport101.  However, there is also evidence that ubiquinones are widely distributed in 

other membranes where they act as radical scavengers97,101,102.  Menaquinones, although 

unable to be synthesised by animals, do play an important role in animal health.  Generally 

menaquinone, also known as vitamin K, is obtained from plant phylloquinone (vitamin 

K1), in the diet, or from bacterial menaquinones (vitamin K2), from gut microfauna97.  In 

mammals, menaquinone is the required cofactor for an enzyme that performs post 

translational modification (carboxylation of glutamate residues to give �-carboxyglutamic 

acid) on enzymes important in several pathways including blood coagulation103.   

1.4.1.2 Roles of Ubiquinone and Menaquinone in Bacteria  

Menaquinones and ubiquinones are both involved in the electron transport pathway of 

bacteria, accepting electrons indirectly from substrates via various protein electron 

transport components and becoming reduced97,102,104,105.  The reduced quinones then pass 

these electrons on to downstream protein components of the electron transport chain (in 

turn being reoxidised) which transfer them to the terminal electron acceptor97,102,104,105.  

The type of quinone(s) present in bacterial membranes has provided a useful tool for 

taxonomic classification of bacteria98,106.  The length and degree of saturation of the 

polyisoprenoid substituent, which varies widely, is especially useful in this regard106.  In 

general, gram negative facultative anaerobic bacteria contain either ubiquinone, 

menaquinone or demethylmenaquinone, or a mixture of all three98.  A good example of this 

is the gram negative aerobe E. coli which contains all three quinones, with a range of tail 

lengths; Q-n, where n is between 1-8, plus a variety of MK-n and DMK98.  Most strictly 

aerobic gram negative bacteria such as Pseudomonas spp. contain only ubiquinone98, 

whereas gram negative obligate anaerobes generally contain only menaquinones98. In the 

case of gram positive bacteria such as Bacillus spp., and Mycobacterium spp. menaquinone 

is the sole quinone98.   
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1.4.1.2.1 E. coli 

A large body of work on the role of quinones in electron transport has been undertaken for 

E. coli107-112 (for recent reviews see Meganathan (2001)97and Soballe and Poole (1999)102).  

This gram negative facultative aerobe contains ubiquinone, menaquinone and 

demethylmenaquinone110, with the major components being Q-8, MK-8 and DMK-8113.  In 

aerobic conditions, ubiquinone forms a membrane-soluble quinone pool that is primarily 

involved in electron transfer from various substrates to downstream proteins (including 

cytochromes) that pass electrons to the final electron acceptor oxygen97,102.  Ubiquinone 

can accept electrons from a wide range of dehydrogenases, with substrates including 

succinate, formate, NADH, D-lactate and glycerol-3-phosphate and H2
102,112.  It has been 

shown that whereas ubiquinone is preferred for electron transfer in E. coli under aerobic 

conditions menaquinone can substitute in this role, albeit less efficiently102,112.  

In E. coli, menaquinone can accept electrons from a range of dehydrogenases with 

substrates that include formate, glycerol-3-phosphate, H2, lactate, and possibly NADH, but 

not succinate102,108,111,112.  It is primarily important in anaerobic respiration, and is essential 

for anaerobic electron transport where fumarate, DMSO (dimethylsulfoxide) or TMAO 

(trimethylamine N-oxide) are the final downstream electron acceptors111.  Additionally, 

menaquinone or ubiquinone can be used in anaerobic electron transport when nitrate is the 

final electron acceptor111,112.  Demethylmenaquinone can also function in anaerobic 

respiration with fumarate, TMAO and, to a small degree DMSO, as terminal electron 

acceptors110.  There is some level of regulation on quinones, with ubiquinone levels being 

lowered in low oxygen conditions whereas menaquinone levels are raised114.  The level at 

which this regulation occurs is not fully understood although there is some suggestion it 

may be at the post-translation level102,114. 

Quinones also carry out other functions in E. coli.  Menaquinone has been shown to play a 

role in both anaerobic uracil and heme biosynthesis.  In anaerobic uracil biosynthesis it acts 

as a key electron transfer cofactor in the oxidation of dihydroorotate to orotate coupled 

with fumarate reduction108.  While in anaerobic heme biosynthesis it acts at the step 

coupling protoporphyrinogen oxidation with fumarate reduction109.  E. coli mutants with 
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respiratory defects (ubiquinone mutants) have been found to be associated with low level 

resistance to aminoglycoside antibiotics, such as streptomycin107.  This has been attributed 

to the inability of these mutants to accumulate these antibiotics intracellularly107.  

1.4.1.2.2 Gram Positive Bacteria 

In gram positive bacteria the situation is different, as menaquinones are the only quinones 

present98.  Gram positive Staphylococcus aureus contains primarily MK-798.  In this 

organism menaquinone is only produced in aerobic conditions and accepts electrons from 

proteins such as succinate dehydrogenase or NADH dehydrogenase and passes them to the 

cytochromes, which in turn pass them to O2
115.  Staphylococcus aureus is a human 

pathogen and mutants, known as small colony variants, deficient in electron transport 

functions (either menaquinone or heme biosynthesis), have been associated with persistent 

antibiotic-resistant infections115.  In this organism menaquinone is not synthesised under 

anaerobic growth conditions, and the phenotype seen under anaerobic growth mimics that 

of these mutants115.  

The gram positive bacterium Bacillus subtilis contains menaquinones as the sole quinone 

and MK-7 as its major component98,116.  Early work showed that MK-7 played an 

important role in electron transfer from NADH via NADH dehydrogenase, and that MK-7 

was most likely to be positioned in the electron transport chain between the 

dehydrogenases and the cytochromes104.  In Bacillus subtilis, menaquinone is associated 

with the early stages of spore formation, with menaquinone levels being greatest at the 

beginning of sporulation and menaquinone deficiency blocking the process104,116-118.  

Menaquinone deficiency is also associated with low level aminoglycoside antibiotic 

resistance, probably due to its role in electron transport119.  Menaquinone also appears to 

play a role in the regulation of cytochrome formation120,121. 

A review of the electron transport chain, including the role of menaquinones, has recently 

been published for Corynebacterium glutamicum105.  Corynebacterium glutamicum is an 

aerobic gram positive bacterium, a member of the genus Coryneform which belongs to a 

group of bacteria that includes the genus Actinomyces, whose cell walls contain mycolic 
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acids105.  Menaquinones are the only quinones present, with the major component in this 

species being MK-9 (H2) with minor amounts of MK-9 and MK-8 (H2)98. 

Corynebacterium glutamicum is a bacterium that is used to commercially produce L-

glutamate and L-lysine, and much about its metabolism has been studied105.  Molecular and 

biochemical studies, as well as analysis of the genome sequence, have led to the 

identification of eight dehydrogenases, all of which pass electrons on to menaquinone 

reducing it to menaquinol105. Three terminal oxidases have also been identified which 

accept electrons from the menaquinol105.  These are summarised in Tables 1.6 and 1.7. 

Gene Name105 Corresponding Menaquinone Electron Donors105 
ndh NADH dehydrogenase (of the NDH-II type) 
sdhABC operon Succinate dehydrogenase 
Mqo and mdh Malate:menaquinone oxioreductase and malate dehydrogenase 
poxB Pyruvate oxidase 
Dld and lldD D- and L-lactate dehydrogenases 
glpD Glycerol-3-phosphate dehydrogenase 
putA L-proline dehydrogenase 
etfA, eftB Electron transferring flavoproteins 
Table 1.6: C. Glutamicum genes whose proteins pass electrons to menaquinone 

Gene Name105 Corresponding Menaquinol Electron Acceptors105 
qcrCAB Cytochrome bc1 complex, which associates with cytochrome aa3 (encoded 

by ctaC and ctaE) to form a supercomplex (cytochrome bc1-aa3). 
Electrons are passed to bc1 from menaquinol and then on to aa3 which 
passes them to O2.   
While aa3 has low O2 affinity, it is able to pump greater numbers of H+ 
across the membrane than cytochrome bd, making it a more efficient 
source of energy 

cydA, cydB Cytochrome bd is an alternative cytochrome branch, accepting electrons 
from menaquinol and passing them to O2   
This has higher O2 affinity but is less efficient at energy generation than 
the bc1 supercomplex. 

narGHIJ Nitrate reductase (also narK functioning as a nitrate/nitrite transporter) 
complex where narI of the complex accepts electrons from menaquinol 
and narG passes then to nitrate reducing it to nitrite.  
While Corynebacterium glutamicum is capable of nitrate reduction and 
contains all the genes necessary, it is uncertain that it actually uses this 
reductase complex in vivo 

Table 1.7: C. glutamicum genes whose proteins accept electrons from menaquinol 
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The gram positive, fast-growing, mycobacteria Mycobacterium phlei and Mycobacterium 

smegmatis both contain menaquinone as the sole quinone, with MK-9 (H2) as the major 

component122,123.  Irradiation of the M. phlei membrane with light at 360 nm selectively 

destroys menaquinone and results in loss of oxidative phosphorylation and active transport 

functions (both dependent on electron transport)122.  These can be restored with the 

addition of vitamin K1122.  Early work with M. phlei demonstrated that electron transport 

using NADH and malate as substrates used menaquinone as an electron transfer agent124.  

Work published in 1978 showed that M. phlei exhibited two types of malate 

dehydrogenase activity, one that was NAD+ dependent and one that was FAD dependent, 

whereas M. smegmatis exhibited only one, which was FAD dependent123.  Both of these 

activities appeared to be vitamin K dependent123.  Recent studies in M. smegmatis have 

found a role for cytochrome bd (which accepts electrons from menaquinol) in 

microaerophilic conditions (1%-0.5% air saturation)125.  

1.4.2 Menaquinone and Electron Transport in Mycobacterium tuberculosis 

As in other gram positive bacteria, menaquinone is the sole quinone present in 

Mycobacterium tuberculosis98,99,106. The major menaquinone component is MK-9 (H2) and 

MK-8 (H2), MK-8 and MK-7 are present at minor levels98.  In contrast to the situation in 

E. coli, where there are several quinone types present, menaquinone, in Mycobacterium 

tuberculosis is likely to play an important role in both anaerobic and aerobic electron 

transport.  Originally, Mycobacterium tuberculosis was thought to be strictly aerobic, 

suggesting that there would be no role for menaquinone in anaerobic electron 

transport71,72,125.  Recent hypoxic models for persistence dispute this71,72,125, however and 

open up the possibility of a role for menaquinone in anaerobic electron transport.  It has 

been suggested that non-pathogenic Corynebacterium glutamicum may be a useful 

organism in which to study electron transport, as a model for closely related pathogenic 

organisms such as Mycobacterium tuberculosis105, and it is likely that the role 

menaquinone plays in electron transport in Mycobacterium tuberculosis will be similar to 

that in Corynebacterium glutamicum, Mycobacterium phlei and Mycobacterium 

smegmatis.  
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Several lines of evidence point towards the cellular role of menaquinone in M. 

tuberculosis.  Analysis of the sequences of the respiratory terminal oxidases involved in 

aerobic electron transport in the Mycobacterium tuberculosis genome has been undertaken 

by Kana et al.125.  This reveals that Mycobacterium tuberculosis contains the genes for the 

cytochrome bcc (encoded by qcrCAB), as well as for cytochrome aa3 (encoded by the 

ctaCDE)125.  It also suggests that these genes, like those for Corynebacterium glutamicum, 

may form a supercomplex125.  Another study predicts that there is a succinate 

dehydrogenase present in Mycobacterium tuberculosis and that it is likely to contain two 

heme binding sites126, as is common for the succinate dehydrogenases that use 

menaquinone as the electron acceptor127.  Early work has shown that Mycobacterium 

tuberculosis exhibits an NAD+-dependent malate dehydrogenase activity that appeared to 

act via a vitamin K dependent pathway123.  Furthermore, glycerol-3-phosphate 

dehydrogenase, malate dehydrogenase and succinate dehydrogenase activity have all been 

demonstrated in M. tuberculosis124.   

An investigation of the annotated genome sequence for Mycobacterium tuberculosis 

H37Rv strain for electron transport related genes that could potentially interact with 

menaquinone is summarised in Table 1.8.  The search was based primarily on the 

information for Corynebacterium glutamicum, and used both the KEGG and Tuberculist 

databases.  
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Potential Menaquinone Electron Donors Present in M. tuberculosis H37Rv 
Malate dehydrogenase 2 genes found: NAD+ dependent (encoded by mdh) and  

FAD dependent (encoded by mqo) 
Succinate dehydrogenase Encoded by sdhCDAB 
Glycerol-3-phosphate 
dehydrogenase  

2 potential candidates found, encoded by glpD1 and glpD2 

L-lactate dehydrogenases 2 potential candidates found, encoded by lldD1and lldD2 
NADH-II dehydrogenases  2 found, encoded by ndh and ndhA   
NADH-I dehydrogenase Complex encoded by nuoA-nuoN (not present in 

Corynebacterium glutamicum) 
Potential Menaquinol Electron Acceptors Present in M. tuberculosis H37Rv 

Cytochrome bc1  Encoded by qrcCAB 
Cytochrome aa3  Encoded by ctaEDC 
Cytochrome bd  Encoded by cydAB 
Nitrate reductase complex  Encoded by narGHIJ. A “fused nitrate reductase” (encoded 

by narX), three versions of narK and a transcriptional 
regulator narL, are also found. 

Fumarate reductase complex Encoded by frdABCD, catalyses the opposite reaction to 
that catalysed by succinate dehydrogenase  

Table 1.8: M. tuberculosis proteins that may interact with menaquinone  

In Mycobacterium tuberculosis, establishment of, and survival in, the dormant/latent state 

is associated in part with adaptation to a low oxygen environment66,73.  Three terminal 

oxidases in Table 1.8 that are likely to interact with menaquinone appear to have some 

association with microaerophilic or anaerobic respiration.  These are fumarate reductase, 

cytochrome bd and nitrate reductase.  It has been shown in studies for E. coli111 and 

Shewenella putrefaciens128 that menaquinone is specifically associated when fumarate is 

the terminal electron acceptor, so it is plausible that this is also the case for Mycobacterium 

tuberculosis.  Although the genes encoding the fumarate reductase complex are present in 

Mycobacterium tuberculosis it is not clear what role they play in anaerobic or low oxygen 

electron transport in this organism.  In Mycobacterium smegmatis the cytochrome bd 

complex (which accepts electrons from quinones such as menaquinone) is associated with 

bacterial survival in microaerophilic conditions125.  Again, although this situation has not 

been investigated in Mycobacterium tuberculosis, the fact these two organisms are closely 

related and that Mycobacterium smegmatis shows an oxygen depletion-induced dormancy 

that is similar to that in Mycobacterium tuberculosis95,125,129 makes it possible that the 

situation is similar.  
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Evidence for an active nitrate reductase gene in Mycobacterium tuberculosis and its role in 

hypoxic survival is much stronger.  It has been known for at least four decades that 

Mycobacterium tuberculosis is capable of reducing nitrate66 and it has recently been shown 

that this may have significance in bacterial survival under hypoxic conditions72.  Wayne 

and Hayes investigated the rate of nitrate reduction in cultures of M. tuberculosis growing 

aerobically and undergoing hypoxic downshift72.  The conclusions from these experiments 

were that the nitrate reductase activity under hypoxia-induced conditions (microaerophillic 

NRP1 and anaerobic NRP2) was respiratory72.  Furthermore, by NRP2, nitrate reductase 

activity was induced even in the absence of substrate72.  DNA microarray studies have also 

shown that “fused nitrate reductase” narX and the related nitrite/nitrate transporter narK2 

genes were significantly upregulated under hypoxic conditions74.  In vivo studies with a 

Mycobacterium bovis BCG strain narG mutant found the mutant was unable to persist in 

certain organs (lungs, liver and kidneys) of immune-competent mice71.  From studies with 

E. coli it has been shown experimentally that menaquinone is capable of passing electrons 

to nitrate reductase111,112 and MK-9 was even isolated from the �/� subunit of E.  coli 

nitrate reductase130.  In Shewenella putrefaciens, menaquinone is absolutely required in 

nitrate reduction128.  This, together with the fact that menaquinones are the sole quinones in 

Mycobacterium tuberculosis, strongly supports a role for menaquinone in this reaction.   

The question that still remains, however, is whether menaquinone is present in anaerobic 

conditions in Mycobacterium tuberculosis.  In the case of Staphylococcus aureus, 

menaquinone levels are down-regulated in anaerobic conditions115.  However the presence 

of active nitrate reductase capabilities in hypoxic conditions and the role menaquinone is 

likely to play in electron transfer here suggests perhaps menaquinone is still present.  The 

answer to this question may be addressed in the future by microarray analysis.  Recent 

DNA microarray studies on mycobacterial genes that are up- and down-regulated in 

response to factors that affect the latent/persistent state did not detect any significant up- or 

down-regulation of the genes involved in menaquinone biosynthesis68,74,131-133.  Another 

factor to consider, as discussed for ubiquinone, is that control of menaquinone levels may 

not be at the genetic level, rather at the translational or post-translational level.  The above 

information does not discount the probability that menaquinone plays a role in aerobic, 
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microaerophilic and anaerobic electron transport in Mycobacterium tuberculosis, and if this 

is so then it is likely to be important in survival under hypoxic conditions.  Further studies 

analysing both the genes and proteins involved in these states will help to further clarify the 

issue. 

Whether or not menaquinone is also involved in anaerobic survival and 

dormancy/persistence in Mycobacterium tuberculosis, it has been shown to be a significant 

compound with an important role in electron transport and a wide distribution in many 

bacteria.  A very recent study of Mycobacterium tuberculosis H37Rv strain used 

transposons to screen for genes important to growth (in defined media under laboratory 

conditions) by identifying those genes unable to accommodate transposon insertions134.  

Significantly four of the six currently identified menaquinone biosynthesis genes from 

Mycobacterium tuberculosis were identified as essential using this method134.  These genes 

were menC, menD, menE, menH/ubiE134, which, along with other genes, are be discussed 

in 1.4.3 and the following chapters. 

The biosynthetic pathway that makes menaquinone is not present in humans, and therefore, 

should future genetic or functional studies confirm the importance of menaquinone in the 

persistent/dormant state gene products from this pathway would make good drug design 

candidates.  Knowledge of the structures of the enzymes belonging to this widespread and 

significant bacterial biosynthetic pathway would define their active sites and provide 

information about their likely enzymatic mechanisms.  They would also provide structural 

information for homology modelling of the same proteins in other bacteria, and structural 

templates which could be used for structure based drug design, should further studies 

indicate that these are good drug design candidates.  

1.4.3 The Menaquinone Biosynthesis Pathway  

Vitamin K was discovered in the 1930s, but it was not until the 1960s that the biosynthesis 

of this compound began to be studied97,113,135.  Over the past 40 years, the pathway has 

been elucidated and the enzymes involved have been identified.  A huge body of work, 

including, radioactive labelling tracer studies, studies of bacterial mutants blocked at 
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various steps, intermediate isolation and identification studies, isolation and assays of 

enzymes involved as well as sequencing of genes, have been reported97,113,117,121,135-165.  

There are several comprehensive reviews on the subject which include those by Bentley 

and Meganathan, (1982)135; Meganathan, (1996)113 and Meganathan, (2001)97.  Much of 

the work on the menaquinone biosynthesis pathway has been undertaken in three 

organisms, E.  coli, Bacillus subtilis and Mycobacterium phlei.  

Radioactive labelling tracer studies from as early as the 1960s established that the seven 

carbons from shikimate and the three non-carbonyl carbons of �-ketoglutarate were the 

precursors for the naphthoyl ring, whereas the methyl group originated from S-adenosyl 

methionine (Figure 1.4)135.  By the 1970s, two of the key aromatic intermediates in this 

pathway, O-succinyl benzoic acid (OSB) and 1,4 dihydroxy-2-naphthoic acid (DHNA)135 

had been isolated.  There is now a significant amount of evidence that shows that �-

ketoglutarate enters the pathway as a thiamine pyrophosphate succinate semialdehyde 

anion113,135,152, whereas the shikimate enters the pathway in the form of isochorismate, via 

chorismate113,143.  The isoprenoid group is derived from isopentenyl diphosphate113, which, 

in bacteria like M. tuberculosis, is synthesised by the mevalonate independent 

glyceraldehydes-3-phosphate/pyruvate route166.  Current knowledge suggests that the 

pathway (Figure 1.5) involves seven to eight steps97. 

 
Figure 1.4: The origins of the menaquinone skeleton. 

The region in blue originates from glyceraldehyde-3-phosphate/pyruvate in Mycobacteria. The 
region in yellow originates from shikimate, the region in green from 2-ketoglutarate, and the 
methyl group in pink from S-adenosyl methionine. This figure is based on work summarised and 
figures presented in Meganathan (1996)113 and Bentley and Meganathan (1982)135. 



Chapter 1 Introduction                                    
 
 
 

 
41 

 

Figure 1.5: The menaquinone biosynthesis pathway 
The major M. tuberculosis MK is MK-9 (H2). OSB = O-succinyl benzoic acid and OSB-CoA = 
the CoA adduct of OSB; DHNA = 1, 4 dihydroxy-2-naphthoic acid and DHNA-CoA = the CoA 
adduct of DHNA; SHCHC =2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate; SAM = S-
adenosyl methionine, SAH = S-adenosyl homocysteine; TPP = thiamine pyrophosphate; CoASH 
= coenzyme A. The diagram is based on information presented in Meganathan (2001)97. 
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1.4.3.1 Formation of O-Succinyl Benzoic Acid (OSB): MenD, MenC and MenF 

The path to OSB was elucidated by the isolation of two groups of E. coli mutants that 

could not make OSB; these were termed menC and menD97,113,135.  Work showed that 

extracts of the menC mutant E. coli produced an intermediate that the menD mutant E. coli 

was able to convert to OSB, hence giving the order in the pathway as menD followed by 

menC97,113.  Experiments using cell-free extracts from bacterial menD and menC mutants 

characterised the intermediate as 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate 

(SHCHC)151.  Other work with cell-free extracts showed that the substrates for the MenD 

enzyme were isochorismate, thiamine pyrophosphate and �-ketoglutarate143.  

Work with protein extracts from E. coli and B. subtilis menD mutants established MenD to 

be a bifunctional enzyme, both generating the succinic semialdehyde thiamine 

pyrophosphate anion (TPP anion) from �-ketoglutarate and thiamine pyrophosphate, and 

synthesising SHCHC97,149,150,152.  The menD gene from E. coli was cloned in the 1980s167 

and the DNA sequence of the menD gene from E. coli was published in 1989153.  In 1992, a 

revised longer DNA sequence was published, along with some evidence from plasmid 

deletion analysis experiments showing that the gene was required for both TPP anion 

generation and SHCHC synthesis activity150.  The region containing at least some of the 

genes responsible for OSB formation (called the menCD region) in Bacillus subtilis was 

cloned in 1988, along with other men genes, by complementation of men mutants117,164.  

Due to the fact the menC and menD mutants were not distinguishable, however, but were 

both defective in OSB formation, meant that neither of these genes was isolated 

individually117,164. In 1995, the DNA sequence of menD from Bacillus subtilis was reported 

with mutants of this gene having earlier been associated with loss of MenD enzyme 

activity121.  

The menC gene from E. coli was cloned in the 1980s167 and the sequence was published in 

1993, along with the results from enzymatic complementation assays with menC mutants, 

and plasmid deletion analysis that supported its functional annotation147.  The crystal 

structure of MenC from E. coli was reported in 2000155.  In 1999, the B. subtilis sequence 

for an unidentified gene ytfD was identified as menC, based on both mutant 
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complementation experiments and the ability of the resulting purified protein to catalyse 

OSB formation154.  The genes of menC and menD in both in B. subtilis and E. coli are 

clustered very close together, along with other menaquinone biosynthesis 

genes119,121,148,154,164, with menC located 2-3 genes downstream (3’) of menD148,154 

(Figure 1.6). 

Early work suggested that chorismate was the substrate for the first committed step in 

menaquinone biosynthesis135, although it was later confirmed to be isochorismate143.  It 

was thought that it was possible that the entC gene, which is common to the bacterial 

pathway for enterobactin biosynthesis also converted chorismate to isochorismate in this 

pathway97,113. Because enterobactin biosynthesis is down-regulated at times when 

menaquinone biosynthesis is not there was some debate about this idea97,113.  These 

questions were answered in later years, with publication of the discovery and sequence of a 

gene from E. coli located directly 5’ to menD, which had sequence homology with entC 

and was associated with menaquinone biosynthesis144,168.  This gene was designated 

menF144.  The menF gene sequence from B. subtilis was published in 1995121, and 

subsequent experiments demonstrated its role in menaquinone biosynthesis156.  The gene is 

located in the B. subtilis men cluster directly 5’ to menD and has sequence homology with 

E. coli entC121. 

1.4.3.2  Formation of 1,4-Dihydroxy-2-Naphthoic Acid (DHNA): MenB, MenE and 

MenH 

The path from OSB to DHNA was shown to be dependent on ATP and coenzyme A135.  

Upon treatment of Mycobacterium phlei extracts with protamine sulphate two separate 

fractions were obtained that only in combination formed DHNA136.  One fraction required 

ATP, Mg2+ and coenzyme A, and in this fraction, addition of OSB led to the detection of 

AMP and a spirodilactone of OSB136.  The formation of spirodilactone and AMP was taken 

to mean that an unstable OSB-CoA ester had been formed, which decayed to the 

spirodilactone135,136.  When mixtures of the two fractions were used, the formation of 

DHNA was detected instead of the spirodilactone136.  These enzymes from the two 

fractions were called OSB-CoA synthase and Naphthoate synthase respectively136.  
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Although it was suggested, in this and other early work, that the OSB-CoA intermediate 

had the CoA group located on the benzyl ring113,135,136, later work established that the OSB-

CoA intermediate contained the CoA moiety on the aliphatic portion of OSB157,158.  

Complementation work with B. subtilis and E. coli mutants unable to make DHNA, using 

M. phlei extracts containing either OSB-CoA synthase or naphthoate synthase (also called 

DHNA synthase), established that these two enzymes were also present in E. coli and 

B. subtilis97,135,169.  The OSB-CoA synthase defective mutants were termed menE and the 

naphthoate synthase defective mutants were termed menB97,135,169. 

The menB gene from E. coli was cloned in the early 1980s167 and the DNA sequence for 

the E. coli menB gene was published in 1992 along with results of mutant enzymatic 

complementation assays and plasmid deletion analysis supporting its functional 

annotation146.  The menB and menE genes from B. subtilis were cloned in 1988 by 

complementation of B. subtilis menB or menE mutants respectively117,164.  The DNA 

sequences of both genes were published in 1992120.  The sequence for the menE E. coli 

gene was published in 1996 along with results from enzymatic complementation assays 

with E. coli menE mutants and plasmid deletion analysis which supported its functional 

annotation148.  As for the other genes, both menB and menE are located close together, near 

menC, menD and menF in B. subtilis and E. coli119,121,148,154 with menB directly upstream of 

menE in B. subtilis and upstream one gene removed in E. coli148,154.  The men clusters in 

these two organisms are shown in Figure 1.6. 
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Figure 1.6: The men clusters from E. coli and B. subtilis 

These are shown in order of transcription. 

In his review from 2001, Meganathan refers to unpublished results that suggest the 

presence of another enzyme that is involved in the formation of DHNA97.  In the past, due 

to the instability of the MenB substrate, extracts of cells were used in assays97.  More 

recently, it was discovered that cell-free assays with MenE and MenB gave no detectable 

DHNA formation, but that DHNA production was restored when a small amount of extract 

from E. coli was added97.  A gene in the men cluster orf241 was then overexpressed on a 

plasmid and found to enhance DHNA activity and subsequent overexpression and 

purification of this protein was found to restore DHNA activity in the cell-free assay with 

MenB and MenE97.  The gene orf241 (also known as yfbB) had previously been located in 

the E. coli men cluster between menD and menB, and shown to have a sequence that 

included a non-fungal lipase motif148.  This gene was thus reclassified as menH97.  In 1995, 

a gene of unknown function in the B. subtilis men cluster between menD and menB was 

located and sequenced, and called orf3 (or ytxM); and its sequence also showed homology 

to lipases121. By 1999, based on the sequence similarity between orf3 and orf241, the 

B. subtilis homologue had also been annotated as menH154. The putative function of MenH 

is as a thioesterase that cleaves the CoA group from DHNA-CoA to form DHNA97.  Hence 

the product of MenB is probably a DHNA-CoA ester97.  

menF menH MenD menB menE menC 

menF menH menD menB menC menE 

E. coli men cluster 

B. subtilis men cluster 
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1.4.3.3  Prenylation: MenA  

1.4.3.3.1 Formation of Isopentenyl Diphosphate (IPP) 

Isopentenyl diphosphate is a common precursor to many metabolites including the 

polyprenyl tails on menaquinones.  It is synthesised either via mevalonate (common in 

animals) or via a mevalonate-independent route in some bacteria including 

Mycobacteria166. 

1.4.3.3.2 Formation of the Polyisoprenyl tail from Isopentenyl Diphosphate (IPP) 

The enzymes involved in this pathway are not necessarily unique to menaquinone 

biosynthesis.  Polyisoprenoid groups are formed by a head-to-tail condensation of IPP and 

its isomer dimethylallyl diphosphate (DMAPP)97.  In bacteria there are a range of enzymes 

that can form polyisoprenyl diphosphates of differing lengths170-172.  As different bacteria 

contain major menaquinones that differ in the length and saturation of the polyisoprenoid 

tails they presumably contain slightly different enzymes to make them.  For example, 

Bacillus stearothermophilis has MK-7 as the major quinone, and a heterodimeric 

heptaprenyl diphosphate synthase enzyme has been identified that makes the heptaprenyl 

diphosphate group for the tail161.  In contrast, E. coli, which contains MK-8 as its major 

menaquinone, has a gene ispB whose gene product forms octaprenyl diphosphate97. 

In general, bacteria will contain several enzymes that help build the polyisoprenyl moieties: 

an enzyme that isomerises IPP to DMAP; an enzyme that produces short chain 

polyisoprenyl phosphates such as farnesyl diphosphate (FPP), which has three isoprenyl 

units; and another enzyme that uses FPP and IPP as substrates to make longer 

polyisoprenyl diphosphates97.  Not much is known about the enzymes that saturate the 

polyisoprenyl side chains (as seen in Mycobacteria), but it has been suggested this happens 

after the tail has been attached135. 

1.4.3.3.3 Attaching the Isoprenyl Group: MenA 

It has been suggested that due to the formation of liphophilic product from this reaction, all 

enzymes involved in subsequent steps of menaquinone biosynthesis are associated with the 

membrane in some way97,113. The enzyme MenA removes the carboxyl group from DHNA 
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and attaches a polyisoprenyl group in its place97.  It is not known if this mechanism is 

concerted, but there is no evidence to support the formation of an intermediate97.  MenA is 

a membrane-bound protein that requires Mg2+ and is relatively non-specific for the length 

of the polyisoprenyl diphosphate substrate113.  The menA gene from E. coli has been 

identified and sequenced160, but is not located with the above genes in the men cluster160.  

1.4.3.4 Methylation: UbiE/MenH/MenG or MenG 

At the outset of this research in 2000, there were two possible candidates for the enzyme 

that catalysed the methylation reaction.  

1.4.3.4.1 The “MenG” family 

It had been established early on that the source of the methyl group in menaquinone was S-

adenosylmethionoine (SAM)135.  A review by Meganathan in 1996 reported, from 

unpublished results, that a gene called orf161, which was likely to be the SAM-dependent 

methyltransferase involved in menaquinone biosynthesis, had been located immediately 

upstream of menA113.  This gene then became known as menG, annotated primarily on the 

proximity to menA and the suggested presence of a SAM-methyltransferase sequence 

motif113.  The sequence, complete with annotation, was deposited into the NCBI database 

in 1996 (accession number U56082).  

1.4.3.4.2 The UbiE/MenH/MenG Family 

In the following year (1997), a paper by Lee et al was published, reporting the 

identification and sequencing of the ubiE gene from E. coli159.  This gene showed motifs 

common to SAM-dependent methyltransferases and was shown by plasmid rescue studies 

of E. coli mutants and DNA mutagenesis of the gene to affect the C-methylation step in 

both ubiquinone and menaquinone biosynthesis159.  In the same year a paper by Koike-

Takeshita et al. was published in which a gene responsible for the C-methylation step in 

menaquinone biosynthesis for Bacillus stearothermophillus was identified and 

sequenced161.  This gene also contained SAM-dependent methyltransferase motifs, showed 

37% identity to ubiE in E. coli, and was annotated as menG161.  However, it contained no 

sequence homology to the identified E. coli menG.  Other menG genes that also carry out 
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this reaction and bear homology to ubiE have been identified (including that from B. 

subtilis) and experimentally characterised162,163.  Confusingly this gene is also known as 

menH in the databases (see SwissProt). 

3.5 The Menaquinone Biosynthesis Pathway of Mycobacterium tuberculosis 

The above studies established the functions and sequences of many of the menaquinone 

biosynthesis genes, menD menE, menC, menB, ubiE and menF, at least for E. coli and 

B. subtilis.  Two other genes, menH and menG, were sequenced and had suggested 

functions.  All these gene sequences were deposited in public databases, which were used 

extensively in assigning function to the numerous whole genome sequences of recent 

years.  These genome sequencing projects include that for the Mycobacterium tuberculosis 

H37Rv strain genome.  In the publication of this genome sequence in 19981, seven open 

reading frames were identified that were associated with 6 steps in the menaquinone 

biosynthesis pathway1.  These were: Rv0534c, annotated as menA; Rv0542c, annotated as 

menE; Rv0548c, annotated as menB; Rv0553, annotated as menC; Rv0555, annotated as 

menD; Rv0558, annotated as ubiE; and Rv3853, annotated as menG1.  In subsequent 

BLAST analyses no clear homologues for menH or menF could be identified.  All these 

genes will be discussed in later chapters.  

It is interesting to note that although these genes are mostly located in the same region they 

are not clustered right next to each other as observed for many of the men genes in 

B. subtilis and E. coli (Figure 1.7).  It has been suggested that there are two major men 

operons in B. subtilis: that of the group II men genes, also known as the menBE operon, 

and that of the upstream group I men genes comprising menFD (and possibly menH)117,121.  

In E. coli it has been suggested that at least menBCE have an operon-like organisation148.  

There is no evidence to suggest that M. tuberculosis men genes share the operon like 

arrangement.  The order of the genes as they fall on the M. tuberculosis chromosome is 

shown in Figure 1.7.  
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Figure 1.7: Five of the closely placed men genes in the M. tuberculosis chromosome.  

All genes with Rv numbers ending in a c are located on the complementary DNA strand. Only 
the DNA strand on which the genes are located is shown and the arrows indicate the direction of 
transcription.  All men genes are boxed in grey. MenA is not shown but is located 7 genes 
upstream of menE. 

At the end of 2003, at the completion of this research, and based on work detailed within 

this thesis and work by other groups, two of these genes had been reannotated or renamed 

in the databases.  Rv3853 (menG) has been reannotated as RraA, while Rv0555 (ubiE) has 

been renamed menH (not to be confused with menH involved in the DHNA synthesis step 

after menB).  This menH still carries out the last step in menaquinone biosynthesis and, for 

historical purposes, will be referred to in this thesis as ubiE.  

1.5  Aims of the project  

The overall aims of the project were to solve the structures of several of the 

Mycobacterium tuberculosis proteins from a subset selected for study, on the premise that 

these protein structures would contribute to the overall understanding of Mycobacterium 

tuberculosis biology as well as being potential drug targets.  The work would be conducted 

in the context of the Mycobacterium tuberculosis Structural Genomics Consortium, of 

which our laboratory is a member, and the approach taken in this research was to follow a 

structural genomics pipeline approach, starting from the genomic DNA containing the 

target genes, and ending with protein structures.  This type of approach is highlighted by 

the 11 goals in Table 1.9.  The work undertaken here aimed to use many of the 

experimental techniques discussed in section 1.1.4, but did not take a truly automated high 

throughput approach. 

fadD8 

Rv0546 

Rv0549c
 

Rv0550c 

Rv0552  menC bpoC menD 

Rv0547c menB Rv0546c pitA Rv0544c menE Rv0543c 

Rv0557 ubiE 
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11 Goals Of This Project 
1. Select a number of gene targets (around 9) from the Mycobacterium tuberculosis 

H37Rv annotated genome sequence, focusing on those that are either of unknown 
function or involved in a conserved biological pathway and may be of significance in 
the survival of the bacterium. 

2. Analyse these targets for suitability, by bioinformatics, using criteria such as the 
number and relatedness of homologues in the PDB and the likelihood of 
transmembrane segments being present. 

3. Amplify the DNA for the target ORFs using PCR. 
4. Clone each of the ORFs into several expression vectors, with different affinity tags. 
5. Undertake expression and solubility tests on the resulting proteins. 
6. Develop and optimise a purification protocol for each soluble protein produced. 
7. Undertake crystallisation screens on purified proteins and optimise any crystals 

produced with fine screens. 
8. Collect X-ray data on diffracting crystals. 
9. Use MIR, MAD or MR methods to obtain phases for proteins that gave diffracting 

crystals, and solve the structures. 
10 Analyse the resulting structures with the view to clarification of function, by 

identifying ligand binding or active sites, comparing the structures with any 
homologues in the PDB and conducting functional studies directed towards 
understanding the biochemical mechanism of action. 

11. Make the structures publicly available by deposition into the PDB. 
Table 1.9: 11 goals of this project 

The menaquinone biosynthesis genes in Mycobacterium tuberculosis formed the main 

focus of this research.  As discussed in section 1.4.1, menaquinone is a significant 

compound with an important role in electron transport.  Structural knowledge for the 

enzymes involved in menaquinone biosynthesis was expected to lead to better 

understanding of how these enzymes function, location and definition of potential active 

sites, and development of hypotheses for enzymatic mechanisms.  These functional 

hypotheses could then be a basis for subsequent biochemical studies, aimed at further 

elucidating enzyme function.  Furthermore, because this pathway is widespread in bacteria, 

the results obtained for the M. tuberculosis menaquinone biosynthesis genes were expected 

to have widespread applications, including possible use in homology modelling.   
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The menaquinone pathway was also selected because the enzymes were potential drug 

targets, based on the fact that this pathway is not present in humans, and seemed likely to 

play an important role in M. tuberculosis.  At the time there was no direct evidence to 

suggest that menaquinone played a role in M. tuberculosis survival, or survival during a 

specific stage of disease (such as the latent/dormant state).  There was, however, evidence 

that menaquinone was very likely involved in anaerobic electron transport in M. 

tuberculosis, and that this in turn could be linked to bacterial persistence and latent TB, 

through work undertaken on hypoxia and nitrate reduction (sections 1.2.5, 1.4.1 and 1.4.2).  

Latent disease is an important focus of anti-TB drug design efforts (section 1.2.7.3).  

Subsequently, four of the menaquinone biosynthesis genes have been identified as essential 

to survival in defined growth conditions134 which strengthens the probability that the 

products of these genes are potential drug targets.   
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C h a p t e r  2  

GENERAL METHODS 

2.1 Bioinformatics 

2.1.1 Protein and Nucleotide Information 

2.1.1.1 The Mycobacterium tuberculosis Structural Genomics Consortium Database 

The Mycobacterium tuberculosis Structural Genomics Consortium (MTBSGC) website 

database (http://www.doe-mbi.ucla.edu/TB/DB/index.html) was used to obtain general 

information on the genes and proteins of interest.  Information obtained from this source 

included protein and nucleotide sequence information, length of gene in base pairs (bp), 

restriction enzyme cut sites within the gene, list of rare codons, proportion of each amino 

acid, molecular weight (MW), isoelectric point (pI), extinction coefficient, the number of 

predicted transmembrane helices, any predicted sequence motifs, functional annotation, 

and the E value of the closest PDB (Protein Data Bank) sequence homolog. 

2.1.1.2 Other Databases 

Protein sequences of target genes, with the N-terminal His-tagged protein sequence added, 

were analysed for data such as pI, extinction coefficient and MW for the tagged protein 

sequence by PROTParam, available from ExPASy173 (http://www.expasy.ch/cgi-

bin/protparam/).  ExPASy Proteomics Tools (http://us.expasy.org/tools/) were also used for 

analysis of nucleotide and gene sequences.  In particular PROSITE174,175 (e.g. Scan Prosite) 

(http://us.expasy.org/tools/#pattern) was used to search for patterns and profiles in the 

protein sequences of the target genes.  The Tuberculist Web Server provided by the Institut 

Pasteur (http://genolist.pasteur.fr/TubercuList/) provided other information about the genes 

of interest from the Mycobacterium tuberculosis genome.  In particular this was a useful 

database for obtaining references for experimental analysis of the genes. 

SWISS-PROT/TrEMBL176 (http://us.expasy.org/sprot/) and the links contained therein, 

especially the databases Interpro177 (Integrated Documentation Resource of Protein 

Families, Domains and Functional Sites) (http://www.ebi.ac.uk/interpro) and PFam178 
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(Protein Families database of alignments and HMMs) (http://www.sanger.ac.uk/cgi-

bin/Pfam/) which were used to obtain information on the target proteins and the protein 

sequence families to which they showed sequence homology.   

Information on gene pathways was obtained from the KEGG179,180 (Kyoto Encyclopaedia 

of Genes and Genomes) database (http://www.genome.ad.jp/kegg/kegg2.html), from 

EcoCyc181 (Encyclopaedia of Escherichia coli K12 Genes and Metabolism) 

(http://www.ecocyc.org/) and from Biocyc (http://biocyc.org;1555/MTBRV/).  

2.1.2 Primer Design  

For use in primer design, nucleotide sequences for the genes of interest and their flanking 

regions (200-400bp) were obtained from NCBI (http://www.ncbi.nlm.nih.gov:80/entrez/).  

Full analysis of the nucleotide sequences and their flanking regions for restriction enzyme 

cut sites was undertaken using; DNA strider, webcutter 2.0 

(http://www.firstmarket.com/cutter/) or tools within the SDSC (San Diego Supercomputer 

Centre) biology workbench (http://workbench.sdsc.edu).  Primer design was undertaken 

using Primer 3182 (http://www.genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). 

2.1.3 Searching for Sequence Homologues Using BLAST and PSI-BLAST 

Protein sequence homologues were searched using the NCBI BLAST (Basic Local 

Alignment Search Tool) or PSI-BLAST (Position- Specific Iterated-BLAST) servers 

(http://www.ncbi.nlm.nih.gov/BLAST/) searching against the non redundant (nr) database, 

with filtering of low complexity regions (unless otherwise stated).  Reverse Position 

Specific BLAST searches were undertaken against the conserved domain database at the 

NCBI (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).  BLAST searches of the TB 

genome were undertaken using NCBI BLAST version 2 from the BLAST interface at 

Tuberculist (http://genolist.pasteur.fr/TubercuList/).  BLAST searches of the PDB 

sequence database using the protein sequence of interest were undertaken using the 

BLAST interface on the Mycobacterium tuberculosis Structural Genomics Consortium 

Website (http://www.doe-mbi.ucla.edu/TB/DB/index.html).  
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BLAST and PSI-BLAST Related Terms183-186 
Term Explanation 

non redundant (nr) database Comprises all non-redundant GenBank CDS translations 
plus the PDB (Protein Data Bank), SwissProt, PIR and PRF. 

% identity Refers to the % sequence identity shared between the two 
sequences over the region aligned 

Low complexity filtering:  Filters out regions of sequence known as “low complexity” 
regions which have an amino acid distribution bias and can 
affect the accuracy of the BLAST results 

E value Used to define the statistical significance threshold for 
reporting matches against database sequences. At the NCBI 
this was set as a default of 0.001 (in 2000) or 0.005 (after 
2002). 
The E value gives the probability of obtaining a false 
relationship with a similar score to the alignment in 
question186.  Thus an E value of 0.001 means there is a 1 in 
1000 chance of hitting a false positive.  The lower the E 
value the less likely the match is to be by chance. 

Table 2.1: BLAST and PSI-BLAST related terms 

2.1.4 Sequence Alignments 

The program ClustalW on NPS@187,188 (the Network Protein Sequence Analysis server) 

(http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_clustalw.html) was 

used to obtain multiple sequence alignments.  Graphical manipulations of the sequence 

alignment generated by ClustalW were then undertaken using the web based programme 

ESPript189 (http://prodes.toulouse.inra.fr/ESPript-beta/ESPript/index.php). 

2.2 DNA-Related Materials and Protocols  

2.2.1 General DNA Materials and Methods 

2.2.1.1 Primers 

Nucleotide sequences and flanking regions were analysed to see which restriction enzymes 

already cut the sequence so they could be avoided in primer design.  Primers, incorporating 

mutations to give the desired restriction sites, were designed by a combination of manual 

inspection of the gene sequence and analysis in Primer 3 
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(http://www.genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi).  The sequences of 

primers for each target gene with the mutated bases in small letters and the corresponding 

mutated amino acids noted, the start codon in bold and the restriction sites underlined, are 

shown in Table 2.2.  Primers were supplied by Life Technologies Inc. (now Invitrogen) as 

a powder and were reconstituted with sterile MQ-H2O to a working stock concentration of 

50 µM and aliquoted out. 

 

Gene Primer Sequence Enzyme 
Rv0989c   
Forward 5’ C ACG ACC ATG gTC CCG GCA GT  3’ 

Amino acid mutation: I to V at position 2 
NcoI 
 

Reverse 5’ TGTGTCAACAGGTA aaGCTt GGGTGT  3’ HindIII 
Rv0990c   
Forwarda 5’ GTT TGC Gcc aTG GCG GAA TCC TCC 3’ NcoI 
Reverse 5’ GTAGGCATGCGCACAAgcTTGACA 3’ HindIII 

MenB (Rv0548c)   
Forwarda 5’ T CAG ATC GCC aTG GTG GCT CCA G 3’ NcoI 
Reverse 5’ TGCTCGGCAACTAaAGCtTCGGCGAACG 3’ HindIII 

MenC (Rv0553)   
Forwarda 5’A GGT TTA TCG cat aTG ATA CCC GTG CTG 3’ NdeI 
Reverse 5’ CCGTTGTCGTCGTAGGCaAGcTTGATCAC 3’ HindIII 

MenD (Rv0555) Set 1  
Forward 5’ G TGA CAC TCT GaA tTc GTG AAC C 3’ 

Amino acid mutation: Add E and F prior to position 1 
EcoRI 

Reverse 5’ GATTCGTAAgCtTCGCAGCAC 3’ HindIII 
MenD (Rv0555) Set 2  

Forward 5’ A CAC TCT GaA tTc GTG AAC CCC CTG A 3’ 
Amino acid mutation: Add E and F prior to position 1 

EcoRI 

Reverse 5’ ATGTGCAGCA aagcTTTCGGTGA 3’ HindIII 

MenE (Rv0542c)   
Forwarda 5’ CCT GCC CTG CAA Ccc aTG gTG GGT GGC 3’ 

Amino acid mutation: L to V position 2 
NcoI 

Reverse 5’  CGCGGCGACCGAagCTtACGACCGAT 3’ HindIII 
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MenG (Rv3853)   
Forward 5’ GCT GGC ACC ATg GTG GCC 3’ 

Amino acid mutation: Add M prior to position 1 
NcoI 

Reverse 5’ GGTTaAGCTTTAGCGACGGTT 3’ HindIII 
UbiE (Rv0558)   

Forward 5’ GT AGC GcC atG GCT ATG AGT 3’ 
Amino acid mutation : Add M and A prior to position 1 

NcoI 

Reverse 5’ GCA CCC GCT AAa gCT TCC TAC C 3’ HindIII 
aIn all these forward primers the mutations change the start codon from GTG to ATG 
Table 2.2: Primer sequences  

2.2.1.2 DNA Standards 

The GibcoBRL 1kb plus DNA ladder and the Low Mass Ladder from Invitrogen (formerly 

Life Technologies) were used as DNA standards. 

2.2.1.3 DNA Buffers and Loading dye  

All buffers and dyes were made up with MQ-H2O unless otherwise stated. 

DNA loading dye (6x) 
 

• 0.25% Bromophenol blue 
• 40% sucrose (w/v) 

Buffer: TAE (10x)  
 

• 400 mM Tris-acetate 
• 100 mM EDTA pH 8.0 

2.2.1.4  Agarose Gels and DNA Electrophoresis 

Agarose gels were prepared by dissolving agarose (0.7-1% w/v ratio) in 1xTAE buffer.  

Ethidium bromide (1 µg/mL final concentration) was added to gels after they were poured 

and the gels were allowed to set for approximately 30 minutes before use.  Prior to loading, 

DNA samples were diluted 1:5 times with 6x DNA loading dye.  Gels were run at 80-90 

volts, using 1x TAE as running buffer, until the dye front had migrated 1/2 to 2/3 the 

length of the gel (30-60 min).  A 1kb plus ladder (Invitrogen) (see section 2.2.1.2) was also 

loaded to allow estimation of DNA fragment size. When required, the DNA concentration 

was determined by visual comparison against 2 µL (made up to 5 µL with dye) of Low 

Mass DNA Ladder (Invitrogen) (see section 2.2.1.2).  Visualisation of DNA was 

undertaken using UV light and gels were photographed using the BioRad Gel 

Documentation System or the UVP Gel Documentation system (Watson Victor Ltd.). 
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2.2.1.5 Restriction Enzymes 

Restriction enzymes and REact buffers (Table 2.3) were supplied by Invitrogen. 

Restriction Enzyme Cut Site Sequence REact Buffer Used 
NcoI CCATGG REact 2 

HindIII AAGCTT REact 2 
EcoRI GAATTC REact 2 
NdeI CATATG REact 2 

Table 2.3: Properties of restriction enzymes used 

2.2.1.6 Plasmid Vectors 

2.2.1.6.1 pProEX Hta  

Supplied by Life Technologies this vector incorporates a coding sequence for a His-tag (6x 

Histidine) as well as an rTEV cleavage site immediately upstream of the insertion site for 

the target gene.  Overexpression therefore results in a recombinant protein with an rTEV-

cleavable N-terminal His-tag.  rTEV is recombinant Tobacco Etch Virus protease which 

cleaves between the Gln and Gly residues in Glu-Asn-Leu-Tyr-Phe-Gln-Gly.  The plasmid 

contains an AmpicillinR gene as a selectable marker and a pBR322 origin of replication.  

The expression region is under the control of an IPTG-inducible trc promoter.  IPTG is the 

lactose analogue isopropyl �-D thiogalactopyranoside. 

2.2.1.6.2 pET42a-rTEV  

Supplied by Novagen, this vector incorporates the coding sequence for glutathione-S-

transferase (GST).  The vector has been modified in-house to incorporate an rTEV 

cleavage site upstream of the insertion site for the target gene.  This results in expression of 

the target protein as an rTEV-cleavable N-terminal GST fusion protein.  This vector 

contains a KanamycinR gene as a selectable marker and a pBR322 origin of replication.  

The expression region is under the control of a T7 promoter which is transcribed by T7 

RNA polymerase supplied in trans (under the control of an IPTG-inducible promoter). 
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2.2.1.7 Antibiotics  

Antibiotics were made up as in Table 2.4 and stored in 1 mL aliquots at -20°C. 

Antibiotic Stock Conc. (solvent) Dilution in LB or 
Agar (final 

concentration) 
Ampicillin (Amp.) 100 mg/mL or 50 mg/mL (MQ-H2O) 1/1000 (50-100µg/ml) 

Chloramphenicol (CAM) 34 mg/mL or 25 mg/mL (ethanol) 1/1000 (34-25 µg/ml) 

Kanamycin (KAN) 25 mg/mL (MQ-H20) 1/1000 (25µg/ml) 
Table 2.4: Antibiotic solutions used 

2.2.1.8 Bacterial Cell Culture Media  

Luria Broth (LB) LB powder was made to a solution in MQ-H2O at a concentration of 
25 g/l.  This solution was autoclaved to sterilise before use.  1 L of this 
solution contained: 
• 1% Bactopeptone 
• 0.05% Bactoyeast extract 
• 1% NaCl 

SOC media • 5 mL autoclaved LB (at 25 g/L) 

• 100 µL 1M Glucose (in sterile MQ-H2O) 

LB-Agar  LB at 25 g/L was mixed with agar at 15 g/L in MQ-H2O and then 
autoclaved to sterilise. The mixture was cooled to 50°C and the 
appropriate antibiotic/s added prior to use.  Plates were poured and 
used immediately or were stored at 4°C for a maximum of one month 

2.2.1.9 Bacterial Cloning Strain, Bacterial Plate Storage and Glycerol Stocks  

XL1 blue strain of E. coli (Stratagene) was used for initial transformation of the plasmids.  

Plates containing bacterial colonies were stored for up to 4 weeks at 4ºC.  For long term 

storage a glycerol stock was made by mixing sterile 100% glycerol (100 µL) with 500 µL 

of a bacterial culture grown in the appropriate antibiotic to around mid log phase 

(OD600 0.6-0.7).  The mixture was then flash frozen and stored at -80ºC. 

2.2.2  Polymerase Chain Reaction (PCR) Amplification of Target Sequences 

The ORFs of interest were amplified using the PCR from M. tuberculosis genomic DNA.  

Tests undertaken with a range of dilutions of genomic DNA showed a 50-fold dilution 

from its original concentration gave the best results.  A deoxyribonucleotide triphosphate 
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(dNTP) stock was made from separate dNTP solutions (100 mM) to give a final 

concentration of 12.5 mM for each dNTP.  The polymerase enzyme Platinum Pfx 

(Invitrogen/Life technologies), which is inactive at low temperatures, was used.  Table 2.5 

shows a typical 50 µL reaction setup.  The buffer, enhancer and MgSO4, used were also 

supplied by Invitrogen/Life Technologies.  

 Volume Added Final Concentration 
Pfx Buffer (10x) 5 µL 1x 
Pfx Enhancer (10x) 5 µL 1x 
dNTPs (10-12.5 mM each) 1 µL 0.2 to 0.25 mM each 
MgSO4 (50 mM) 1 µL 1mM 
Forward Primer (50 µM) 1 µL 1 µM 
Reverse Primer (50 µM) 1 µL 1 µM 
Template DNA 1/50 diln 1 µL  
Pfx polymerase  0.4 µL 1 unit 
Sterile MQ-H2O 34.6 µL - 
TOTAL VOLUME 50 µL  
Table 2.5: Typical reagents for a 50 µL polymerase chain reaction  

The reactions were carried out using a Mastercycle Gradient thermal cycler (Eppendorf).  

The initial reactions were carried out using a range of annealing temperatures which were 

then optimised for each ORF.  The outline of a typical PCR run is shown in Table 2.6.  A 

control reaction without template DNA was used as a negative control for each set of 

reactions and a positive control with a known successful ORF was also used.  

 Temperature Time Held Cycles 
Initial Denaturation 94ºC 5 min 1x 
Denaturation 94ºC 20 s 
Annealing ORF specific 

40ºC - 70ºC 
60 s 

Elongation 68ºC 75, 90 or 120 s 
(typically 90 s) 

 
 

     Cycles 30x 

Final Elongation 68ºC 5 min 1x 
Hold 4ºC   
Table 2.6: A typical PCR reaction sequence  
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2.2.3 Purification of DNA Fragments and Concentration of DNA 

PCR products that showed more than one band on an agarose gel were gel purified.  After 

running on an agarose gel and visualisation using UV light, the band of the appropriate size 

was excised from the gel using a sterilised scalpel and purified using the High PureTm PCR 

purification kit (Roche), following the manufacturer’s protocols.  The DNA was then 

eluted in 50 µL elution buffer (10mM Tris-HCl, pH 8.5).  PCR products that resulted from 

a clean reaction were not gel-purified but were instead purified directly using the High 

Pure PCR Purification Kit.  DNA was quantified by comparison with a low mass ladder on 

an agarose gel. 

2.2.4  Digestion of DNA with Restriction Endonucleases 

DNA (either PCR fragments or plasmids) was digested using restriction enzymes in the 

appropriate REact buffer at 37ºC for at least 4 h but overnight in most cases.  In situations 

where the DNA was required to be cut by two restriction enzymes, and both enzymes gave 

complete digestion in the same buffer, a double digest was undertaken.  This was the case 

when using NcoI/HindIII.  In the case of NdeI, which has a short half life, the enzyme was 

added in two lots, about 2 h apart, during the digestion. In some cases with NdeI where the 

product was only able to be partially digested, a single NdeI digestion was undertaken, 

followed by purification, and then another single digest was carried out with the other 

restriction enzyme.  In the case of plasmid digests, 1 µL of TSAP (shrimp alkaline 

phosphatase) and 3-5 µL of 10x SAP buffer were added at the end, and the reaction was 

heated to 65ºC for 15 min.  Typical reactions for PCR fragment digests, diagnostic double 

digests and plasmid DNA digests are given in Table 2.7, 2.8 and 2.9. 

DNA  20 µL 
REact buffer (10x) 3 µL 
Restriction enzyme I 1 µL 
Restriction enzyme II 1 µL 
MQ-H2O 5 µL 
Total Volume 30 µL 
Table 2.7: Typical reaction for a PCR fragment double digest 
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Plasmid DNA with Insert  5 µL 
REact buffer (10x) 1 µL 
Restriction enzyme I 0.5 µL 
Restriction enzyme II 0.5 µL 
MQ-H2O 3 µL 
Total Volume 10 µL 
Table 2.8: Typical reaction for a diagnostic double digest  
(For a single digest replace restriction enzyme II or I with the same volume of MQ-H2O) 

DNA plasmid (5-8µg) 5 µL 
React buffer (10x) 5 µL 
Restriction enzyme I 1.5 µL 
Restriction enzyme II 1.5 µL 
MQ-H2O 37 µL 
Total Volume 50 µL 
Table 2.9: Typical reaction for preparative plasmid digestion 

Uncut and single cut controls, along with their digestion products, were resolved by DNA 

gel electrophoresis stained with ethidium bromide and visualised under UV light.  The 

digested products were gel-purified using the High PureTm PCR Purification Kit as for 

section 2.2.3 and the purified DNA was quantified using a low mass ladder on an agarose 

gel. 

2.2.5 DNA Ligation 

Ligation of (digested) linearised plasmid vector with digested PCR-amplified DNA was 

performed using a plasmid: insert ratio of 3:1.  Reactions were incubated for 4 h at room 

temperature with T4 DNA ligase (Life Technologies/Invitrogen).  A negative control 

reaction using just plasmid and ligase was also set up. A typical reaction is detailed in 

Table 2.10. 

 Reaction Plasmid + Ligase Only 
Digested Plasmid DNA 1 µL 0.5 µL 
Digested PCR product 5-7 µL - 
T4 ligase 0.2 µL 0.1 µL 
T4 ligase buffer 2 µL 0.5 µL  
MQ-H2O 0-2 µL 3 µL 
Total 10.2 µL 5.1 µL 
Table 2.10: A typical ligation reaction 
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2.2.6  Preparation of Electro-competent Cells 

A colony from a plate containing XL1 blue (or BL21/BL21 pRI cells) was used to 

inoculate 500 mL of sterile LB without antibiotic and the culture was grown at 37ºC to 

mid-log phase (OD ~0.5-0.6).  The culture was then chilled on ice for 20 min, and 

harvested by centrifugation (4000 x g for 15 minutes at 4ºC).  All subsequent steps were 

undertaken at 4ºC.  The supernatant was removed by decanting and the pellet was 

resuspended in 250 mL ice cold sterile 10% glycerol.  The centrifugation step was repeated 

and after the removal of the supernatant another round was undertaken in the same manner 

using 20 mL 10% glycerol solution.  The cells were finally resuspended in 1 mL of 

10% glycerol solution and frozen in 50 µL aliquots at -80ºC. 

2.2.7  Transformation of DNA 

The bacterial cells were transformed by electroporation.  Electro-competent cells (50 µL 

aliquots) were thawed on ice.  A portion of the ligation reaction mixture (1.5-5 µL) was 

mixed with 50 µL of electrocompetent cells and the mixture transferred to a precooled 

0.2 cm electroporation cuvette (BioRad) and subjected to electroporation using a BioRad 

micropulser.  The cells were then transferred immediately to 1 mL of SOC media, mixed 

gently and then incubated for 1 h at 37ºC with shaking.  A portion of the cells (100 µL) 

were plated on to a prewarmed LB-agar plate containing the appropriate antibiotic/s.  The 

remaining cells (900 µL) were spun down (4000 x g for 5 min), the supernatant removed, 

the pellet resuspended (100 µL LB) and plated to a prewarmed LB-agar plate containing 

the appropriate antibiotic/s.  Plates were incubated overnight at 37ºC and the number of 

colonies counted the next day.  Controls (plasmid plus ligase reaction and plasmid only) 

were also transformed into electrocompetent cells and plated (100 µL) in a similar manner.  

In all cases a sample of the electro-competent cells was also plated. 

2.2.8 Analysis of Transformed Colonies by Colony PCR 

XL1 blue colonies from plates of transformed cells (generally about 3-4 colonies per 

ligation experiment) were resuspended in 5 µL LB.  1 µL of this was used as the template 

for colony PCR analysis.  Primers that matched to the plasmid (sequencing primers) at 
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either side of the multiple cloning site were used.  The reactions were carried out in 25 µL 

volumes using Taq polymerase.  The setup of a typical reaction is similar to that given in 

Table 2.5 (although with Taq polymerase enhancer is not used) while the temperature 

cycle is similar to that given in Table 2.6. 

The results of the PCR were then run on a 1% agarose gel and analysed for bands 

corresponding to the expected size of the insert taking into account the additional bases for 

the amplified flanking plasmid regions (~470 bp).  If evidence of insert was found then the 

remaining 4 µL of resuspended cells were used for plasmid minipreps. 

2.2.9 Purification of Plasmid DNA (Mini, Midi and Maxi preps) 

Bacterial colonies with the desired plasmid were selected from an agar plate and inoculated 

into 5 mL (minipreps), 50 mL (midipreps) or 100 mL (maxipreps) of LB containing the 

appropriate antibiotic. Cultures were grown with shaking overnight at 37ºC.  Plasmid DNA 

was then isolated and purified using either the Miniprep High Pure Plasmid Purification 

Kit from Roche Diagnostic Ltd (minipreps), the Plasmid Midi Kit from Qiagen (midipreps) 

or the QIAfilter kit (maxipreps).  Protocols were undertaken as per kit instructions with 

DNA eluted in the elution buffer supplied for the mini and midi preps and resuspended in 

100 µL 10 mM Tris-HCl, pH 8.5 for the maxiprep.  The DNA was then subjected to a set 

of diagnostic digests (single and double) with the appropriate restriction enzymes (section 

2.2.4) and analysed for loss of insert by electrophoresis on a 1% agarose gel.  DNA was 

also quantified by comparison to a low mass ladder on the same agarose electrophoresis 

gel.  All DNA was stored long term at -20ºC. 

2.2.9.1 Further DNA Purification Steps for Digested or Plasmid DNA 

If, after a plasmid preparation or digestion, the DNA needed further purification, a PEG, 

ethanol or isopropanol precipitation was undertaken.  Samples for DNA sequencing 

needing further concentration were concentrated by rotary evaporation. 
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• PEG Precipitation 

DNA in solution was precipitated with 1 volume of 20% PEG800, 20 mM MgCl2 and 

subjected to centrifugation (15000 x g for 10 min at 4ºC).  The supernatant was then 

removed and the pellet suspended in 20 µL of MQ-H2O. 

• Ethanol Precipitation 

DNA in solution was precipitated with 2 volumes of ice cold 100% ethanol and left on ice 

for 15 minutes.  The sample was then centrifuged (15000 x g for 10 min at 4ºC) and the 

supernatant was removed.  The pellet was washed in ice cold 70% ethanol, centrifuged 

again, and the supernatant removed.  The pellet was then air dried and reconstituted in 

50 µL MQ-H2O.  

• Isopropanol Precipitation  

0.5 volumes of 7.5 M NH4OAc (ammonium acetate) was added to the DNA solution 

followed by 2 volumes of isopropanol.  The mixture was left at r.t. for 10 min, centrifuged 

(15000 x g for 10 min at 4ºC) and the supernatant removed.  The DNA pellet was then 

washed with 80% ethanol, centrifuged and the supernatant removed.  The pellet was 

allowed to air dry before the DNA was suspended in 25 µL of elution buffer from the High 

Pure PCR purification kit. 

2.2.10 DNA Sequencing  

DNA sequencing of the plasmid DNA (200 ng/µL) was undertaken to confirm the gene 

sequence.  Stocks of general primers (at 10 pmol/µL) with sequences matching the 

appropriate plasmid sequence 5’ (forward) or 3’ (reverse) to the multiple cloning site 

(diagnostic primers) were used.  In most cases only the first 500-600 bp of the gene and the 

plasmid sequence just upstream of the gene were sequenced using the forward primer.  In 

some cases the last 500-600 bp of the gene and the plasmid sequence just downstream of 

the gene were also sequenced using the reverse primer.  Sequences were obtained from the 

School of Biological Sciences DNA Sequencing Facility labelling with the ABI PRISMTM 

BIG DYE Terminator Sequencing kit version 3, followed by cycle sequencing on a Perkin-

Elmer GeneAmp® PCR System 9700 and analysis with an ABI PRISMTM 3100 Genetic 

Analyzer (Applied Biosystems).  The sequence obtained was then converted to a protein 
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sequence (using tools from the SDSC biology workbench (http://workbench.sdsc.edu) and 

compared with the sequence for the gene of interest by either visual inspection or a BLAST 

alignment. 

2.3 Protein Expression and Purification Materials and Protocols 

2.3.1 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Protein samples were analysed using discontinuous SDS-Polyacrylamide Gel 

Electrophoresis (SDS-PAGE).  

2.3.1.1 Gel Preparation 

Gels consist of a stacking gel (to focus the protein band) over a resolving gel containing 

typically either 12% or 15% polyacrylamide.  Tables 2.11 and 2.12 outline the stacking gel 

components and resolving gel components respectively for both 12% and 15% 

polyacrylamide gels.  Gels were typically made up in lots of 10. 

Reagent Amount (12% or 15% Gel) 
30% Acrylamide (37.5:1 Acrylamide:Bisacrylamide) (BioRad) 6.6 mL 
Stacking buffer 12.6 mL 
10% SDS w/v 0.5 mL 
MQ-H2O 30 mL 
Ammonium persulfate (APS) (10% w/v) 0.3 mL 
TMED 0.03 mL 
Table 2.11: Stacking gel reagents for a 10 gel mixture 

Reagent  12% gel 15% gel 
30% Acrylamide (37.5:1 Acrylamide:Bisacrylamide) (BioRad) 24 mL 30 mL 
Resolving buffer 15 mL 15 mL 
10% SDS w/v 0.6 mL 0.6 mL 
MQ-H2O 20.2 mL 14.2 mL 
Ammonium persulfate (APS) (10% w/v) 0.3 mL 0.3 mL 
TMED 0.03 mL 0.03 mL 
Table 2.12: Resolving gel reagents for a 10 gel mixture 
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2.3.1.2  Buffers and Stains 

Laemmli Loading Buffer (Quench) (4x) • 125 mM Tris-HCl pH 6.8  

• 20% glycerol  

• 4% SDS  

• 10% (v/v) �-mercaptoethanol 

• 0.03% bromophenol blue  

Running Buffer • 20 mM Tris-HCl pH 6.8 

• 192 mM Glycine 

• 0.1% SDS 

Stacking buffer • 200 mM Tris-HCl pH 6.8 

Resolving buffer • 375 mM Tris-HCl pH 8.8 

Coomassie Blue Stain 

 

• 0.125% Coomassie Brilliant Blue R250 

• 50% methanol  

• 10% Acetic acid 

• filtered 

Destain • 30% Methanol 

• 10% Acetic acid 

2.3.1.3 Protein Standards 

Ladders used in the course of this thesis (Figure 2.1) were the Benchmark ladder 

(Life Technologies/Invitrogen), the Low Range ladder (BioRad) and the Precision Protein 

Standard ladder (BioRad). 
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Figure 2.1: Protein standards 

2.3.1.4 Sample Preparation, Running Gels and Gel Staining 

Samples were mixed in a 3:1 ratio with 4x loading buffer (quench) or 1:1 with 2x loading 

buffer (quench) and heated to 96ºC for at least 5 min prior to being loaded into the wells of 

the stacking gel.  

A water-cooled Hoefer Mighty Small II gel box and EPS-600 Electrophoresis power 

supply (Amersham Pharmacia Biotech) were used to run the gels.  Gels were immersed in 

running buffer and run at 10-15 mA per gel until the dye front entered the resolving buffer 

and then at 200 V (~ 15-30 mA per gel) until the dye front reached the bottom of the gel.   

Gels were stained with Coomassie brilliant blue for 1 h at room temperature.  The stain 

was decanted and the gel destained using destain overnight.  Gels were then either 

transferred to water or glycerol (3%) prior to drying.  Gels were dried between two moist 

pieces of cellophane on a plastic frame for at least 24 h. 
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2.3.2  Native-Polyacrylamide Gel Electrophoresis (native-PAGE) 

Native gels (12% and 15%) were prepared as for SDS gels (section 2.3.1), but with SDS 

replaced by MQ-H2O.  In the case of 10% native polyacrylamide gels the recipe was 

similar except that the volume of 30% acrylamide added was lowered to 20 mL and the 

amount of MQ-H2O added was raised to 24.2 mL.  All buffers and stains were as for SDS 

gels (section 2.3.1.2) except for the native loading and running buffer detailed below.  

Protein was prepared for native-PAGE by mixing with 4x native loading buffer and was 

then loaded directly onto the gel.  Gels were run and stained as for 2.3.1.4 with the 

exception that native running buffer was used. 

Native Loading Buffer • 125 mM Tris-HCl pH 6.8  
• 20% glycerol  
• 0.03%  bromophenol blue  

Native Running Buffer • 25 mM Tris-HCl pH 8.4  
• 250 mM Glycine 

2.3.3 Bacterial Cell Culture for Protein Expression 

2.3.3.1  Bacterial Cell Culture Media  

LB, SOC, LB-Agar and Antibiotics were used as described in Section 2.2.1.8.  The lactose 

analogue IPTG, used to induce expression of the gene of interest, was made up as a 1 M 

stock solution in MQ-H2O.  This was stored in 1 mL aliquots at -20ºC. 

2.3.3.2  Bacterial Expression Strains  

The BL21 (DE3) pRI strain of E. coli (Novagen and Stratagene) was used for protein 

expression.  The DE3 denotes the presence of a chromosomal copy of T7 RNA polymerase 

under the control of an IPTG-inducible lac promoter.  The pRI strain carries a plasmid 

encoding tRNA for rare codons for Arg (argU AGA/AGG codons), Ile (ileY AUA codons) 

and a ChloroamphenicolR selectable marker. 

2.3.3.3 DNA Transformation into the Expression Strains 

Transformations into electro-competent BL21 (DE3) pRI strains was undertaken in a 

similar manner to that described for XL1 blue E. coli strains in section 2.2.7, except that 
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plasmid DNA containing the gene of interest (1 µL) was used in place of the ligation 

reaction mixture. 

2.3.4 Small Scale Protein Expression Tests and Solubility Testing 

2.3.4.1 Protein Expression and Solubility Tests 

A plate with the appropriate antibiotic, containing either bacterial expression cells freshly 

transformed with plasmid or streaked from a glycerol stock, was used as a source of 

colonies in the following experiments.  

A single colony was used to inoculate 3-5 mL of LB containing the appropriate antibiotic 

(KAN/CAM for pET42a constructs and CAM/Amp. for pProEX Hta constructs) and 

grown at 37ºC with shaking to an OD600 of 0.5-1.0 (around 3-5 h). In the case of 37ºC tests 

the culture was then induced with IPTG (at 0.8-1 mM final concentration) and left at 37ºC 

for 3-4 h.  In the case of lower temperature tests the culture was then transferred to a lower 

temperature (28ºC, 24ºC or 18ºC), left for approximately 1 h to cool then induced with 

IPTG (at 0.8-1 mM final concentration) and left overnight. 

Just before induction, a sample (0.5-1.0 mL) was removed and incubated at the same 

temperature as the induced sample; this served as an uninduced control (U).  After 

incubation, the cultures were removed from incubation and split into an induced sample (I) 

(0.5-1.0 mL) and samples for solubility testing (0.6-2.0 mL aliquots).  The cells were then 

harvested by centrifugation in a benchtop centrifuge (10000 x g for 5 min at 4ºC). The cell 

pellets were either used directly or stored at -20º until use (in most cases 1-2 days).  

Whole cell pellet samples were prepared for expression tests using both an uninduced (U) 

and induced (I) pellet sample.  These pellets were resuspended in 50-100 µL of 2 x Quench 

(or 20-50 µL of the same lysis buffer used in the experiment and 50 µL of 4x Quench).  

The samples were then heated for at least 10 minutes at 96ºC, spun for 2 min at 16000 x g 

prior to loading, and then loaded onto an SDS-polyacrylamide gel with a protein mass 

ladder as a standard.  The uninduced and induced samples were compared for the presence 

of a band on the induced well at the size expected for the overexpressed protein.  



Chapter 2                                                                                                        General Methods 
 
 
 

 
70 

Other induced pellets retained for solubility testing were resuspended in a lysis buffer (300-

500 µL depending on the amount of culture the pellet originated from) and subjected to 2-4 

10 s bursts of sonication with the small probe of the Sonics Vibra Cell Ultrasonic Processor 

in a laminar flow hood at an amplitude of 40 mV.  Following sonication, each sample was 

centrifuged in a benchtop centrifuge (16000 x g for 5 min at 4ºC).  The resulting 

supernatant was removed and retained as the soluble fraction while the pellet was 

resuspended in 50-300 µL of the same lysis buffer and retained as the insoluble fraction.  

The soluble samples and the resuspended insoluble samples were then diluted 3:1 with 4 x 

Quench and heated for at least 5 min at 96ºC.  Samples were then run on an SDS-PAGE 

gel and analysed, along with a protein mass ladder and the U/I whole cell pellet samples 

prepared above. 

2.3.4.2 Solubility Screen Lysis Buffers  

A range of lysis buffers varying many conditions were prepared to test the solubility of 

overexpressed protein.  These buffers and their features are outlined below.  

2.3.4.2.1 Cell Lysis Buffers  

One of the following three buffers was used as the first buffer in expression and solubility 
tests: 

• 50 mM HEPES, pH 8.0, 200 mM NaCl 

• 50 mM HEPES pH 8.0, 150 mM NaCl, 1 mg/mL lysozyme 

• 50 mM Tris-HCl, pH 8.0, 150 mM NaCl 

2.3.4.2.2 Lysis Buffer Screen 

The general lysis buffer screen (Table 2.13) comprises a buffer solution containing EDTA 

and lysozyme.  EDTA removes divalent cations by chelation, which can aid the solubility 

of certain proteins but has the disadvantage that it interferes with IMAC (immobilised 

metal affinity chromatography) which uses Ni2+.  The added lysozyme aids in cell lysis.  

The screen uses a constant buffer with three variations that are known to improve the 

solubility of some proteins: added salt, urea (a chaotrope) or NP40 (a detergent). 
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Buffer Id. General Lysis Buffer Screen 
Gen.1 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM EDTA, 1 mg/mL lysozyme  
Gen.2 50 mM Tris-HCl, pH 7.5, 2 M NaCl, 5 mM EDTA, 1 mg/mL lysozyme 
Gen.3 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM EDTA, 0.5 M Urea,  

1 mg/mL lysozyme 
Gen.4 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM EDTA, 0.2% (v/v) NP40,  

1 mg/mL lysozyme 
Table 2.13: General lysis buffer screen 

2.3.4.2.3 pH screens 

In general, proteins have minimum solubility near their isoelectric point (pI).  Screening 

with buffers at a range of pH values may therefore enable a pH to be found that enhances 

solubility.  Several sets of pH screens used are given in Table 2.14. 

Buffer Id. pH Lysis Buffer Screens 
 pH Screen 1 Buffers 

1 pH4.5 1 M Sodium acetate pH 4.5, 100 mM NaCl 
1 pH 7.0 50 mM Tris-HCl, pH 7.0, 50 mM NaCl 
1 pH 9.2 50 mM Tris-HCl, pH 9.2, 100 mM NaCl 

 pH Screen 2 (medium salt) Buffers  
2 pH 5.0 50 mM Sodium acetate, pH 5.0, 150 mM NaCl 
2 pH 6.0 50 mM MES, pH 6.0, 150 mM NaCl 
2 pH 7.0 50 mM Tris-HCl, pH 7.0, 150 mM NaCl 
2 pH 8.0 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 
2 pH 9.0 50 mM Tris-HCl, pH 9.0, 150 mM NaCl 

 pH Screen 3 (low salt) Buffers with Lysozyme 
3 pH 5.0 50 mM Sodium acetate, pH 5.0, 50 mM NaCl, 1 mg/mL lysozyme 
3 pH 6.0 50 mM MES, pH 6.0, 50 mM NaCl, 1 mg/mL lysozyme 
3 pH 7.0 50 mM Tris-HCl, pH 7.0, 50 mM NaCl, 1 mg/mL lysozyme 
3 pH 8.0 50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mg/mL lysozyme 
3 pH 9.0 50 mM Tris-HCl, pH 9.0, 50 mM NaCl, 1 mg/mL lysozyme 

Table 2.14: pH lysis buffer screens  

2.3.4.2.4 Detergent screen 

A detergent lysis screen was set up (Table 2.15) along with a second lysis screen using the 

detergent zwittergent 3-12 (which has a hydrophobic tail) and menadione (a vitamin K 

analogue that contains the naphthoyl ring region of menaquinone).  As these compounds 
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had features similar to substrates for enzymes in the latter part of the menaquinone 

biosynthesis pathway it was thought that they might enhance the solubility of these 

particular target proteins. 

Buffer 
Id. 

Detergent Lysis Buffer Screens  

 Detergent Screen 
Det. 1 50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 0.1% (w/v) 1-s-�-octyl-�-D-

thioglycopyranoside 
Det. 2 50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 0.1% (w/v) Triton X-100 
Det. 3 50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 0.1% (w/v) N-dodecyl-N-N-dimethyl-

amminio-3-propanesulfonate (zwittergent 3-12) 
Det. 4 50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 0.1% (w/v) 

tetradecylammoniumbromide 
 Zwittergent and Menadione Screen  

ZM 1 50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 0.05% (w/v) zwittergent 3-12, 1 mM 
menadione 

ZM 2 50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 0.1% (w/v) zwittergent 3-12, 1 mM 
menadione 

ZM 3 50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 0.05% (w/v) zwittergent 3-12, 3.6 mM 
menadione 

ZM 4 50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 0.1% (w/v) zwittergent 3-12, 3.6 mM 
menadione 

Table 2.15: Detergent lysis buffer screens 

2.3.5 Large Scale Expression 

A plate with the appropriate antibiotic containing either bacterial expression cells freshly 

transformed with plasmid or streaked from a glycerol stock, was used as a source of 

colonies in the following experiments.  

A single colony was used to inoculate 3-5 mL of LB containing the appropriate antibiotic 

(CAM/KAN for the pET42a constructs and CAM/Amp. for the pProEX Hta constructs) 

and grown overnight at 37ºC with shaking.  The overnight culture was then harvested by 

centrifugation in a bench top centrifuge (5000-8000 x g for 10 min at 4ºC), resuspended in 

fresh LB, and used to inoculate sterile LB in a flask containing appropriate antibiotic 
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(either 1 L LB in a 2 L baffled flask or 200 mL LB in a 1 L flask).  Less commonly, a 

sample of the overnight culture (0.5-2.5 mL) was used directly for inoculation purposes. 

For 37ºC large scale expression, the culture was then grown at 37ºC with shaking for 4-5 h 

to an OD600 of 0.5-1.0, before induction with IPTG (0.7-1 mM final concentration) and left 

at 37ºC for 3-4 hours before harvesting by centrifugation (9000 x g for 5 min to 6000 x g 

for15 min at 4ºC).  In the case of 28ºC, 24ºC or 18ºC large scale expression, the culture 

was instead grown for around 5 h at 37ºC to an OD600 of 0.5-1.1 and then transferred to the 

lower temperature and cooled for at least 1 h.  The culture was induced with IPTG (0.8-

1 mM final concentration) and left at this temperature with shaking overnight before being 

harvested by centrifugation (9000 x g for 5 min to 6000 x g for 15 min at 4ºC).  In both 

situations the pellets were either used directly or stored at -80ºC until use.  

In all cases, a sample of culture (0.5-1 mL) was taken prior to induction (Uninduced 

control), and allowed to grow up at the same temperature separately, and another was taken 

immediately before the induced culture was harvested (Induced sample).  In some cases a 

further 1 mL induced sample was taken for sonication.  These samples were then used to 

analyse protein expression levels and solubility as described in section 2.3.4.1. 

2.3.6 Soluble Protein Extraction 

Cell pellets were resuspended in the appropriate lysis buffer (35-45 mL per 1 L cell 

culture) containing DNase I (0.2 mg) , RNase A (1 mg), lysozyme (10-30 mg) and one 

EDTA free complete protease inhibitor tablet.  The cells were then lysed by sonication 

using the large probe of the Sonics Vibra Cell Ultrasonic Processor (3-6 bursts of 30 s) and 

subjected to centrifugation (12000-16000 x g for 30 min at 4ºC).  The pellet was analysed 

by SDS-PAGE and discarded while the supernatant (also analysed by SDS-PAGE) 

containing the soluble crude protein was retained for further purification.   

2.3.7 Insoluble Protein Extraction 

Bacterial pellets were lysed in one of two ways.  In the first method, cell pellets were 

resuspended in ~35 mL of a lysis buffer containing DNase I (0.2 mg) and RNase A (1 mg) 
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and sonicated using the large probe of the Sonics Vibra Cell Ultrasonic Processor.  The 

sample was then subjected to centrifugation (13000 x g for 10 min at 4ºC).  The 

supernatant was retained for analysis on a gel and then discarded, whereas the pellet was 

raised up in urea pH 8 buffer (8 M urea, 0.01 M Tris-HCl, 0.1 M NaH2PO4) with shaking 

at r.t. for 30 min to 1 h.  Alternatively cell pellets were directly resuspended in urea pH 8 

buffer (8 M urea, 0.01 M Tris-HCl, 0.1 M NaH2PO4) and shaken gently at 18ºC for 1 to 3 

days to lyse.  In both cases the lysed cells in the urea pH 8 buffer were then spun down by 

centrifugation (12000 x g for 20 min at 4ºC).  The resulting pellet was analysed by SDS-

PAGE, then discarded, whereas the supernatant containing crude denatured protein was 

retained for purification. 

2.3.8 Protein Refolding  

2.3.8.1 Refolding Solutions 

There were 16 solutions used in the refolding screen (Table 2.16).  These were modified 

from the Hampton refolding screen (Hampton Research).  These solutions screen the 

effects on refolding of: the presence of absence of divalent cations (Mg2+/Ca2+ versus 

EDTA); buffer composition and pH (MES or Tris-HCl); low or high concentrations of salt 

(NaCl and KCl); presence or absence of a polymer (PEG); presence or absence of 

detergent (Triton X); presence or absence of non polar (sucrose) and polar (arginine) 

additives; presence or absence of chaotropes (guanidine-HCl); and type of 

oxidising/reducing agent (glutathione oxidised and reduced (GSH/GSSG) or dithiothreitol 

(DTT). 
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Refolding Screen Solutions 
 Buffer 2+ Ion/ 

EDTA 
Salt PEG Detergent Polar/Non 

Polar 
Additives 

Chaotrope Oxidising/ 
Reducing 

Agent 
1 50 mM 

Tris-HCl, 
pH 7.9 

1 mM 
EDTA 

250 mM 
NaCl, 

10 mM 
KCl 

0.05% 
PEG 

4000 

 - - 1 mM 
GSH,  

0.1 mM 
GSSG 

2 50 mM 
MES,  
pH 6.4 

2 mM 
MgCl2, 

2 mM 
CaCl2 

10 mM 
NaCl, 

0.4 mM 
KCl 

 0.01% 
(v/v) 

Triton X 

 500 mM 
Guanidine 

HCl 

1 mM 
GSH, 

0.1 mM 
GSSG 

3 50 mM 
MES,  
pH 6.4 

1 mM 
EDTA 

10 mM 
NaCl, 

0.4 mM 
KCl 

0.05% 
PEG 
4000 

 400 mM 
Sucrose 
500 mM 

L-Arginine 

 1 mM 
DTT 

4 50 mM 
Tris-HCl, 

pH 7.9 

2 mM 
MgCl2, 

2 mM 
CaCl2 

250 mM 
NaCl, 

10 mM 
KCl 

 0.01% 
(v/v) 

Triton X 

400 mM 
Sucrose 
500 mM 

L-Arginine 

 1 mM 
GSH, 0.1 

mM GSSG 

5 50 mM 
MES,  
pH 6.4 

2 mM 
MgCl2, 

2 mM 
CaCl2 

250 mM 
NaCl, 

10 mM 
KCl 

  400 mM 
Sucrose 

 1 mM 
GSH, 

0.1 mM 
GSSG 

6 50 mM 
Tris-HCl, 

pH 7.9 

1 mM 
EDTA 

10 mM 
NaCl, 

0.4 mM 
KCl 

0.05% 
PEG 
4000 

- - 500 mM 
Guanidine 

HCl 

1 mM 
DTT 

7 50 mM 
Tris-HCl, 

pH 7.9 

2 mM 
MgCl2, 

2 mM 
CaCl2 

10 mM 
NaCl, 

0.4 mM 
KCl 

 - 500 mM 
L-Arginine 

500 mM 
Guanidine 

HCl, 

1 mM 
DTT 

8 50 mM 
MES,  
pH 6.4 

1 mM 
EDTA 

250 mM 
NaCl, 

10 mM 
KCl 

0.05% 
PEG 
4000 

0.01% 
(v/v) 

Triton X 

500 mM 
L-Arginine 

 1 mM 
GSH, 0.1 

mM GSSG 

9 50 mM 
MES,  
pH 6.4 

2 mM 
MgCl2, 

2 mM 
CaCl2 

250 mM 
NaCl, 

10 mM 
KCl 

0.05% 
PEG 
4000 

 400 mM 
Sucrose 

500 mM 
Guanidine 

HCl, 

1 mM 
DTT 

10 50 mM 
Tris-HCl, 

pH 7.9 

1 mM 
EDTA 

10 mM 
NaCl, 

0.4 mM 
KCl 

 0.01% 
(v/v) 

Triton X 

400 mM 
Sucrose 

 1 mM 
GSH, 

0.1 mM 
GSSG 

11 50 mM 
Tris-HCl, 

pH 7.9 

1 mM 
EDTA 

10 mM 
NaCl, 

0.4 mM 
KCl 

0.05% 
PEG 
4000 

 500 mM 
L-Arginine 

 1 mM 
GSH, 

0.1 mM 
GSSG 

12 50 mM 
MES,  
pH 6.4 

1 mM 
EDTA 

250 mM 
NaCl, 

10 mM 
KCl 

 0.01% 
(v/v) 

Triton X 

 500 mM 
Guanidine 

HCl, 

1 mM 
DTT 
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Refolding Screen Solutions Continued. 
 Buffer 2+ Ion/ 

EDTA 
Salt PEG Detergent Polar/Non 

Polar 
Additives 

Chaotrope Oxidising/ 
Reducing 

Agent 
13 50 mM 

Tris-HCl, 
pH 7.9 

1 mM 
EDTA 

250 mM 
NaCl, 

10 mM 
KCl 

   500 mM 
Guanidine 

HCl 

1 mM 
GSH, 

0.1 mM 
GSSG 

14 50 mM 
MES, pH 

6.4 

2 mM 
MgCl2, 

2 mM 
CaCl2 

10 mM 
NaCl, 

0.4 mM 
KCl 

0.05% 
PEG 
4000 

0.01% 
(v/v) 

Triton X 

  1 mM 
DTT 

15 50 mM 
MES, 

 pH 6.4 

1 mM 
EDTA 

10 mM 
NaCl, 

0.4 mM 
KCl 

  400 mM 
sucrose 
500 mM 

L-Arginine 

 1 mM 
DTT 

16 50 mM 
Tris-HCl, 

pH 7.9 

2 mM 
MgCl2, 

2 mM 
CaCl2 

250 mM 
NaCl, 

10 mM 
KCl 

0.05% 
PEG 
4000 

0.01% 
(v/v) 

Triton X 

 500 mM 
Guanidine 

HCl, 

1 mM 
GSH, 

0.1 mM 
GSSG 

Table 2.16: Refolding screen solutions (adapted from the Hampton Refolding Screen) 

2.3.8.2 The Initial Small-Scale Refolding Screen 

Protein purified using IMAC under denaturing conditions was used in these screens.  The 

denatured protein was placed into 50 µL dialysis buttons and covered with dialysis 

membrane (MWCO (molecular weight cut-off) between 6000 and 14000 Da) that had been 

pre-soaked in MQ-H2O for 20 min. The buttons were placed in 24-well Hampton 

crystallisation trays in one of the 16 refolding solutions and left at 18ºC for 1-8 days.  The 

buttons were examined and scored for precipitate.  In some screens the buttons were then 

transferred into a storage buffer (50 mM Tris-HCl, pH 8.0 and 100-250 mM NaCl), left for 

1-3 days at 18ºC, before being examined again and scored for precipitate.  In some cases 

the protein was then analysed by native-PAGE. 

The success of refolding was measured by the absence of precipitate, especially after 

dialysis from the refolding buffer (which may stabilise soluble aggregates) into the storage 

buffer.  In cases where native-PAGE was used, successful buffers were also measured by 

their ability to produce protein that was able to run into the native gel as a discrete band.  

Refolding conditions where no precipitate was produced were analysed to determine 

whether they shared common additives, and the most suitable (often the most simple) was 

selected for a small-scale screen of common additive concentrations. 



Chapter 2                                                                                                        General Methods 
 
 
 

 
77 

2.3.8.3  Large Scale Refolding 

2.3.8.3.1  Smaller Scale-ups 

Between 0.2-4 mL of partially purified protein was placed in a microdialysis button, a 

small test tube or dialysis bag.  The protein was dialysed into the successful condition for 

1-2 days at 18ºC or r.t. and then dialysed into a storage buffer (50 mM Tris-HCl pH 7.0-

8.0, 150-500 mM NaCl) for another 1-2 days at 18ºC.  The samples were then run on a 

Superdex 200 10/30 column and analysed for peak elution size (i.e. was the peak in the 

void volume of the column or not).  These fractions were also analysed by SDS-PAGE and 

in some cases native-PAGE and dynamic light scattering. 

2.3.8.3.2 Preparative Scale-ups 

Partially purified protein (about 20 mL) from a 1 L culture was dialysed into the successful 

refolding buffer (dialysis membrane MWCO 6-8000 Da) for 24 hours at r.t. followed by 

dialysis into storage buffer (50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mM EDTA) for a 

further 24 h at r.t..  The resulting protein was centrifuged to remove any particulate matter 

and further purified. 

2.3.9 Ni2+ Affinity Protein Purification  

The presence of the N-terminal poly-His-tag on proteins enables them to bind tightly to 

divalent cations (in particular Ni2+), and this property can be utilised to help purify them.  

The His-tagged protein can be selectively bound to a resin containing immobilised Ni2+ 

ions, while other proteins are washed away.  The protein can then be eluted with high 

concentrations of imidazole (250 mM or higher), which competes for Ni2+ binding sites, or 

by lowering the pH to 4.5, which disrupts the metal binding.   

2.3.9.1 Small Scale Batch Ni2+ Affinity Binding Tests  

For small scale Ni2+ binding tests, Ni-NTA resin (Qiagen) as a slurry was used.  The pellets 

from 1 mL aliquots of bacterial culture were resuspended in 100 µL of various lysis buffers 

(either A (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 10 mM imidazole, 2 mg/mL 

lysozyme) or B (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 mM EDTA, 3 mg/mL 
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lysozyme)).  Samples were left for 50 min on ice to lyse and then centrifuged (16000 x g 

for 10 min at 4ºC).  Both the supernatant and pellet were retained.  The supernatant for the 

sample in buffer B was then exchanged into buffer A (50 mM NaH2PO4, pH 8.0, 300 mM 

NaCl, 10 mM imidazole). 

The supernatants for all samples were then subject to the following protocol.  Ni-NTA 

resin (20 µL of 50% slurry) was pre-washed with the EDTA free buffer A (1 mL) prior to 

incubation at r.t. with the supernatant for 30 min.  The resin was then centrifuged 

(16000 x g for 10 s) and the supernatant was removed (and retained for analysis by SDS-

PAGE).  Wash buffer (100 µL of buffer A containing 20 mM imidazole) was added, the 

resin was centrifuged again and the supernatant removed.  The wash step was repeated a 

second time and both washes were retained for SDS-PAGE analysis.  Elution buffer (20 

µL of buffer A containing 300 mM imidazole) was added and the resin centrifuged (16000 

x g for 10 s). The elution step was repeated twice more and all samples were retained for 

SDS-PAGE analysis. 

The pellets for all samples were resuspended in a urea solution (8 M urea, 0.1 M NaH2PO4, 

pH 8.0, 0.01 M Tris-HCl) and subjected to the same purification as the supernatant except 

that the wash buffer was 8 M urea, 0.1 M NaH2PO4, pH 6.8, 0.01 M Tris-HCL and the 

elution buffer was 8 M urea, 0.1 M NaH2PO4, pH 4.5, 0.01 M Tris-HCl. 

2.3.9.2  Immobilised Metal Affinity Chromatography (IMAC) 

A 5 mL HiTrap Chelating HP column from Amersham Biosciences was used as a first 

purification step for proteins containing N-terminal His-tags.  The column was prepared 

each time by hand washing with MQ-H2O (4-5 x CV*), EDTA (1 x CV), MQ-H2O (4-5 x 

CV), NiCl2 (1 x CV), MQ-H2O (4-5 x CV) and “loading buffer” (4 x CV). At the end of 

the column it was washed in MQ-H2O (4-6 x CV), EDTA (1 x CV; in most cases), MQ-

H2O (4 x CV) and then stored in 20% EtOH (1-2 x CV).   

* CV = column volume 
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2.3.9.2.1 IMAC Under Native Conditions 

All purifications of this type were undertaken using gradient elution and run using the 

BioLogic LP (BioRad) equipped with a UV lamp. 

2.3.9.2.1.1. Rv0989c  

The 5 mL HiTrap column was equilibrated in “loading buffer” (50 mM HEPES pH 8.0, 

300 mM NaCl, 10 mM imidazole), and crude protein loaded onto the column.  The column 

was washed with the loading buffer at 1 mL/min until the large flowthrough peak had 

diminished. Buffer 1 (50 mM HEPES pH 8.0, 300 mM NaCl, 20 mM imidazole) was then 

run through the column for two minutes followed by a gradient of 100% buffer 1 to 100% 

buffer 2 (50 mM HEPES pH 8.0, 250 mM NaCl, 250 mM imidazole) over the next 48 

minutes.  The column was then rinsed with a 50/50 mixture of 20 mM HEPES pH 8.0 150 

mM NaCl, 1 M imidazole and 50 mM HEPES pH 8.0, 250 mM NaCl, 20 mM imidazole at 

1 mL/min.  

2.3.9.2.1.2. MenB 

The 5 mL HiTrap column was first equilibrated in “loading buffer” (50 mM Tris-HCl pH 

8.0, 150 mM NaCl, 10 mM imidazole).  After loading the crude protein, the column was 

washed with the loading buffer at 1 mL/min until the large flowthrough peak had 

diminished and then washed with 10-20 ml of “wash buffer” (50 mM Tris-HCl pH 8.0, 150 

mM NaCl, 20 mM imidazole) at 1mL/min.  A gradient was then set up at 1mL/min of two 

buffers, “wash buffer”, (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 20 mM imidazole) and 

“elution 1 buffer” (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 250 mM imidazole) starting 

with 0% elution 1 buffer and finishing with 100%.  In initial purifications, this gradient 

lasted for 50 mL and was followed by a wash step at 1 mL/min with 50 mM Tris-HCl pH 

8.0, 150 mM NaCl, 1 M imidazole.  Subsequent purifications involved a 1mL/min gradient 

of “wash buffer” to “elution 1 buffer” for 20 min followed by a second gradient of “elution 

1 buffer” to “elution 2 buffer” (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 M imidazole) 

for 50 min, starting with 0% “elution 2 buffer” and finishing with 100%. 
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The flowthrough was collected as one large peak, whereas the elution peaks were collected 

in 2.5 mL, 1 mL or 0.5 mL fractions depending on the batch.  The fractions containing 

protein were analysed by SDS-PAGE and in some cases also by native-PAGE. 

2.3.9.2.2 IMAC Under Denaturing Conditions 

2.3.9.2.2.1. Buffer Preparation 

Urea buffer comprised 8 M urea, 0.01 M Tris, 0.1 M NaH2P04. It was stored frozen without 

altering the pH.  Before use, it was thawed and the pH adjusted (using HCl) to pH 8.0, 6.8, 

5.9, and 4.5 in separate samples. 

2.3.9.2.2.2. Step-wise Method 

Early purifications were undertaken using 10 mL syringes (terumo).  Following 

preparation of either a 1 mL or 5 mL HiTrap IMAC column, the denatured protein in urea 

buffer (8 M urea, 0.01 M Tris-HCl, 0.1 M NaH2PO4, pH 8.0) was loaded, and then washed 

with urea buffers at different pHs in the following order: pH 6.8 (3 x CV), pH 5.9 (3 x 

CV), pH 4.5 (4-6 x CV).  The presence of protein was measured by either the BioRad 

Protein Assay in a 96-well plate (2 µL protein to 100 µL of assay at a 1/5 dilution) or A280 

on a spectrophotometer.  The fractions containing protein were analysed by SDS-PAGE. 

2.3.9.2.2.3. Gradient Method 

A similar procedure to that in 2.3.9.2.2.2 was used, except that all gradient columns were 

run using the 5 mL HiTrap IMAC column set up on the BioLogic LP (BioRad) equipped 

with a UV lamp.  The same buffers were used as for the stepwise method, run through the 

column at 1 mL/min.  The protein was loaded onto the column, followed by about 12 mL 

of pH 8 urea solution until the large flowthrough peak was eluted.  A wash step at pH 6.8 

(12-20 mL), was followed by a step with 50% urea solution pH 5.9 and 50% urea solution 

pH 4.5 for 20 mL and concluded with 40 mL of urea solution pH 4.4. 

2.3.10 GST Affinity Protein Purification  

GST (glutathione-S-transferase) fusion proteins bind selectively to glutathione sepharose 

beads.  This enables them to be purified by selectively binding them to the beads and 



Chapter 2                                                                                                        General Methods 
 
 
 

 
81 

washing to remove all other unbound proteins.  There are several ways in which the protein 

can then be treated.  Firstly, the fusion protein can be eluted using glutathione and the GST 

component cleaved with rTEV.  In this case, the rTEV and GST then need to be removed 

from the cleaved protein.  As the rTEV has a His-tag, removal of rTEV can be achieved by 

IMAC in which the cleaved protein is eluted in the flowthrough and the rTEV remains 

bound to the column.  The GST can be removed by a further batch GST purification where 

the protein of interest is eluted in the wash step and the GST remains bound to the resin.  

Alternatively, instead of eluting the protein after the first GST purification, the rTEV can 

be directly added to the resin.  Theoretically the GST should then remain bound to the resin 

whereas the cleaved protein is in the supernatant.  The supernatant can then be purified 

further by IMAC to remove the rTEV.  

2.3.10.1 GST Affinity Batch Purification and IMAC as Used for MenE 

Batch purification used glutathione sepharose 4B beads in a 75% slurry (200 µL for a 100 

mL culture).  The beads were washed for 15 min in 3 mL MQ-H2O at 4ºC then pelleted by 

centrifugation (600 x g for 5 min).  They were then incubated with 3 mL of lysis buffer 

(50 mM Tris-HCl, pH 8.0, 150 mM NaCl) for 15 min at 4ºC and harvested by 

centrifugation as above.  The beads were then incubated with the lysed cells (in 5 mL of 

50 mM Tris-HCl, pH 8.0, 150 mM NaCl containing lysozyme, DNase, RNase and protease 

inhibitors) at 4ºC overnight.  Following harvesting by centrifugation, the beads were 

washed 3 times with 3 mL ice cold lysis buffer.  After the last wash, supernatant was 

removed and the beads were resuspended in 2 mL of lysis buffer and incubated with 40 µL 

rTEV (2 mg/mL ; 0.08 mg) at r.t. for 1 h, then at 4ºC overnight.  All samples taken during 

the protocol were analysed by SDS-PAGE. 

The resin was then subject to centrifugation and the supernatant was removed for use in 

IMAC.  The column was prepared as described in section 2.3.9.2.  The supernatant from 

the cleavage reaction was filtered and loaded onto a HiTrap (1 mL) column pre-

equilibrated in wash buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 20 mM imidazole).  

The column was then washed with wash buffer (10 x CV), followed by an elution step with 

2 x CV elution buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 250 mM imidazole) and 
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an elution/clean step with 4 x CV 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 M imidazole.  

All samples taken were analysed by SDS-PAGE (as was a sample of the resin resuspended 

in Quench). 

2.3.11 Protein Purification by Size Exclusion Chromatography 

Size exclusion chromatography separates proteins by size.  A size exclusion column 

contains beads with different sized pores and the retention of a protein down the column 

then depends on its size.  If a protein is too large for the pores it runs in the space between 

the beads and is eluted quickly (in the void volume), whereas a small protein takes longer 

to traverse the column, eluting later. 

All samples purified by this method had already been partially purified using affinity 

chromatography.  Size exclusion chromatography was undertaken using a Superdex 200 

10/30 column (Amersham Pharmacia) on an AKTA FPLC machine equipped with a UV 

lamp.  The column was washed with 1-2 column volumes of filtered MQ-H2O at a flow 

rate of 0.5-1.0 mL/min.  It was then equilibrated with 1-2 column volumes of buffer (which 

differed depending on the protein) at 1 mL/min.  Concentrated protein was then loaded in 

100-500 µL amounts and eluted in 1 column volume of buffer at 1 mL/min.  If the total 

amount of protein exceeded 500 µL, it was purified in tandem runs until all the protein had 

been purified. Elution of protein was monitored by absorbance at 280 and 260 nm.  

Fractions of 1 mL were collected and analysed by SDS-PAGE.  

2.3.12 Purification By Anion Exchange Chromatography on a Mono-Q Column 

The purification starts with a buffer containing a low salt concentration, so that the protein 

(which is negatively charged at a pH above its pI) is able to interact with the column.  The 

salt concentration is then slowly increased, decreasing the affinity of the protein for the 

column until it elutes.  

A 5 mL Q-Sepharose fast flow column (Amersham Pharmacia), attached to an AKTA 

FPLC machine equipped with a UV lamp, was used in anion exchange chromatography.  

The column was then washed with 1-2 CV of filtered MQ-H2O at a flow rate of 0.5-
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1.0 mL/min, then equilibrated with 1-2 CV of low salt buffer (50 mM Tris-HCl, pH 8.0, 

50 mM NaCl, 1 mM EDTA) at 1 mL/min.  Concentrated protein was then loaded into the 

injection loop in 5 mL aliquots (if the total amount of protein exceeded 5 mL tandem runs 

were undertaken) and the following steps were carried out:  

• 5 x CV of low salt buffer was run through the injection loop to inject the protein onto 

the column, followed by a further 5 x CV to wash the injection loop. 

• 10 x CV of low salt buffer was run through the column  

• A gradient from the low salt to a high salt (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 

1 mM EDTA) buffer was run through the column (20 x CV) ending at 100% high 

salt buffer.  

• 5 x CV of 100% high salt buffer was then run through the column as a final wash 

step.  

Elution of protein was monitored by absorbance at 280 and 260 nm.  Fractions were 

collected and analysed by SDS-PAGE. 

2.3.13 Concentration of Purified Protein 

2.3.13.1 Protein Concentration Estimation 

Protein concentration was determined by measuring the absorbance at 280 nm.  A sample 

of 15 to 5 µL of protein was diluted into a total volume of 800 µL in a quartz cuvette.  The 

absorbance at 280 nm was then read.  The absorbance at 280 nm was then multiplied by 

the dilution factor.  Beers law was used to calculate the concentration using the equation: 

A=�.c.l  

where: 
A = Absorbance at 280 nm, 
� =molar extinction coefficient (theoretical) in M-1cm-1 
c =concentration in M 
l =pathlength of cuvette in cm 

2.3.13.2 Concentration  

Protein samples were concentrated using Vivaspin centrifugal concentrators (Vivascience) 

(20 mL volume, 2 mL volume or 100 µL volume) with a molecular weight cut off 

(MWCO) varying from 5000-10000 Da.  Prior to use, concentrators were washed with the 
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appropriate protein storage buffer.  Protein was added, and the concentrator was 

centrifuged (2000 x g at 4ºC) for 10 min periods until the desired concentration reached.  

The concentrated upper reservoir and the flowthrough were tested for the presence of 

protein by mixing a small amount (2 µL) of protein with 100 µL of BioRad protein assay at 

1/5 dilution.  

2.3.13.3 Buffer Exchange Using a Concentrator  

Protein in a buffer containing an undesirable additive (e.g. one containing EDTA or 

imidazole) was diluted into another buffer followed by concentration as described in 

2.3.13.2.   This process was repeated until the additive was at a negligible concentration 

(generally below 5 mM).  

2.3.14 Protein Analysis 

2.3.14.1 N-terminal sequencing  

Samples were run on an SDS gel and transferred to the PVDF membrane (previously 

washed in 100% methanol and H2O and soaked in transfer buffer -10% Methanol, 

10 mM CAPS, pH 11), using a BioRad Mini transblot blotting apparatus at 40 V for 1 h 

40 min..  The membrane was stained with Comassie stain, the protein bands were marked 

with pencil and the membrane was destained using 100% methanol.  The membrane 

regions containing the protein bands were then cut out and submitted for N-terminal 

sequencing.  Sequencing was carried out using a Prosize 490 Amino Acid Sequencer from 

Applied Biosystems.  

2.3.14.2 Mass Spectrum Analysis 

Protein samples (30 µL, at least 0.5 mg/mL) were dialysed into MQ-H2O using dialysis 

buttons or buffer exchange and 5 µL samples were submitted for mass spectrum analysis.  

Mass spectrum analysis was undertaken in house using a Q-star Mass spectrometer from 

Applied Biosystems. 
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2.3.14.3 Dynamic Light Scattering 

Dynamic light scattering measurements were carried out with the DynaProMTSC Dynamic 

Light Scattering Instrument (Protein Solutions).  A sample of protein (30-50 µL) and MQ-

H2O water was centrifuged at 13000 x g for 10 min.  The cuvette was cleaned and dried 

with compressed air. A 15 µL MQ-H2O sample was tested first to check count rates, 

followed by a 15 µL protein sample. 

2.3.14.4 Small Scale Dialysis Experiments (Undertaken for MenB) 

Purified protein was placed into 30 µL microdialysis buttons (Hampton research), covered 

in dialysis membrane (5000-8000 Da MWCO) and dialysed into a range of various 

solutions (Table 2.17) at 4°C for two days.  The protein was then checked for precipitate 

and either extracted and characterized by SDS and native polyacrylamide gel 

electrophoresis, or dialysed into another solution, checked for precipitate and then 

characterized in the same way.  

Test Conditions Dialysed Into 
Protein Solubility 
in Different 
Conditions 

• 50 mM Tris-HCl pH 8.0 
• 50 mM Tris-HCl pH 8.0, 150 mM NaCl  
• H2O 
• 50 mM Tris-HCl pH 9.0, 150 mM NaCl 
• 50 mM Tris-HCl pH 7.0, 150 mM NaCl 
• 50 mM Tris-HCl pH 8.0, 500 mM NaCl 

50 mM Tris-HCl pH 8.0, 150 mM NaCl, with either : Protein Behaviour 
in Different 
Concentrations of 
imidazole 

• 20 mM imidazole,  
• 135 mM imidazole,  
• 250 mM imidazole,  
• 363 mM imidazole,  
• 445 mM imidazole, 

• 512 mM imidazole,  
• 550 mM imidazole,  
• 625 mM imidazole,  
• 804 mM imidazole,  
• 1000 mM imidazole. 

Table 2.17: Solutions used in microdialysis experiments 
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2.4 General Protein Crystallisation Materials and Protocols 

2.4.1 Crystool Pre-screen 

MenB protein was tested in the Crystool Pre-Screen44(supplied by the M. tuberculosis 

Structural Genomics Consortium) before the initial crystallisation trials.  This screen test 

has a representative of each precipitant class (a salt, ammonium sulphate; a polymer, PEG 

4000 and an organic solvent, ethanol) at three increasing concentrations (including the 

highest concentration from the CRYSTOOL screens) and tests for precipitation of 

protein44.  The idea is that if the protein is at a concentration high enough to form crystals it 

is likely to form precipitate in the higher concentrations of precipitant44. 

2.4.2 Hanging Drop Method 

The majority of crystallisation experiments were undertaken using the hanging drop vapour 

diffusion method190.  In this method a small drop of protein, mixed with a precipitant 

solution, is placed on a coverslip and sealed over a well containing a much larger volume 

of the same precipitant solution.  Water and other volatile components equilibrate by 

vapour diffusion causing the hanging drop to shrink and the precipitant and protein 

concentration within it to increase.  In some cases, depending upon the conditions, this 

results in precipitation or crystallisation of the protein. 

2.4.2.1 Preparation of Siliconised Coverslips 

Coverslips were prepared for siliconisation by loading them onto a Teflon rack, washing 

them in a dilute detergent solution (1% pyroneg, Diversylever) for 5 min, rinsing under 

running H2O to remove detergent, washing for 10 min in 50% nitric acid, rising again 

under running MQ-H2O and drying in an oven.  Once dry the coverslips were immersed in 

silconising solution (2% dichlorodimethylsilane in dichloromethane) for 10 min.  The 

coverslips were then rinsed again in MQ-H2O and placed in an oven to dry. 

2.4.2.2 Materials and General Hanging Drop Method  

Crystallisation experiments were carried out using 24-well VDX crystallisation trays 

supplied by Hampton research, 22 mm x 22 mm glass coverslips (La Fontaine), and snow-
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white petroleum jelly (Shell) as a sealant.  All experiments were carried at 18ºC.  A 1-5 µL 

drop of protein (usually centrifuged at 13000 rpm for 5 minutes prior to use) was mixed 

with 1-5 µL of precipitant solution on a siliconised coverslip, which was then inverted and 

sealed (with grease) over a well containing 500-600 µL of the same precipitant solution. 

2.4.2.3 Whisker Seeding in Hanging Drop Format 

A hanging drop containing protein and precipitant solution was equilibrated for 20 min to 

12 h over a well of precipitant solution at a concentration slightly lower than that known to 

give crystals.  A cat’s whisker (rinsed in ethanol) was then touched against a previously 

grown crystal and run through the drop. The drop was then resealed. 

2.4.3 Oil Batch Method 

This method was used to grow some of the MenB diamond protein crystals in very similar 

conditions to those previously optimised using the hanging drop method.  In this method 

the protein and precipitant are mixed under a layer of oil.  No diffusion or volume 

reduction is involved.  All experiments were carried out at 18ºC.  A small amount of 

protein 1-3 µL was placed into a well from a round or U-bottom 96-well sterile plate 

(Greiner) and covered with 250-280 µL of paraffin oil (Hampton research).  Precipitant 

solution (1-3 µL) was then added and mixed with the protein solution under oil. The tray 

was then sealed with clear tape.  

2.4.4 Sitting Drop Method 

This method, like the hanging drop method, involves vapour diffusion, but in this case the 

drop containing protein and precipitant solution rests on a stage above the precipitant 

solution.  All experiments were carried at 18ºC using 96-well sitting drop plates (Hampton 

Research).  A small amount of protein, typically 1 µL, was mixed with 1 µL of precipitant 

solution on a stage above a well containing 50 µL of the same precipitant solution.  The 

tray was then sealed with clear tape. 
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2.4.5 Crystal Scoring System 

All drops were scored after being laid down to monitor their progress towards 

crystallisation. Drops were examined at least once a week over the first month, after which 

they were scored on a less regular basis. The scoring system used is given in Table 2.18. 

Score Description Score Description 
0 Clear drop 7 Phase separation / oil 
1 Glass, dust unknown fibre 8 Spherulites 
2 Brown precipitate/denatured protein 9 Micro-crystals 
3 Heavy amorphous precipitate 10 Needles (1D growth) 
4 Light amorphous precipitate 11 Plates (2D growth) 
5 Non-amorphous precipitate 12 Crystals (3D growth) 
6 Gelatinous precipitate   
Table 2.18: Crystal scoring system  

2.4.6 Crystals Screens and Crystal Optimisation  

2.4.6.1 Crystal Screens 

Several crystallisation screens were utilised in this study, and are described in Table 2.19.  

All of these screens were prepared from laboratory stock solutions except for 

CRYSTOOL 020 which was sent from the U.S.A.  Solutions for screening around 

successful conditions and growing crystals after screening were made up individually.  All 

solutions contained 0.002% (w/v) sodium-azide and were filtered through a 0.2 µm filter.  

Polyethethylene and methoxy polyethylene glycol stocks were made up to 50% (w/v) and 

filtered through a 0.2 µm filter under pressure. 
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Screen Name Description 
Crystallisation 
screen I191 

A sparse matrix screen from Hampton Researcha which contains 50 
crystallisation solutions with a different range of variables (salt, 
buffers, pH, and precipitant – salt, polymers, volatile organics and 
non-volatile organics) that are based on compositions which have 
shown crystallisation success in the past191.  

Crystallisation 
screen II192 

Another sparse matrix screen from Hampton Researcha which 
contains 48 crystallisation solutions with a range of variables (pH, 
buffers, additives and precipitants) not tested in crystal screen I.   

PEG screen193 Is comprised of 64 different crystallisation solutions containing one 
of two different PEGs (PEG 6000 and mPEG 5000) at four different 
concentrations (7, 14, 21 or 28%) and at various pH values (pH 4.9, 
5.5, 6.1, 6.7, 7.3, 7.9, 8.5, 9.1) in a range of different buffers193.   

CRYSTOOL 02044 One of the CRSYTOOL screens sent from the M. tuberculosis 
Structural Genomics Consortium Crystallisation facilities in USA.  
The CRYSTOOL screens are randomly generated by computer using 
a random combination of 90 stock solutions which are divided into 4 
groups (precipitants, buffers, additives and detergents)44. 

Additive Screen Additive screen 1 from Hampton Researcha contains a range of 
additives such as divalent cations, chaotropes and non-volatile 
organic compounds which were added to successful crystallisation 
conditions to examine the effects of these additives on crystallisation 
and in an attempt to improve crystal quality. 

aFor more information on Hampton Research Screens see http://www.hamptonresearch.com/hrproducts/ 
Table 2.19: Crystallisation screens 

2.4.6.2 Crystal Optimisation Strategy 

After successful crystallisation conditions were found, the first test undertaken was to 

reproduce these crystals in the same conditions.  Unlike MenG, where the initial and 

optimised crystals were both grown using the hanging drop technique, for MenB the initial 

crystals were obtained using the sitting drop technique while the optimisation was 

undertaken using the hanging drop technique.  In this latter case the reproducibility was 

often tested using the sitting drop technique as well as the hanging drop technique.  The 

first optimisation screens undertaken were designed by varying the successful precipitant 

concentration (from ~0.5 to 2 times the original concentration).  This was often followed 

by a narrower screen around the resulting successful precipitant concentrations.  In cases 

where it was applicable, a pH screen (varying the pH in increments of 0.2-0.4 units over a 
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range of ±1 unit either side of the original pH) using several of the most successful 

precipitant concentrations from the refined precipitant screen, was also undertaken.  The 

additive screen was then undertaken on the most promising crystallisation conditions.  If 

crystals were grown from these screens the size of the drop and the ratio of protein to 

precipitant were varied to optimise the crystals further (generally for obtaining larger 

crystals).  In some cases whisker seeding was also tried.   

2.4.7 Crystal Soaks and Co-crystallisation Experiments 

2.4.7.1 Soaks  

Crystals were removed from their drops and placed into other drops containing mother 

liquor and either a heavy metal or some other compound of interest.  The crystals were 

then soaked for a variable time period (from minutes to days) and tested for diffraction.  In 

some cases crystals were soaked in cryoprotectant containing a potential ligand or 

derivative immediately prior to testing for diffraction. 

2.4.7.2 Co-crystallisation Experiments 

In some cases protein was directly mixed with compounds of interest (as a solid) and then 

set up in crystallisation trials using either the batch or hanging drop method.  Alternatively 

the crystallisation trials were set up with the compound of interest included in the 

crystallisation buffer.  In this case the protein drop was then mixed with the crystallisation 

buffer in the usual way.   Refer to Chapter 4 on MenB for specific details. 

2.5 Crystal Mounting, Freezing and X-ray Data Collection Methods  

2.5.1 Room Temperature Mounting 

The crystal was mounted in a thin walled glass capillary with a small amount of mother 

liquor to prevent dehydration. 
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2.5.2 Cryo-mounting 

2.5.2.1 Cryoprotectant Testing  

Mother liquor was modified to include a cryoprotectant such as glycerol, mPEG 400 or 

MPD in varying percentages (v/v).  These were tested by collecting a drop of solution on a 

nylon cryo-loop/cryo cap (Hampton Research) and subjecting it to flash freezing at 110-

113 K in a stream of cold N2 gas generated by an Oxford Cyrostream system.  The 

resulting frozen cryo-protectant drop was mounted on a goniometer head and subjected to 

X-ray exposure for 1 to 5 min.  The resulting image was analysed for the appearance of 

crystalline ice as evidenced by ice rings at 3.44 Å, 3.67 Å and 3.9 Å.  Cryoprotectant 

solutions which did not give ice rings were then used for testing with crystals. 

2.5.2.2 Flash-freezing Crystals  

2.5.2.2.1  Freezing into Liquid N2 Gas Stream 

Crystals were transferred to a 2-5 µL drop of cryoprotectant solution using a nylon 

loop/cryo cap (Hampton Research).  The crystals were then left for a variable period of 

time (depending on the crystal between 30 s and 5 min) and then transferred quickly, using 

the nylon loop, to the stream of cold N2 gas at 110K-113 K.  Oil batch crystals were frozen 

in the same way except that the cryoprotectant was under immersion B oil 

2.5.2.2.2 Freezing Directly into Liquid N2 

Crystals (especially those for synchrotron data collection) were also frozen directly into 

liquid N2. Crystals were transferred to 2-5 µL of cryoprotectant and equilibrated as above, 

before being transferred quickly into a vacuum flask containing liquid N2.  The pre-cooled 

cryo-cap lid, also in liquid N2, was screwed to the bottom of the cryo cap/ nylon loop while 

both were in liquid N2.  This was then transferred quickly to a cryo-cane in a Dewar 

containing liquid N2. 
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2.5.3 X-ray Data Collection 

2.5.3.1 Home Source Data Collection 

Home source X-ray data were collected with CuK� radiation (�=1.5418) from a Rigaku 

RU-H3R X-ray generator operating at 50 kV and 100 mA equipped with focusing Franks 

Ni-coated mirrors or focusing optics, a Mar 345 imaging detector and a cryogenic crystal 

cooling device (Oxford Cryostream). 

2.5.3.2 Synchrotron Data Collection 

Frozen crystals were sent to the following synchrotron facilities for data collection.   

2.5.3.2.1 DESY Hamburg Beamline BW7B  

Synchrotron data for MenG were collected by Dr P. W. Haebel at beamline BW7B at 

DESY Hamburg in Germany (wavelength 0.8452 Å) using a Mar 345 imaging detector.   

2.5.3.2.2 Mycobacterium tuberculosis Structural Genomics Consortium Facilities at 

the National Synchrotron Light Source (NSLS) Brookhaven 

Synchrotron data for MenB were collected at NSLS in Brookhaven (USA) on beamline 

X8C (at wavelength 1.1000 Å) using an ADSC Quantum 4R detector.  The data were 

collected by Drs. Li-Wei Hung and Leonid Flaks from Los Alamos National Laboratory.  

Data collected from this beamline were received as scaled data (processed and scaled using 

DENZO and SCALEPACK).  

2.5.3.2.3 Stanford Synchrotron Radiation Laboratory Beamline BL9-2 

Synchrotron data for MenB diamond crystals were also collected on beamline 9-2 at the 

Stanford Synchrotron Radiation Laboratory (at wavelength 1.000 Å) using an ADSC 

Quantum 315 CCD detector.  Data were collected by Dr Shaun Lott and Dr Clyde Smith.   



Chapter 2                                                                                                        General Methods 
 
 
 

 
93 

2.6 General Data Processing and Structure Solution Methods 

2.6.1 Data Processing 

2.6.1.1 General Data Collection and Processing Strategy 

The crystal was mounted, centred in the beam, and several frames of X-ray diffraction data 

were collected.  In most cases two frames 90º apart were collected followed by three to five 

consecutive frames starting from one orientation.  These were then processed using 

DENZO194 to get estimates of the space group and unit cell parameters.  The program 

STRATEGY195 was then run in order to estimate the starting orientation and number of 

frames required to collect a complete dataset.  In general, the mosaicity estimated from the 

initial processing was examined, and if it was above 0.4-0.5 the data was collected in 1º 

oscillations.  If the mosaicity was estimated to be below or near this value, data were 

collected in either 1º or 0.5º oscillations.  In all data collections the aim was to collect as 

redundant a data set as time would allow.  In a few cases this meant that only the minimum 

angular range of data required for maximal completeness of the data set was collected, but 

more commonly several times the minimum angular range was collected.  Once the data 

were collected data were processed in DENZO and then scaled using SCALEPACK194.  

2.6.1.2 Integration and Scaling with DENZO and SCALEPACK 

The indexing and scaling of diffraction data was undertaken using the HKL suite of 

programs194, XdisplayF, DENZO and SCALEPACK.  DENZO was used to index the 

unprocessed diffraction pattern, refine the crystal and detector parameters and integrate the 

diffraction maxima194,196.  XdisplayF was used to visualise the diffraction images and the 

processing carried out by DENZO194,196.  After this SCALEPACK was used to find the 

relative scale factors between the images, refine the crystal parameters using the entire data 

set (global refinement), and then merge multiple measurements and measurements related 

by space group symmetry194,196. 

The general procedure for diffraction data processing was to examine a diffraction image 

visually in XdisplayF and then to process it to obtain an estimate for the unit cell 

dimensions and lattice type.  This allowed identification of the space group.  The 



Chapter 2                                                                                                        General Methods 
 
 
 

 
94 

diffraction image was then reprocessed with the estimated space group and unit cell 

parameters.  The unit cell parameters, together with crystal orientation parameters and X-

ray detector parameters were then refined.  At this point the spot shape, size and 

background were examined using XdisplayF to check that; the predicted position of the 

diffraction spots matched the position of the observed spots, the input shape and size of the 

diffraction spots matched that observed and; the box estimating the background did not 

overlap with any other diffraction spots.  The appropriateness of the mosaicity estimate 

was also judged by checking, in XdisplayF, that the number of observed spots matched the 

number of predicted spots and checking that the mosaicity histogram output by DENZO 

had the correct shape.  These parameters were then altered if necessary, and the diffraction 

image reprocessed and refined.  The refined parameters from the first frame are then used 

as starting parameters to process all the frames in a dataset.   

Once the data had been processed with DENZO, SCALEPACK was used to scale and 

analyse the data.  Initially the individual frame files from DENZO were scaled and merged 

without rejecting any reflections.  The output was then examined with special attention 

paid to statistics such as Rmerge, �2 values, I/�I and data completeness, as well as the I/�I 

values for any reflections that were expected to be systematically absent.  The data were 

then rescaled with altered error estimates, resolution ranges, and rejection criteria.  The 

error estimates were adjusted so that they fit better the observed errors in the data, as 

reflected in improving the �2 values (which should ideally be close to 1.0).  The resolution 

cut-off was usually chosen such that the mean value of I/�I in the outermost shell was 

approximately 3.0.  Outliers were rejected by setting the reject value at 0.9 with a rejection 

probability of 0.0001, meaning that any reflection that had a 90% chance of being an 

outlier was written to a rejection file and that only 1 observation in 10,000 should be an 

outlier.  The resulting statistics were examined and another scaling was undertaken if 

required.  Where the space group was uncertain, data were processed in several space 

groups each of which was merged in SCALEPACK.  The merging statistics were 

compared in order to find (or reduce the number of possibilities for) the correct space 

group.  In the case of derivative data the data were scaled and merged in SCALEPACK 

with the Bijvoet pairs (I+ and I-) kept separate, both in scaling and in the output. 
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2.6.1.3 Matthews Analysis 

Once the data had been scaled, Matthews analysis is used to estimate the number of 

molecules in the asymmetric unit197.  CCP4198 contains a program that could be used to 

calculate the Matthews coefficient.  The Matthews coefficient (Vm) is determined by 

dividing the volume of the asymmetric unit by the molecular weight of the protein in the 

asymmetric unit. Vm is usually in the range 1.6-3.5 Å3/Da for protein crystals, 

corresponding to a solvent content of 27-65%197.  The number of molecules in the 

asymmetric unit (n) will be a number that gives a protein molecular weight per asymmetric 

unit which provides a Vm in this range.    

2.6.2  Structure Solution Using MIR/SIR/SIRAS 

2.6.2.1 General Procedure 

In this method, phase determination depends on small differences in the diffraction pattern 

that result from the introduction of heavy atoms that alter the scattering.  Derivative 

crystals, prepared either by reacting the protein crystals with heavy atom-containing 

compounds, or by introducing selenomethionine residues into the protein, or some similar 

strategy, are first prepared.  Diffraction data sets from the native and derivative crystals are 

then scaled together using SCALEPACK to estimate their isomorphism and extent of 

derivatisation by looking for �2 values that are larger than 1-2 (about 10), indicating a 

significant scattering difference, but not too high (larger than about 50) which can indicate 

non-isomorphism196.  �2 values are a measure of how well the data fits the expected error 

model for that data196.  They are the squared difference between the observed intensity (I) 

and its averaged value (‹I›) divided by the squared error model estimate (�) all multiplied 

by a factor that corrects for the correlation between I and ‹I›196.  The �2 value is expected to 

be near 1.0 for data that fits the error model well196.  In the case where a derivative data set 

and a native data set are being scaled together, useful derivative data will contain a number 

of changed intensity values for reflections for which the native data does not, and in this 

case the �2 values will be larger than 1.0 (2-10).  However, if the crystals are non-

isomorphous there will be many intensity values that differ greatly between the two data 

sets and the �2 values will be much larger than 1.0 (>40).   
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In cases where there is more than one possible indexing convention, as in space group P63 

(the space group of the Rv3853 data), DENZO randomly chooses one.  To check that two 

data sets of the same space group (for example a derivative and a native data set) had been 

processed by DENZO using the same indexing convention they were scaled together with 

and without a reindexing matrix (which changes the axes of one data set to match an 

alternative indexing convention for the space group)196.  If the �2 values from scaling the 

two data sets were high when no reindexing matrix is used but significantly lower when 

one was used, this was taken as an indication that the data sets had been indexed using 

different conventions196.  In these cases, one of the data sets was reindexed using 

SCALEPACK to be consistent with the other dataset. 

The scaled derivative and native data were input into SOLVE199 for phase determination by 

multiple isomorphous replacement (MIR).  Different space groups were tested if there was 

ambiguity in the choice of space group.  After a plausible solution and phases were 

obtained they were improved and extended to a higher resolution by RESOLVE200.  The 

improved phase information from RESOLVE was used as input to ARP/wARP201 for 

autobuilding, which was followed by refinement of the model in CNS202.  Rounds of 

manual building in O203(in the first round using the CNS generated maps and the 

ARP/wARP map) and refinement in CNS were then undertaken. 

2.6.2.2 SOLVE and RESOLVE 

Developed by Terwilliger et al. (www.solve.lanl.gov)199, SOLVE can use anomalous 

dispersion and/or isomorphous replacement data to estimate phases199.  The automated 

procedure HASSP is used to find partial solutions for the heavy metal substructure 

(“seeds”) from their Patterson functions and scores the solutions based on the likelihood of 

obtaining the same solution by chance199,204.  The occupancies, site positions and thermal 

parameters of the heavy atom partial structures are then refined by an origin-removed 

Patterson refinement procedure as implemented in the program HEAVY199,205-207.  They 

are then scored for four different criteria: how well the difference Patterson matches with 

that predicted by the partial structure; whether the heavy atom site appears on a “cross-

validation” difference Fourier analysis, calculated after that site is omitted from the 
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calculation;  the overall figure of merit (FOM) of phasing; and the presence of distinct 

defined solvent and protein regions in a native Fourier generated using the phase 

information for a particular solution199 (http://www.solve.lanl.gov/htmlsolve/manual/).  

The top-scoring solutions are then used to generate new solutions, by addition of sites, 

deletion of sites or inversion of sites199.  For example, sites found from difference Fourier 

analysis of a solution may be added to that solution, sites that refine to zero occupancy are 

deleted and other sites may be deleted after systematic deletion tests of each site to 

examine the effect of that site on the score are undertaken199.  Meanwhile inversion of all 

the heavy atom sites in a solution and examination of the effect on the score of the native 

Fourier analysis can help determine the correct hand of the solution, in cases where 

anomalous differences are also used199.  

A Z score that measures the number of standard deviations by which the raw score for that 

solution deviates from the mean of all raw scores is calculated for each of the four criteria 

and the final Z score is generated by the addition of these Z scores with a procedure that 

down-weights those seeds that score very well in only one criteria199.  Once the list of 

scored solutions (between 10 and 50) cannot be improved, or once a very good scoring 

solution is found (with a FOM over 0.5 and a Z score of more than 10) and optimised, the 

process is complete199. 

RESOLVE (www.solve.lanl.gov/htmLresolve/) undertakes statistical density modification 

adjusting the phases to maximize their total probability200,208.  The total probability is split 

into two parts; firstly the experimental probability which is the probability of having 

measured the observed set of structure factors (amplitudes and phases) if they were 

correct200,208, and secondly the probability that the map resulting from these structure 

factors is plausible and consistent with that expected for a protein electron density 

map200,208.  Thus the electron density distribution in solvent and protein regions should be 

consistent with that expected for those regions, and regions related by NCS should show 

similar density200,208.  The figure of merit of phasing output by RESOLVE is thus based on 

two factors; the experimental phase information and the likelihood of the resulting map 

(www.solve.lanl.gov/htmlresolve/).  The more recent versions of RESOLVE also 
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undertake automated model building200,209,210, however this feature was not used at the time 

this work was undertaken. 

2.6.3 Structure Solution Using Molecular Replacement (MR) 

Molecular replacement can be used to obtain phase information where a known protein 

structure is available with ~30% or greater sequence identity with the unknown protein.  

This known protein structure is used to obtain initial phase information for the unknown 

dataset, by using it as a model of the unknown structure211,212.  The process of molecular 

replacement positions the known structure model (search model) within the unit cell of the 

unknown structure and determines where this unknown structure is most likely to reside 

(based on agreement between the calculated and observed structure factor amplitudes)211.  

Initial phase information, which will be improved by subsequent model building and 

refinement, is then obtained from the calculated structure factors of this approximation to 

the unknown crystal structure211,212.  To position the known structure model into the unit 

cell of the unknown structure requires both angular reorientation (rotation) and relocation 

(translation) of the model in three dimensions211.  Due to the large computational 

requirements of such a search (which is at least six dimensional as both the rotation and 

translation require three values to be defined) this process is generally broken down into 

two searches, which is computationally less intense211,212.  A rotation search to find the 

orientation of the model is followed by a translation search (using the reoriented model) to 

find the location of the model in the unit cell of the unknown structure211.  The rotation 

function uses the match of peaks (ideally from intra-molecular vectors only) in Patterson 

maps calculated from the observed data and from the model in various orientations212.  The 

translation function also uses Patterson overlap, by comparing peaks from the 

intermolecular vectors212.  Additional criteria, the agreement between the observed and 

calculated structure factor amplitudes (judged by an R factor and or correlation 

coefficient), can also be also used to judge the best translation solution of the reoriented 

model and hence the best position of the model in the unit cell211. 
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2.6.3.1 General Procedure 

The search for a molecular replacement solution was undertaken using MOLREP 213 via 

the CCP4 interface198,214or AMoRe215,216using a UNIX script.  The search model comprised 

the coordinates of a homologous protein, from the Protein Data Bank (PDB), in the case of 

a new structure, or an already built model of the protein structure in question, in the case of 

substrate soaks or different crystal forms.  Prior to molecular replacement, waters were 

removed from the search model.  When MOLREP was used for molecular replacement the 

B values were automatically altered by the program to a set value which is then further 

modified to take into account the atomic accessible surface area of each atom.  The 

Patterson radii used were the default options for each of the programs; in AMoRe this is 

the distance from the centre of mass to the futherest atom215, while in MOLREP it is twice 

the radius of gyration of the model213.  This parameter is important and needs to be large 

enough to include most intramoleular vectors but small enough to include few 

intermolecular vectors212.  The highest resolution data used in molecular replacement was 

3 or 4 Å.  In AMoRe the low resolution cut-off used was 8.0 Å or 25 Å while in MOLREP 

the low resolution cut-off was selected automatically by the program.  The MOLREP 

default (http://www.ccp4.ac.uk/dist/html/molrep.html) is to use all of the low resolution 

data and to use a “soft low-resolution cut-off” which down-weights the contribution of the 

low resolution reflections213.  The oligmerisation state of the search models for all MenB 

molecular replacement searches were either monomeric or trimeric, with the number of 

molecules searched for per asymmetric unit dependent on the oligomeric state of the 

model, and the predicted number of molecules per asymmetric unit based on the Matthews 

analysis. 

The quality of the molecular replacement solution was assessed by the values of the 

associated correlation coefficient (CC) (the higher the better) and R factor (the lower the 

better) for that solution, as well as by how much higher these values were compared to the 

next best solution.  The molecular replacement solutions were also viewed in O203 and the 

packing analysed for gaps and clashes.      
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2.6.3.2 Molecular Replacement with MOLREP and AMoRe 

The programs MOLREP and AMoRe were used for molecular replacement calculations.  

Both follow the same overall strategy, searching first for the correct orientations of the 

search model by rotation searches, then by seeking the correct location in the unit cell by 

translational searches213,217.  They do differ in the details, however.  Both programs use 

versions of Crowthers fast rotation function for rotational searches, but whereas MOLREP 

incorporates one translation function, AMoRe incorporates four213,216,217.  MOLREP 

incorporates a packing function that serves to remove incorrect solutions that overlap with 

other symmetry related models213, and both programs undertake rigid body refinement on 

the translation function solution213,215,216.   

2.6.3.3 Subsequent Treatment of the Molecular Replacement Model 

Although the molecular replacement solution provides an initial model and set of phases, it 

inevitably contains bias.  The removal of bias, and start of structure refinement was 

approached in several ways, depending on the relationship of the search model with the 

structure in question, and on the resolution of the data.  In cases where the diffraction data 

were of lower resolution than required for ARP/wARP201,218, the molecular replacement 

model was subjected to iterative rounds of refinement and model building in CNS202 and 

O203, together with density modification in RESOLVE using Prime and Switch219 to 

improve the map quality and remove model bias.  Where high resolution data, beyond 

2.3 Å resolution, were available, autobuilding with ARP/wARP201,218,220 was undertaken 

using the molecular replacement solution, after one round of CNS 202 refinement, to 

generate phases.  The ARP/wARP autobuilding approach, into the resulting electron 

density map, was useful to overcome bias.  In some cases the model built by ARP/wARP 

was used for further model building and refinement, but in other cases (where ARP/wARP 

was unable to build as much as the starting molecular replacement solution) the electron 

density map in conjunction with the molecular replacement model were used in subsequent 

manual building and refinement.  A more detailed account for each of these cases is given 

in Chapter 4. 
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2.6.4 Model Building and Refinement 

2.6.4.1 Autobuilding using ARP/wARP 

Where data to better than 2.3Å resolution was available, autobuilding was undertaken in 

ARP/wARP using warpNtrace.  ARP/wARP, when used in warpNtrace mode, starts with 

diffraction data and phase information (from SAD, MAD, MIR, SIRAS, a molecular 

replacement model, modified phases etc) and then generates a map into which free 

(dummy) atoms are placed to account for the observed density (http://www.embl-

hamburg.de/ARP/manual/node10.html)201,221-223.  The positions of these free atoms are 

refined, allowing for addition and deletion of atoms.  Model-building algorithms are then 

applied to detect and trace regions of protein-like main chain recognised in the free atom 

model222,223.  This results in a partial macromolecular model (“hybrid model”) which also 

contains the remaining free atoms that were not traced201,222,223.  Stereochemical restraints 

can then be defined for the protein-like region and the hybrid model is refined and 

updated201,220,223using a combination of reciprocal space refinement (for example with 

REFMAC) and ARP218,221-223.  After a number of iterations the model building process 

begins again and the procedure is repeated 201,223.  Because this process is iterative and 

involves refinement, the maps generated at each step (as well as the map output at the end), 

should be of better quality than the initial map201,222.  This process allows the quality of the 

map to improve. Once the tracing is complete, or no further improvements can be made, 

side chain docking is undertaken using the sequence information and a protein model is 

output201,223.  

2.6.4.2 Refinement in CNS 

Most protein structure refinement was undertaken in CNS (http://cns.csb.yale.edu/v1.1/)202.  

CNS (Crystallography and NMR System) is a collection of programs for use in X-ray 

crystallography and NMR which has a graphical user interface202.  The X-ray 

crystallography procedures in CNS incorporate programs for phasing, refinement, density 

modification, and electron density map generation202.   
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Before refinement commenced, a set of 10% of reflections, randomly chosen, were 

selected as a “free R set” for cross-validation purposes, during refinement224.  An initial 

refinement protocol may include rigid body refinement (for MR solutions), followed by 

simulated annealing (using torsion angle dynamics, with the slowcooling protocol at a 

starting temperature of either 5000K or 2500K and including energy minimization steps 

prior to and after the annealing step)225-227.  Depending on the resulting R factor and 

resolution one of two types of B factor refinement was undertaken; either group B factor 

refinement (with 2 B factors per residue) if the R factors were still high and the resolution 

was low, or individual B factor refinement if the R factors were below ~0.35 to 0.3.  

Electron density maps were then generated (see section 2.6.4.3.1).  During refinement and 

map generation both an anisotropic initial B factor correction and bulk solvent correction 

were applied to the data. 

After model building in O203using the new electron density maps, another round of 

refinement was undertaken that typically involved simulated annealing, conjugate gradient 

minimization refinement, and either grouped or individual B factor refinement (dependent 

on the resolution and the R factor) followed by map generation (as detailed above).  The 

process of refinement and building continued until no more significant improvements 

could be made to the model or the R factor (typically 3-5 rounds).  Once the protein model 

was deemed near to completion (R factor around 0.25), refinement typically involved 

conjugate gradient minimization refinement and B factor refinement followed by map 

generation.  At this stage waters were added using the CNS water pick program and any 

potential ligand density was examined and built into manually.  

During the process of refinement in CNS, (simulated annealing, energy minimization, B 

factor refinement, rigid body refinement, the annealing step of the omit map module, and 

the refinement steps in the water picking module), the crystallographic target function used 

is mlf (maximum likelihood using amplitudes)226,228.  
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2.6.4.3 Manual Building Using O 

Maps generated in CNS202, CCP4198 or ARP/wARP201,222 were used in O203 along with a 

corresponding model PDB file to build and generate new models.  O was also used to 

examine output models from molecular replacement solutions prior to refinement.  The 

general manual building strategy involved building into ARP/wARP201,222, sigmaA-

weighted 2|Fo|-|Fc|229and composite omit230 or Prime and Switch219 electron density maps 

(or a combination thereof) contoured at 1.0 �.  In some cases where the density was 

fragmented at 1.0 � building was undertaken using maps contoured at 0.9-0.7 �.  Any 

water molecule added by CNS was removed manually if it showed poorly defined or 

distinctly non-spherical electron density (in a 2|Fo|-|Fc| map contoured at 1.0 �) and had 

few (generally 0-1, dependent on the quality of the density) hydrogen bonding interactions 

with the protein, or other water (or ligand) molecules.  SigmaA-weighted |Fo|-|Fc| electron 

density maps229 were also used as a guide in building to detect both regions of extra density 

and regions of model which had no associated electron density and were contoured at -3.0 

and 3.0 �.  In the last few rounds of model building, the hydrogen bonding patterns 

predicted by O for His, Asn and Gln side chains were examined and any side chains that 

appeared to be in the incorrect orientation based on hydrogen bonding analysis were 

rotated so that the correct groups (for example NE2 instead of OE1 or vice versa for Gln or 

NE1 instead of CE2 for His) were able to make hydrogen bonding interactions. 

2.6.4.3.1 Electron Density Maps Used For Model Checking and Rebuilding 

SigmaA-weighted |Fo|-|Fc| and 2|Fo|-|Fc| electron density maps229 were generated using 

CNS202 with (2m|Fo|–D|Fc|)exp(i�c), for a 2|Fo|-|Fc| map, and (m|Fo|–D|Fc|)exp(i�c), for a 

1|Fo|-|Fc| map, where m, the figure of merit, and D, an estimate of error in the structure 

from coordinate errors, are derived from sigmaA229.  Primarily in molecular replacement 

cases, one or both of two other sorts of maps were generated in order to minimize model 

bias; either a CNS generated composite omit map230or a Prime and Switch map219.  In the 

case of the omit map, CNS generates a cross-validated, sigmaA-weighted composite omit 

map after making a large number of small maps in which 5-10% of the model has been 

systematically omitted and a simulated annealing refinement and minimization have been 
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used to remove the bias from the omitted region230.  Prime and Switch uses a variant of the 

statistical density modification undertaken in RESOLVE219.  Prime and Switch examines 

all possible phases for each reflection to determine the phases most likely to produce an 

electron density map with characteristics expected for a protein electron density map in 

terms of  electron density distribution for solvent and protein regions219.  The process is 

iterative and after many cycles the most probable phases are believed to be independent of 

the starting phases and can be used to create a new map219.   

2.6.5 Model and Structure Factor Checking 

The model was checked periodically during refinement, and prior to deposition, using 

PROCHECK231.  Residues in the model identified by PROCHECK as having bad contacts, 

being Ramachandran outliers, being located in the generously allowed regions of the 

Ramachandran plot, or having bond lengths or angles greater than 2 standard deviations 

away from the mean, were examined in O203 and modified if necessary.  The structure 

factors were also analysed by SFCHECK232.  Any residue with a density correlation less 

than 0.9 or a B factor of greater than 60 Å2 as given by SFCHECK was examined with the 

corresponding 2|Fo|-|Fc| electron density map in O.  

2.6.6 Ligand Generation: HIC-Up  

The ligand database HIC-Up (Hetero-compound Information Centre – Uppsala) 

(http://xray.bmc.uu.se/hicup/)233 was used to obtain ligand molecule coordinates and to 

generate CNS202 topology and parameter files and O203 dictionary files from ligand PDB 

coordinates.  In the case of the MenB ligand EPPS a similar ligand from HIC-Up was 

modified in the Monomer Library Sketcher program from CCP4198 to EPPS and then the 

HIC-Up database was used with the modified coordinates to generate O dictionary and 

CNS topology and parameter files.  The ligands were manually placed into electron density 

using O. 
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2.6.7 Structural Analysis 

2.6.7.1 Structural Overlays 

Structural alignment analysis was undertaken using Dali234,235 (http://www2.ebi.ac.uk/dali/) 

and the Protein structure comparison service SSM at the European Bioinformatics Institute 

authored by E. Krissinel and K. Henrick236 (http://www.ebi.ac.uk/msd-srv/ssm/).  

Structural overlays were typically generated using output matrices from Dali 235 in O203, or 

examining overlaid PDB outputs from SSM236using O203 or The Swiss PDB Viewer237.   

2.6.7.2 Useful Structural Databases 

Coordinates for structural comparisons and molecular replacement were obtained from the 

RSCB Protein Data Bank238 (http://www.rcsb.org/pdb/).  Other databases used in structural 

analysis included the SCOP (Structural Classification of Proteins)17 database 

(http://scop.mrc-lmb.cam.ac.uk/scop/) and the CATH19,239 protein structure classification 

database (http://www.biochem.ucl.ac.uk/bsm/cath/). 

2.6.7.3 Hydrogen Bonds, Contacts and Interface Interactions 

Interface interactions between monomers were analysed using the Protein-Protein 

Interaction server240,241 (http://www.biochem.ucl.ac.uk/bsm/PP/server/).  A residue was 

predicted to be involved in an interface if it lost greater than 1 Å2 of solvent accessible 

surface area upon formation of that interface240.  Salt bridges were predicted between 

interface residues of opposite charges that were less than 4 Å apart, and hydrogen bonds 

were predicted using HBPLUS with a distance criteria of less than 3.9 Å and a Donor-

Acceptor-AtachedAtom angle of greater than 90º240.  Lists of atom-atom contacts 

(intramolecular, intermolecular within the asymmetric unit and symmetry generated) closer 

than 5 Å were obtained using the program CONTACT in CCP4198. A list of intramolecular 

main chain hydrogen bonding interactions was obtained using CNS202 with a distance 

criteria of less than 3.2 Å and a C-O-N angle of greater than 120º.  Hydrogen bonding 

interactions (both intra and intermolecular) were also predicted and visualised in both O203 

and SPDBV237.  The criteria for predicting hydrogen bonds in SPDBV was a maximal 

distance between the donor and acceptor of 3.3 Å and a Donor-Acceptor-AttachedAtom 
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angle of greater than 90º, the criteria used in O was similar except the maximal distance 

between the donor and acceptor was 3.25Å. 

FOR METHODS SPECIFIC TO EACH ORF PURSUED IN THIS RESEARCH 
SEE THE RELEVANT CHAPTER, CHAPTER 3 (RV3853), CHAPTER 4 (MENB) 
OR CHAPTER 5 (ALL REMAINING ORFS). 
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C h a p t e r  3  

RV3853: “MENG” 

3.1 Introduction  

It has been known for some time that the methyl group on the naphthoyl ring of 

menaquinone originates from S-adenosyl methionine (SAM)135.  It was also known that a 

SAM-dependent methyltransferase was involved in catalysing this reaction113.  At the start 

of this study in 2000, there were two candidates in M. tuberculosis for enzymes to catalyse 

this reaction; UbiE (Rv0558), discussed in section 5.7, and MenG (Rv3853), which will be 

discussed here.  Although now, at the conclusion of this work, UbiE has been identified as 

the most likely candidate and reannotated (as MenH), whereas MenG has another 

annotation altogether (RraA), the findings in this chapter will be discussed in a 

chronological order taking into account what was known at the time.  

The open reading frame (ORF) Rv3853 was chosen as a target in this study in late 1999 

due to its annotation as MenG, the methyltransferase involved in the last step of 

menaquinone biosynthesis.  The annotation was obtained from the paper describing the 

genome sequence of the Mycobacterium tuberculosis H37Rv strain1.  At this time, UbiE 

and the other proteins predicted to be involved in the menaquinone biosynthesis pathway 

were also targeted.  The methyltransfer reaction that Rv3853 (MenG) was thought to 

catalyse is shown in Figure 3.1. 
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Figure 3.1: Partial reaction scheme showing the role of MenG in menaquinone biosynthesis 

Concurrent with the commencement of the experimental work, literature research on all the 

targeted proteins was carried out.  This research revealed that there was substantially more 

evidence to support UbiE (Rv0558) as the methyltransferase in menaquinone biosynthesis 

than MenG (Rv3853).  The annotations of this whole “MenG” family appeared to be based 

on the sequence of the MenG E. coli homolog.  This sequence was deposited in the NCBI 

database in 1996 with the accession number U56082.  Its functional annotation as MenG in 

E. coli was based on the location of its gene sequence next to the menA gene in the E. coli 

genome and on the presence of the motif GXGXG, often associated with nucleotide 

binding, in its protein sequence113.  There was no published biochemical evidence to 

suggest that this E. coli protein carried out the function suggested.  Investigations of 
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sequence alignments from BLAST analysis showed that the GXGXG motif was not 

conserved across the family and that the “MenG” family sequences (including Rv3853) 

contained no discernible similarity or sequence motifs associated with SAM-dependent 

proteins. 

In contrast, all of the members of the UbiE sequence family which shared significant 

sequence homology with M. tuberculosis UbiE (Rv0558) contained sequence motifs 

associated with SAM binding.  Members of the UbiE protein sequence family (some of 

which were called MenG), from several species including E. coli and B. subtilis, had been 

shown experimentally to catalyse the last methyltransfer step in ubiquinone biosynthesis 

and menaquinone biosynthesis159,161-163.  In addition, Mycobacterium tuberculosis was 

expected to contain menaquinone as its sole quinone98 and no other ubiquinone 

biosynthesis genes had been identified in its genome sequence, supporting the idea that 

UbiE was indeed involved in menaquinone biosynthesis.   

Despite the fact that Rv3853 (MenG) appeared, based on these literature findings, to be 

unlikely to be involved in menaquinone biosynthesis it was still pursued as a target.  

Despite its lack of sequence homology to SAM methyltransferases it was still possible that 

Rv3853 (MenG) did catalyse this reaction, since it is known that proteins with very little 

identity at the sequence level can still show homology at the structural level4,6,20,24-27.  

Additionally, it is possible for proteins with different folds to catalyse similar reactions.  In 

the case of SAM-dependent methyltransferases, several folds, both the common �/� fold 

family with a 7-stranded �-sheet and the SET domain, have been shown to carry out SAM-

dependent methyltransfer reactions on various substrates242-244.  It was decided therefore to 

solve the structure of MenG Rv3853 in order to seek evidence of a structural relationship 

with SAM-dependent methyltransferases that might not be obvious at the sequence level 

alone.  Furthermore, if MenG did not turn out to be a methyltransferase, the structure 

would provide useful information for understanding the actual function of this protein.   
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Overview 

Rv3853 (MenG) was successfully cloned and overexpressed, and the protein was obtained 

in a pure soluble form by successfully refolding the insoluble protein.  This protein was 

crystallised and the structure solved by SIRAS.  Analysis of the resulting trimeric structure 

showed that it did not share either of the folds associated with SAM-dependent methyl 

transfer reactions and its closest structural homologues (which were reasonably distant) 

were several proteins involved in phosphotransfer reactions.  It therefore appeared that 

Rv3853 and related proteins were incorrectly annotated as MenG.  Analysis of the structure 

revealed several clues to the active site locations and possible biochemical functions of this 

protein.  Firstly, two small molecules were found bound (per monomer) in the structure, 

including a tartrate ion which made hydrogen bonding contacts with several conserved 

residues, including Asn48 and Arg100.  Secondly, an analysis of the surface properties of 

the trimeric structure revealed a negatively charged cleft located at each monomer-

monomer interface.  Thirdly, in silico binding site analysis of the trimeric protein structure 

identified nine potential binding sites per trimer (including the tartrate site and the negative 

cleft), mostly located at the interface region between the monomers.  Fourthly, while the 

structural homologues found were quite distant, several had an active site histidine located 

in the same region as Arg100 in the Rv3853 structure.  Lastly, a set of distant sequence 

homologues experimentally annotated as aldolases showed a similar pattern of conserved 

residues (including Arg100 and Asn48).  Subsequent to the publication of M. tuberculosis 

present structure, the protein structure of the E. coli homologue, at 2.0 Å resolution, was 

published245. This publication, and related work identified the E. coli protein as RraA, a 

protein inhibitor of RNAseE246 although not giving a molecular mechanism for this 

function.  This provides scope for future investigations into the biochemical and cellular 

function of Rv3853. 

 

 



Chapter 3                                                                                                       Rv3853: “MenG” 
 
 
 

 
111 

3.2 Methods and Results 

3.2.1 A Note on Methods  

What follows is a summary of the methods and results for work undertaken on MenG.  The 

methods used during this research, i.e. bioinformatics, DNA manipulation, protein 

expression and purification, crystallisation and crystallography, are discussed in greater 

detail in Chapter 2. 

3.2.2 Bioinformatics Analysis 

At the outset of this work, an initial BLAST analysis of the Rv3853 protein sequence 

(using NCBI against the non-redundant database) showed twelve matches to putative 

methyltransferases and possible MenGs from a variety of species, including the annotated 

E. coli MenG (E value 1 x 10-30, 45% identity).  By the time the Rv3853 structure was 

solved in late 2001 and over the next two years, as the sequence database expanded, many 

more putative MenGs/methyltransferases were found to align to the Rv3853 sequence.  

Conserved domain BLAST analysis showed that Rv3853 was a member of the 

methyltransf_6 (IPR005493 from Interpro, pfam03737) and MenG COG0684 domains.  

However no sequence homology was found to any SAM-dependent methyltransferases.  

Searching PROSITE with the Rv3853 protein sequence failed to find evidence that this 

protein contained any of the known methyltransferase sequence motifs.  BLAST analysis 

failed to find any sequence homologues in the PDB, as determined by a significant E value 

threshold of 0.001, until the release of the Rv3853 structure in 2003.   

The Rv3853 protein sequence also aligns to domains in several multidomain proteins that 

have different functional annotations.  The sequence aligns to the C-terminal region of two 

3-hexulose-6-phosphate synthases; one from Archaeoglobus fulgidus (E value of 7 x 10-5; 

32% identity over the C-terminal residues 291-386 of the subject sequence) and another 

from Methanosarcina mazei (E value 3 x 10-6 and 31% identity, over the C-terminal 

residues 240-365 of the subject sequence).  These two proteins appear to contain both an 

OMP decarboxylase domain, which is common to 3-hexulose-6-phosphate synthases and 

orotidine 5' monophosphate decarboxylases247, as well as the Rv3853-like domain 
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(pfam03737).  The Rv3853 protein sequence also aligned to the C-terminal region 

(residues 460 to 560) of a protein called dlpA from Legionella pneumophila (1 x 10-7, 32% 

identity over the region aligned).  This protein is also a multi domain protein and was 

named dlpA (dehydrogenase like protein) due to the presence of a N-terminal 

dehydrogenase-like domain248.  The dehydrogenase-like domain is a member of the 

isocitrate and isopropylmalate dehydrogenase family whose members include enzymes like 

isocitrate dehydrogenase, 3-isopropylmalate dehydrogenase and tartrate dehydrogenase249.  

The protein sequences, both of the full length proteins and of the N-terminal domains only, 

of dlpA and of the 3-hexulose-6-phosphate synthase from Methanosarcina mazei were 

then used in BLAST searches against the M. tuberculosis H37Rv genome.  In the case of 

the hexulose-6-phosphate sequence only Rv3853 aligned (over the C-terminal region) with 

a score better than the E value threshold (0.001) while in the case of dlpA there were two 

alignments found, one to Rv3853 (aligning over the C-terminal region) and the other to 

Rv2995c (leuB, probable 3-isopropylmalate dehydrogenase aligning to the N-terminal 330 

residues).   

BLAST analyses since 2001 identified another set of protein sequences, most of them 

experimentally annotated as aldolases, which aligned to the full length of the Rv3853 

sequence over the most of their lengths (the aldolases are slightly longer).  The E values for 

the alignments ranged from 5 x 10-6 to 8 x 10-6 and the sequence identities were 25-26%.  

The names, organisms and references for the annotation of each protein are given in Table 

3.1.  These aldolases are all thought to catalyse the last step of the 4,5-protocatechuate 

degradation pathway, cleaving the physiological substrate 4-carboxy-4-hydroxy-2-

oxoadipate to oxaloacetate and pyruvate250-253.  Work undertaken with LigK showed that 

this enzyme also catalysed the decarboxylation of oxaloacetate to form pyruvate250.  

Protocatechuate is one of the intermediate metabolites in the degradation of various 

aromatic compounds in bacteria250.   
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Protein Name Organism Ref. 
4-Hydroxy-4-methyl-2-oxoglutarate aldolase (ProA)  Pseudomonas straminea 

/ochraceae 

252 

4-carboxy-4-hydroxy-2-oxoadipate aldolase (LigK)  Sphingomonas paucimobilis 250,251 
4-oxalocitramalate aldolase (PmdF)a Comamonas testosteroni 254 
FldZ protein LB126a  Sphingomonas sp. 255 
Oxalocitramalate aldolase (PcmE)  Arthrobacter keyseri 253 
aAnnotation only based on location in a protocatechuate degradation gene cluster and on sequence similarity 
Table 3.1: Aldolases aligning to the Rv3853 protein sequence 

3.2.3 Primer Design, PCR Amplification and Cloning 

Primers contained NcoI (forward primer) and HindIII (reverse primer) restriction sites.  

The PCR amplification, using an annealing temperature of 50ºC, produced several bands, 

with a major band running near the 500bp marker in the DNA ladder.  This matched the 

size expected for the amplified fragment containing Rv3853 at 528bp (Figure 5.3 

Chapter 5).  

The Rv3853 PCR product of the correct size was purified, digested with NcoI and HindIII, 

ligated separately into both pre-digested pProEX Hta and pET42a-rTEV vectors, and 

transformed into electrocompetent Xl1 blue E. coli cells.  This proved to be successful for 

both vectors with diagnostic digests of plasmid DNA, isolated by DNA-miniprep, 

confirming the presence of insert of the correct size (528 bp).  Another DNA mini-prep 

followed by further purification (PEG and ethanol precipitation) was used to produce a 

concentrated sample of pProEX Hta Rv3853 plasmid DNA for sequencing in the forward 

direction.  The DNA sequencing confirmed the presence of insert and verified, after 

conversion from DNA sequence to protein sequence, that the first ~160 residues matched 

those of the published Rv3853 protein sequence and the sequence of the vector His-tag.  

Chapter 2 sections 2.2.2-2.2.10 give further experimental details. 

3.2.4 Protein Expression and Solubility Tests for His-tagged Rv3853  

Plasmid DNA (pProEX Hta-Rv3853) was transformed into BL21 pRI cells and small scale 

expression and solubility tests were carried out as described in sections 2.3.3.3 and 2.3.4. 
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The particular expression and solubility tests undertaken for this protein are detailed in 

Table 3.2. 

Temperature Lysis Buffer Conditions 
37ºC 50 mM HEPES pH 8.0, 200 mM NaCl 

37ºC 50 mM HEPES pH 8.0, 200 mM NaCl 

1M Acetic acid/acetate, pH 4.5, 100 mM NaCl 

50 mM Tris, pH 7.0, 50 mM NaCl 

50 mM HEPES, pH 8.0, 200 mM NaCl 

28ºCa 

50 mM Tris-HCl, pH 9.2, 100 mM NaCl 

18ºCa 50 mM HEPES pH 8.0, 200 mM NaCl 

50 mM Tris-HCl, pH 9.0, 150 mM NaCl 

50 mM Tris-HCl, pH 8.0, 150 mM NaCl 

18ºCa 

50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 0.01% zwittergent 3-12 
aEach set of the lysis buffer tests sharing the same temperature were undertaken on a sample from the same 
culture  
Table 3.2: Solubility tests undertaken for His-tagged Rv3853  
In all cases the final IPTG concentration used for induction of protein expression was 1 mM. 

Expression tests at 37ºC showed an overexpressed band in the induced whole cell pellet at 

the size expected for the His-tagged Rv3853 protein (19.4 kDa).  In all solubility tests, this 

protein ran in the insoluble fraction of the induced cell lysate.  Further tests at 28ºC and 

18°C revealed a lower level of expression, with most of the protein in the insoluble fraction 

of the induced cell lysate.  In some cases at 18ºC there was a faint band in the soluble 

fraction also.  However, as there was also a faint band in the same position in the 

uninduced whole cell pellet it was not possible to discern if this was indeed a small amount 

of soluble His-tagged Rv3853 or not (Figure 3.2).  Due to the success of the refolding this 

was not pursued any further. 
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Figure 3.2: Expression and solubility tests of His-tagged Rv3853 

The first SDS-PAGE gel (A) shows results from solubility tests undertaken at two temperatures 
37ºC (Ins1 and Sol1) and 18ºC (Ins2 and Sol2) using 50 mM HEPES, pH 8.0, 200 mM NaCl as 
the lysis buffer. The second SDS-PAGE gel (B) shows results of an 18ºC expression and 
solubility test using 50 mM Tris-HCl, pH 9.0, 150 mM NaCl as lysis buffer. There is a band at 
the size expected for His-tagged Rv3853 (19.4 kDa) in the induced whole cell pellet (I) of figure 
B and in the 37ºC insoluble cell lysate (Ins1) of figure A. This band also appears to be present (at 
lower intensity) in the 18ºC insoluble induced cell lysate of both gels (Ins2 in figure A and Ins of 
figure B). There may also be a faint band in the 18ºC soluble induced cell lysate fractions (Sol2 
in figure A and Sol in figure B) however it is not clear that this corresponds to His-tagged 
Rv3853 as there is a faint band in the uninduced whole cell pellet (U in figure B) about the same 
size. 

3.2.5 Protein Expression and Solubility for GST-fusion Rv3853  

A single 18ºC expression and solubility test was undertaken using BL21 pRI cells 

containing the pET42a-rTEV Rv3853 plasmid in a similar manner to the tests undertaken 

for the His-tagged protein.  The lysis buffer used was 50 mM HEPES pH 8.0, 200 mM 

NaCl and the test revealed that while there was an overexpressed protein at the correct size 

(47 kDa) it was insoluble. 

3.2.6 His-tagged Rv3853: Small Scale Refolding Tests  

3.2.6.1 Small Scale Denaturing Purification 

His-tagged Rv3853 expression was undertaken at 37ºC using 200 mL cultures (section 

2.3.5).  The cells were harvested by centrifugation and the cell pellet was resuspended in 

12 mL of buffer (50 mM HEPES pH 8.0, 200 mM NaCl).  The cells were then lysed by 

sonication and subjected to centrifugation, and the insoluble pellet resuspended in urea 
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solution (8.0 M Urea, pH 8.0, 0.01 M Tris-HCl, 0.1 M NaH2PO4) as described in section 

2.3.7.  The resulting denatured protein was purified under denaturing conditions in urea 

using IMAC (stepwise or gradient method), eluting at pH 4.5 as described in section 

2.3.9.2.2.  The resulting protein was used in the small-scale refolding tests. 

3.2.6.2 Initial Refolding Tests 

Partially purified denatured His-tagged Rv3853 was placed into 16 50 µL microdialysis 

buttons and dialysed against each of the modified Hampton refolding solutions 

(Table 2.16) at 18ºC for 6 days before being dialysed into 50 mM Tris-HCl, pH 8.8, 

200 mM NaCl, 1 mM EDTA for another day at 18ºC.  The buttons were scored for the 

presence of precipitate at each step.  Precipitate was observed in the buttons for solutions 1, 

2, 5, 6, 7, 9, 10, 13, 14 and in the wells of 4, 11, 16.  No precipitate was observed for 

solutions 3, 8, 12 and 15 and examination of the constituents in these solutions showed 

they all contained arginine and EDTA.  Solution 15 was chosen for further refolding trials 

because it had the least additives and another refolding screen using this solution, but 

varying the concentration of arginine (50 mM, 100 mM, 200 mM, 300 mM, 400 mM), was 

undertaken.  No precipitate was observed as long as the arginine concentration was at least 

50 mM.  Section 2.3.8 provides more experimental details, including the make up of the 

refolding solutions used (section 2.3.8.1). 

These experiments resulted in the development of an experimental protocol for scaled-up 

refolding that involved dialysis into a variant of solution 15 containing only 100 mM 

arginine and 100 mM sucrose, for 24 h, followed by dialysis into a storage buffer also 

containing EDTA. 

3.2.6.3 Larger-scale Refolding Tests 

Partially purified denatured His-tagged Rv3853 (9 mL) was dialysed into a variant of 

solution 15 (50 mM MES, pH 6.4, 100 mM L-arginine, 100 mM sucrose, 10 mM NaCl, 

0.4 mM KCl, 1 mM EDTA, 1 mM DTT) for 24 h at r.t. before being transferred into 

50 mM Tris-HCl, pH 8.8, 200 mM NaCl, 1 mM EDTA and dialysed for another 24 h at r.t.  

The protein was then concentrated to 3 mL and analysed by size exclusion chromatography 
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on a Superdex 200 10/30 column followed by SDS-PAGE, native PAGE and dynamic 

light scattering analysis of the fractions.  Section 2.3.8.3.1 provides further experimental 

details. 

The Superdex 200 chromatography showed elution of three peaks: one at about 7 mL 

(which is within the void volume), the second at about 15 mL and the third at 20 mL.  All 

these peaks absorbed at 280 nm, but the last peak also absorbed at 260 nm indicating it was 

possibly DNA.  SDS-PAGE analysis showed that the fractions from the first and second 

peak contained protein and the third fraction did not, which supported this idea 

(Figure 3.4).  Native-PAGE analysis showed that before size exclusion chromatography 

the protein sample contained two species, one that was not able to run into the gel and the 

other that ran into the gel as a discrete band (Figure 3.3).  The former corresponded to the 

first fraction from the Superdex 200 column while the latter corresponded to fraction two.  

This is consistent with the first fraction being a high molecular weight soluble aggregate as 

it also eluted in the void volume of the column, and the second fraction being refolded 

protein.  Analysis of the first fraction by dynamic light scattering was unsuccessful while 

analysis of the second fraction gave a Cp/Rh of 49.6 and an estimated MW (based on the 

hydrodynamic radius) of 117 kDa.  
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Figure 3.3: Native-PAGE analysis of the His-tagged Rv3853 refolding 

The protein from the refolding (MGR) contains two bands by native-PAGE, one which runs into 
the gel and the other which does not. When this is purified by size exclusion chromatography the 
two fractions can be isolated separately (MGF1 and MGF2). The first fraction is unable to run 
onto a native gel, is eluted in the void volume of the column, gives poor light scattering results 
and appears to be a soluble aggregate. The second fraction runs onto the native gel as a distinct 
band , does not elute in the void volume, gives better light scattering and is likely to be refolded 
His-tagged Rv3853. The protein from the unsuccessful His-tagged Rv0989c refolding is given as 
a comparison. 

3.2.7 His-tagged Rv3853: Preparative Refolding and Protein Purification  

3.2.7.1 Large Scale Denaturing Purification and Preparative Refolding 

Based on the success in the initial tests, the refolding was scaled up.  Large scale 37ºC 

expression of His-tagged Rv3853 (MenG) was undertaken using 1 L cultures (section 

2.3.5).  Cell pellets from the expression cultures were resuspended directly in 30 ml urea 

solution (8.0M Urea, pH 8.0, 0.01M Tris-HCl, 0.1M NaH2PO4) and then left for several 

days at 18ºC to lyse and denature prior to centrifugation (section 2.3.7).  The supernatant 

containing the denatured protein was removed and purified by IMAC (using the gradient 

method -section 2.3.9.2.2.3) under denaturing conditions, with the protein eluting at pH 4.5 

(Figure 3.4).  The resulting partially purified His-tagged Rv3853 (~ 20 mL) was then 

dialysed into refolding solution (100 mM L-Arginine, 100 mM sucrose, 50 mM MES, pH 

6.4, 10 mM NaCl, 0.4 mM KCl, 1 mM EDTA, 1 mM DTT) for 24 h at r.t. followed by 
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dialysis into storage buffer (50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mM EDTA) for a 

further 24 h at r.t. (section 2.3.8.3.2).   

3.2.7.2 Further Purification of Refolded Protein  

In large scale refolding experiments, a small amount of precipitate was observed which 

was removed by centrifugation.  The refolded protein was then concentrated (to about 4 

mL) prior to purification by size exclusion chromatography in 50 mM Tris-HCl, pH 8.0, 

50 mM NaCl, 1 mM EDTA (section 2.3.11).  The purification was undertaken in tandem 

runs (0.5 mL protein per run) on a smaller column (Superdex 200 10/30) in order to 

maintain good separation between the peaks.  

After SDS-PAGE analysis of the peaks from the size exclusion chromatography 

purification (Figure 3.4), the fractions corresponding to peak 2 were pooled, concentrated 

and further purified by anion exchange chromatography on a MonoQ column using a 

gradient of NaCl from 50 to 500 mM (section 2.3.12).  The resulting eluted protein was 

analysed by SDS-PAGE and dynamic light scattering.  Although this second purification 

step does not result in any observable difference by SDS-PAGE (Figure 3.4) or native-

PAGE analysis, and no other major peaks are eluted, it significantly improves the dynamic 

light scattering results with a Cp/Rh ranging from 14-24% at 0.2 mg/mL, with a MW 

estimate (from the hydrodynamic radius) of 62-66.5 kDa depending on the fraction 

(compared to Cp/Rh of 49.6% after the Superdex only purification).  This was desirable 

because the dynamic light scattering results monitor monodispersity and can often correlate 

with the ability of the protein to form good crystals. 
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Figure 3.4: Purification of His-tagged Rv3853. 

Purification starts with a one-step lysis and protein denaturation step in urea solution, followed 
by an IMAC purification step under denaturing conditions and preparative refolding.  The 
refolded protein is then pooled, concentrated, filtered and purified by size exclusion 
chromatography. The second fractions of each size exclusion chromatography run are then 
pooled and further purified by anion exchange chromatography.  

3.2.8 Crystallisation 

3.2.8.1 Initial Crystallisation Trials 

The first large-scale batch (batch 1) came from purifying half of the refolded protein from 

the first 1 L culture.  After SDS-PAGE fractions containing protein were combined and 

analysed by dynamic light scattering (Cp/Rh = 22%, MW estimate from the hydrodynamic 

radius = 62 kDa, 0.2 mg/mL).  The protein was concentrated to 2.7 mg/mL and screened 

against the Hampton I and PEG crystallisation screens using 1 µL + 1 µL drops in 24-well 

hanging drop plates at 18ºC.  Four conditions, two from the Hampton I screen (ammonium 

phosphate and Na/K tartrate) and two from the PEG screen (0.2 M bistrispropane pH 8.5, 
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PEG 4000 and 0.2 M bistrispropane, pH 8.5, PEG 8000), gave small crystals, mostly 

needles, within the first few days.  Subsequent fine screens around the successful 

conditions were then undertaken using this protein.  Sections 2.4.2 2.4.5 and 2.4.6 give 

further experimental details. 

3.2.8.2 Crystal Optimisation 

A second batch of protein, the remainder of the refolded protein from the first 1 L culture, 

was purified and analysed by SDS-PAGE and dynamic light scattering.  Only those 

fractions showing highest purity and best light scattering (Cp/Rh = 14.2-16%; MW estimate 

from hydrodynamic radius = 66.5-65.2 kDa at 0.2 mg/mL) were combined.  The protein, 

which was in a Tris-containing buffer (50 mM Tris-HCl, pH 8.0, 141 mM NaCl), was then 

concentrated to 2.2 mg/mL and used for fine screens around the two most promising 

conditions, ammonium phosphate and Na/K tartrate as precipitants.  Once Na/K tartrate 

was established as the most successful precipitant, further screens using this condition but 

varying the ratio of protein to reservoir solution were undertaken.  The most promising 

crystals, long hexagonal shaped rods (Figure 3.5) were grown in hanging drops at 18°C 

with 0.4-0.45 M Na/K tartrate as a reservoir solution.  The best protein-to-reservoir 

solution ratio was 4-7.5:1-1.5 with a total drop size of 5-9 µL.  Crystals typically grew 

within 2-3 days and increased in size over several weeks.  A crystal from batch 2 was used 

to collect a native diffraction data set and crystals grown in a similar manner to above from 

the subsequent protein batches were used for substrate and heavy metal soaking 

experiments.   

 
Figure 3.5: Crystals of His-tagged Rv3853 
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3.2.9 Preparation of Heavy Atoms Derivatives 

Rv3853 contained no methionines, apart from those present in the His-tag, which was 

likely to be disordered.  This ruled out MAD phasing, by substitution of 

selenomethionines.  There were also no sequence homologues present in the PDB, so 

molecular replacement was not an option.  Therefore heavy metal soaks in preparation for 

phasing by MIR were undertaken.   

3.2.9.1 Native gels: Phastgel Heavy Metal Screening Analysis 

This protocol is based on that of Boggon and Shapiro256.  When a heavy metal binds to a 

protein it may (but not necessarily) change the charge distribution on the protein and hence 

the way the protein runs on a native gel 256.  Furthermore, if a protein is denatured by a 

heavy metal regent it is unlikely to run into the gel256.  In this test, purified His-tagged 

Rv3853 (MenG) protein (1.9 µL at 0.5 mg/mL) was mixed with 0.2 µL of a 10 mM heavy 

metal solution to give a final heavy metal concentration of 1 mM.  The mixture was left at 

r.t. for a few minutes, followed by an overnight incubation at 4ºC.  The samples were then 

run on a native Phastgel (8-25% polyacrylamide gradient) along with a heavy-metal free 

control, stained as for other PAGE and the results analysed.  Bands shifts were observed 

for protein reacted with K2PtCl6, UO2(OAc)2 , Gd(NO3)3, K2AuCl4 and K2HgI4 (where OAc 

= C2H3O2).  K2PtCl6 and UO2(OAc)2 were chosen as promising compounds to start.  

3.2.9.2 Heavy Metal Soaks 

Crystals were soaked in mother liquor containing heavy metal solution (1-10 mM in 0.45 

M Na/K tartrate) or iodide solution (1 M in cryoprotectant) in order to prepare heavy atom-

substituted crystals.   The halide soak with iodide was based on the procedure published by 

Dauter and Dauter in 2001257.  Iodide can be used as a heavy atom for MIRAS or SIRAS 

on home source generators using CuK� radiation, as it gives some anomalous scattering at 

the wavelength of 1.54 Å257.  Table 3.3 summarises the heavy metal soaking experiments 

for which diffraction data were collected.  In all cases the crystals were then soaked in 

cryoprotectant (mother liquor plus 35% glycerol) immediately prior to freezing in a stream 

of cold N2 gas (110 K). 
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Metal/Halide Concentration Soak time Data Collected 
Hg(OAc)2 1 mM 9 days Yes 

10 mM 4 h No diffraction  UO2(OAc)2 
 1 mM 12 h Yes 

2 mM 4 h No diffraction 
1 mM 12 h Yes 

K2PtCl4 
 

1 mM 11 days Yes 
NaI 1 M 30 s Yes  
CH3PbOAc 1 mM 11 days Yes 
K2PtCl6 1 mM 17 days Yes 
Table 3.3: Heavy metal soaks of His-tagged Rv3853 crystals 

3.2.10 X-Ray Data Collection 

Data collection was carried out at 110K with crystals that had been soaked in 

cryoprotectant (mother liquor plus 35% glycerol) immediately prior to freezing either in a 

stream of cold N2 gas or directly in cold liquid N2 (section 2.5.2).  Native Rv3853 data and 

derivative data were collected using CuK� radiation from a Rigaku RU-H3R X-ray 

generator equipped with focusing mirrors and a Mar 345 imaging plate detector.  

Subsequently, a high resolution native data set was collected using synchrotron radiation 

(� = 0.8452 Å) at DESY Hamburg, beamline BW7B (section 2.5.3).  

3.2.11 Data Processing 

3.2.11.1 Processing of Native Data 

The raw data were processed using DENZO194 and subsequently scaled using 

SCALEPACK194 (section 2.6.1 gives more details).  In most cases, Strategy195 was used to 

choose the optimum data collection limits for the home source data.  The native data sets 

were processed and scaled in several space groups (P6, P63, P61, P62, P65, P622) and the 

processing statistics examined.  Particular attention was paid to the value of I/�I for 

reflections predicted to be absent in that space group as well as the Rmerge and �2 values 

from SCALEPACK.  The initial native data processed  to a resolution of 3.0 Å with 

acceptable  �2 values in P6, P63, P65, P61 and P62 but a number of reflections that should be 

systematically absent for P65, P61 and P62 had high I/�I values, ruling out these choices.  

The high �2 values ruled out P622.  In the case of P63 (where 0, 0, l reflection with l = 2n+1 
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should be absent) some of the reflections expected to be absent had significant I/�I values 

(3-11) but not as many as for the others, while P6 has no predicted absences.  When the 

high resolution data set (1.9 Å) on this crystal was obtained from the synchrotron, 

processed and scaled, the SCALEPACK statistics clearly indicated either P6 or P63.  For 

the latter, the highest I/�I value for reflections predicted to be absent was 0.6.   

3.2.11.2 Unit Cell Dimensions and Number of Molecules in the Asymmetric Unit 

The unit cell dimensions for the high resolution native data were:   

a = b = 102.5 Å, c = 117.5 Å; � = � = 90º � = 120º 

From these cell dimensions, the possible values of Vm (Matthews coefficient197 see also 

section 2.6.1.3) were 3.1 Å3/Da, corresponding to 3 molecules/asymmetric unit and 59.6% 

solvent or 2.3 Å3/Da, corresponding to 4 molecules/asymmetric unit and 46.2% solvent.  

The dynamic light scattering results gave a MW estimate for the protein (from the 

hydrodynamic radius) in solution at 0.2 mg/mL of around 62-66.5 kDa which was 

consistent with a trimer.  

3.2.11.3 Processing of Derivative Data  

The derivative data sets were processed and scaled in two space groups, P6 and P63.  The 

cell dimensions were compared for agreement with those of the native data as an initial 

check for isomorphism.  All data collected were then scaled against the native data 

(initially home source data but later the synchrotron data) using SCALEPACK and the �2 

values analysed to estimate the level of derivatisation and isomorphism of the derivative 

data sets.  The use of �2 values in judging a derivative is discussed in more detail in section 

2.6.2.1.  In general it is thought that moderately high �2 values (around 10) may indicate a 

useful derivative, whereas higher �2 values suggest non-isomorphism196.  In only one case, 

that of the Pb derivative, was the data collection abandoned due to low �2 values (below 2), 

which indicated no derivatisation.  For the other derivative data sets the �2 value average 

when scaled to the native ranged between 3-13 with the better derivatives being, K2PtCl6, 

Hg(OAc)2 and NaI, all with �2 value averages of between 8 and 13, close to the 10 

recommended in the SCALEPACK manual196.   
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Where there is more than one possible indexing convention, as in space groups P6 and P63, 

DENZO randomly chooses one so in all cases where the two scaled data sets (native and 

derivative) were compared the procedure was done both with and without reindexing 

(section 2.6.2.1).  Any derivative data sets indexed differently from the native were 

reindexed using SCALEPACK prior to use in SOLVE.  

3.2.11.4 Summary of Data Collection and Processing Statistics  

A summary of data collection and processing statistics for the high resolution native and 

mercury derivative crystals (used in phasing) is given in Table 3.4  

 Native Hg(OAc)2 deriv. 
Space group P63 P63 
Cell dimensions (Å) a = b = 102.5, c = 117.5 a = b = 102.3, c = 117.5 
Resolution range (Å)a 20.0-1.9 (1.97-1.90) 20.0-2.9 (3.00-2.90) 
Mosaicity (deg.) 0.6 0.3 
Rmerge (%)a,b 6.9 (31.2) 18.1 (45.4) 
No. unique reflections 54630 15453 
Mean I/σΙ

a 14.4 (3.1) 10.0 (2.6) 
Multiplicitya 3.35 6.18 
Completeness (%)a 99.3 (96.1) 99.4 (98.1) 
Riso (%)c - 23.7 
Rano (%)d - 8.6 
RCullis (centric, acentric)e - 0.77, 0.74 
Phasing power (centric, acentric)f - 1.06, 1.40 

aFigures in parentheses are for the outermost shell of data 
bRmerge = ��−��

hkl jhkl j
Ij(hkl) / |(hkl)I(hkl)Ij|  

Where Ij(hkl) is the intensity of the jth observation of  reflection hkl and 	(hkl) is the mean intensity of all observations of 
reflection hkl. 
cRiso = |F|  /||F||F|| PPPH  �� −

hklhkl
 

Where |FPH|, and |FP| are the structure-factor amplitudes of a reflection hkl for the heavy-atom derivative and the native 
protein respectively and the summation is over all independent reflections hkl for which |FPH| and |FP| were measured. 
dRano = �� −−+

hklhkl
|F|/||F||F|| , where |F+| and |F-| are structure-factor amplitudes for a Bijvoet pair and |F| is the 

mean structure factor amplitude for the same pair. 
eRcullis = ||(obs)F||(obs)F||  / ||(calc)F|||(obs)F||(obs)F||| PPHHPPH �� ±−±

hklhkl
 

Where|FPH|, |FP|, and |FH| are the structure-factor amplitudes for the heavy-atom derivative, the native protein and the 
heavy-atom contribution, respectively. 
fPhasing Power = 2HPPH2H ||FF||F||/|F| +� � −

hkl hkl
 i.e. � �

hkl hkl
||/|| 22H EF , where E is the lack of closure error.  

Table 3.4: Data collection and processing statistics  
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3.2.12 Phase Determination and Improvement: SOLVE and RESOLVE 

The program SOLVE199 (section 2.6.2.2) was used to identify and refine possible heavy 

atom sites for each derivative, which were then used to calculate protein phases, using both 

isomorphous and anomalous differences.  Both space groups P6 and P63 were tested and 

the individual derivatives were used, in various combinations, to see whether the quality of 

the phase information improved as judged by an increase in the Z score (section 2.6.2.2).  

Riso and Rano values calculated by SOLVE for each derivative were also analysed to judge 

the contribution and usefulness of that derivative to phasing. 

Phase information to 3.0 Å resolution was finally obtained by SIRAS (single isomorphous 

replacement with anomalous scattering), using the synchrotron native data in space-group 

P63 with the single Hg derivative.  Only two heavy atom sites were found, with 

occupancies of 0.377 and 0.368.  The figure of merit for phasing was 0.3, and the 

combined Z score for the four scoring criteria used was 8.18.  The subsequent protein 3-

dimensional structure showed that these two sites were associated with Cys45 of the A and 

C chains.  It is uncertain why SOLVE did not find a third Hg site for Cys45 of the B chain, 

but a possible explanation may come from the fact that the B chain is more solvent exposed 

(the A and C chains and their symmetry equivalents stack up along the 6-fold screw axis) 

and has a slightly higher average B factor than the other two chains. 

The initial phases from SOLVE were improved by statistical density modification and 

extended to 1.9 Å using RESOLVE200.  The overall figure of merit, based on the 

experimental phases and the likelihood of the resulting map, at the completion of 

RESOLVE was 0.53 (section 2.6.2.2)   

3.2.13 Autobuilding Using ARP/wARP 

Phase information from RESOLVE200, along with the native data, was used for 

autobuilding with ARP/wARP in warpNtrace mode201,218,223 (section 2.6.4.1).  The 

asymmetric unit was expected to comprise 471 residues (546 with the His-tag) for the 3 

molecules, and ARP/wARP was able to auto trace 457 residues in four segments.  The side 

chains were then docked onto this model using ARP/wARP with a score of 100% 
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confidence for each of the three monomer chains (A, B and C).  After the side chains were 

docked, residues 4-156 had been built for the A chain, residues 4-156 had been built for the 

B chain and residues 4-58 and 61-156 had been built for the C chain.  

3.2.14 Refinement and Further Model Building   

After initial automated model building with ARP/wARP201,218,223 the resulting model was 

refined using CNS202 and further manual model building was undertaken in O203.  The R 

factor for the ARP/wARP model immediately prior to the first round of CNS refinement 

was 27.65% and the Rfree was 28.0%.  In all, five iterations of manual building and 

refinement using O203 and CNS202 were undertaken to complete the structure.  During 

refinement and map generation both an anisotropic initial B factor correction and bulk 

solvent correction were applied to the data.  Electron density maps used for model building 

were SigmaA weighted 2|Fo|-|Fc| (contoured at 1.0 �) and |Fo|-|Fc| (contoured at 3.0 and -

3.0 �) maps229 generated in CNS.  At the later stages of refinement, PROCHECK231 and 

SFCHECK232 from CCP4198 were run to check the model quality and fit to the electron 

density. For greater experimental detail on molecular replacement, model building and 

refinement procedures, refer to sections 2.6.4, 2.6.5 and 2.6.6.  The model building and 

refinement is summarised in Table 3.5. 
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Progress of Model Building and Refinement for the Rv3853 Structure 
CYCLE 1 
CNS Refinement: Simulated annealing, B group refinement, gradient energy 
minimisation, water picking and refinement of individual B factors (R = 21.0 %, Rfree = 
22.9%). 
Maps and Building: Model building in O using electron density maps generated in CNS 
(sigmaA weighted 2|Fo|-|Fc| and 1|Fo|-|Fc|) and the final map (a weighted 2|Fo|-|Fc| map) 
generated by ARP/wARP201,218,223.  After this round the model comprised 465 residues. 
CYCLE 2 
CNS Refinement: Gradient energy minimisation and individual B factor refinement 
(R =19.8%, Rfree = 22.0%). 
Maps and Building: Manual model building in O using the electron density maps 
generated in CNS (as for cycle 1). Minor changes to the protein model were made and 
waters with few hydrogen bonding partners and poor electron density were removed.  
Extra density present in the maps was examined closely. After this round the model 
comprised 465 residues and 276 water molecules. 
CYCLE 3 
CNS Refinement: Gradient energy minimisation and individual B factor refinement 
(R =19.8%, Rfree = 22.0%). 
Maps and Building: Model building in O using CNS generated electron density maps in 
CNS (as for cycle 1).  After this round the model comprised 465 residues and 276 waters 
molecules along with 3 tartrate ions and 3 urea molecules modelled into regions of extra 
density. 
CYCLE 4 
CNS Refinement: Gradient energy minimisation and individual B factor refinement 
(R = 19.8% and Rfree = 21.7%). 
Maps and Building: After examination of the new CNS generated electron density maps 
(as for cycle 1) in O the 3 urea molecules were replaced by glyoxalates that better fitted the 
density.  Furthermore the D-isomer of tartrate was replaced with the L-isomer.  The model 
now comprised 465 residues, 276 water molecules, 3 glyoxalate molecules and 3 tartrate 
ions. 
FINAL CYCLE 
CNS Refinement: Gradient energy minimisation and individual B factor refinement 
(R = 19.0%, Rfree = 22.0%) 
PROCHECK and SFCHECK were run and the model was checked in O using a new set 
of CNS generated electron density maps (as for cycle 1).  
DEPOSITION 
CNS was used to generate a model deposit file and structure factor file compatible for 
deposition and then the model was deposited in the PDB238 (code 1NXJ).  The final model 
comprised 465 residues, 276 water molecules, 3 tartrate ions and 3 glyoxalate molecules.  

The final R = 19.0% and Rfree = 22.0% 
Table 3.5: Progress of model building and refinement for the Rv3853 structure  
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3.2.15 Model Completeness and Quality  

The final model consisted of residues 2-157 for chain A, 3-157 for chain B and 4-157 for 

chain C, together with three putative tartrate ions, three putative glyoxalate molecules and 

276 water molecules.  For each chain, interpretable density was lacking for a small number 

of residues at the N-terminus, and for the attached the poly His tag.  The protein molecules 

conform well to standard geometry. Bond lengths and angles are restrained close to the 

standard values of Engh and Huber258, and the polypeptide chain torsion angles conform 

with allowed regions of the Ramachandran plot; 89.4% of residues are in the most 

favoured regions (Figure 3.6), as defined by PROCHECK198,231.  Full refinement and 

model statistics are given in Table 3.6. 

 
Figure 3.6: Ramachandran plot for Rv3853  

The glycine residues are shown as triangles and other residues as squares. The plot was 
produced in CCP4 by PROCHECK231.  
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Refinement and Model Details 
Resolution limits (Å) 25.0 – 1.9 
No. of  reflectionsa 52727 (4266) 
R-factor (Rfree) (%) 19.8 (22.0) 
Model details  
   no. of protein atoms 3384 
   other molecules, ions  3 tartrate ions, 3 glyoxalate 
   no. of water molecules 276 
rms deviation from standard geometry   
   bond lengths (Å) 0.005 
   bond angles (deg.) 1.3 
Average B factors (Å3)  
   protein (A, B, C chains) 14.5, 17.3, 13.4 
   water 21.7 
Residues in most favoured regions of the 
Ramachandran plot (%) 

89.4 

Table 3.6: Summary of refinement and model details 

3.3 Structural Analysis  

The results of analysis of the Rv3853 are presented in this section along with a small 

amount of experimental detail.  Further experimental details are given in section 2.6.7. 

3.3.1 Overview of the Structure 

The asymmetric unit of the crystal contains three monomers, but analysis of the crystal 

packing, and the buried surface between monomers, shows that these do not form a trimer. 

Instead, a symmetric homotrimeric unit is formed via the crystallographic symmetry, with 

each monomer packing with two other monomers related by the exact crystallographic 

three-fold axis. The trimers formed by the A chain and by the C chain alternately stack up 

along the 6 fold screw axis, while the trimer formed from the B chain is located in the 

middle of the unit cell.  The asymmetric unit also contains three putative tartrate ions, one 

per protein monomer, and three other non-protein molecules, tentatively modelled as 

glyoxalate.  
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3.3.2 Monomer Fold  

The monomer is folded into a single domain that can be described as a 3-layer β/β/α 

structure (Figure 3.7).  The first layer consists of a 4-stranded antiparallel �-sheet (strands 

S1, S12, S11, S3) that sits adjacent to a two-stranded β-ribbon (S9, S10).  This layer packs 

against a central 6-stranded mostly-parallel β-sheet (S8, S4, S5, S6, S7, S2) that forms the 

second layer.  The third layer of the “sandwich” comprises three parallel �-helices (H2, H3, 

H4) that provide the S4-S5, S5-S6, and S6-S7 connections.  A large extended loop region, 

comprising 20 residues, finishing just after the short strand S8, wraps around layers 2 and 

3, and leads back to layer 1. Located between the two �-sheet regions (layers 1 and 2) there 

is a hydrophobic groove, which is ‘capped’ by the loop region connecting strands S2 and 

S3 of the two sheets.  Outside the main β/β/α domain, the N-terminal α-helix H1 packs 

against the first β-sheet and also forms an important part of the monomer-monomer 

interface in the trimer. 

 
Figure 3.7: The Rv3853 monomer fold (A) and topology diagram for the monomer (B)  

In figure A the secondary structure is labelled, �-strands are shown as blue arrows and the �-
helices as yellow coils. Two bound ligands, tartrate (lower) and glyoxalate (upper) are shown in 
stick mode. In the topology diagram, figure B, the three layers of the �/�/� structure are shown 
in green, light blue and purple. Figure A was drawn using Pymol259. 
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3.3.2.1 Structural Comparisons of the Monomer Fold  

Comparison of the Rv3853 monomer with all other structures in the Protein Data Bank in 

late 2001 using DALI235revealed five structures with Z-scores of greater than 4.  

Comparison of the Rv3853 monomer with all other structures in the PDB using SSM236 

was undertaken in 2002.  No matches were found until the expected match of secondary 

structural elements in both the query and the target structures was lowered from the default 

of 70% to 55% and then two matches were found, the top scoring one of which is the 

second top match in DALI.  The Dali and SSM matches are summarised in Table 3.7.  The 

fold shared by Rv3853 and these other structures is described in SCOP17 as a “swivelling” 

β/β/α fold and in CATH239 as a 3-layer β/β/α sandwich. 

Structure rms 
difference 

(No. matching 
Cαααα pairs) 

Z score Dali/ 
SSM 

Phosphohistidine domain of pyruvate phosphate 
dikinase260 

3.0 Å (106) 7.4 Dali 

Phosphohistidine domain of enzyme I of the E. coli 
phosphoenolpyruvate: sugar phosphotransferase 
system:  

   

NMR structure261 2.8Å (95) 7.35 SSM 
X ray structure262 3.0Å (94) 5.8 Dali 
Small subunit of carbamoyl phosphate synthase263 2.9Å, (90) 5.9 Dali 
Domain four from aconitase264,265 2.8Å  (89) 4.7 Dali 
Spo0F (B. subtilis response regulator in a 
phosphorelay signal transduction system controlling 
sporulation)266.   

3.0Å (60) 6.83 SSM 

Table 3.7: Structural homologues of Rv3853 found using Dali or SSM 

A much more recent comparison (2004) of the Rv3853 monomer with all other structures 

in the PDB, using SSM (using the higher default 70% match threshold and normal 

precision), has shown an alignment to the E. coli RraA (formerly MenG) (Z = 11.4, rms 

difference 1.02 Å over 152 matching C�  pairs) which will be discussed later.  Another 

RraA structure, from Vibrio cholerae is also in the PDB and matches Rv3853 (Z = 9.8, rms 

difference 1.09 Å over 147 matching C� pairs).  This structure has the PDB code 1vi4 and 
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appears to be a monomer, but no publication is available.  This structure appears to be from 

another structural genomics initiative, with Structural Genomix being the deposition 

authors and is classified as of unknown function.   

3.3.3 Quaternary Structure   

The Rv3853 trimer is doughnut-shaped with a large hole through the middle.  At each 

monomer-monomer interface, the N-terminal helix (residues 8-15), the following H1-S1 

connection (residues 21-27) and the C-terminal S11-S12 loop (residues 150-153) of one 

monomer pack into a cleft in the neighbouring monomer that is formed between residues 

115-121 of the extended loop joining S7 to S8 and the loops that connect the �-strands of 

layer 2 with their respective helices (the S4-H2, S5-H3 and S6-H4 loops) (Figure 3.8).  

The surface area buried per monomer at each of the three monomer-monomer interfaces is 

between 530 and 560 Å2 which corresponds to between 7.7 and 8.2% of the surface area of 

each monomer240,241.  Trimer formation is stabilized by a number of hydrogen bonds and 

four salt bridges (Asp13-Arg100, Asp13-Lys121, Asp23-His73 and Asp23-Arg120).  A 

striking feature of the trimer, highlighted by a GRASP267plot (Figure 3.8B), is a groove 

that runs the whole length of each monomer-monomer interface, incorporating both the 

tartrate and glyoxalate binding sites and a canyon of negative charge in which are found 

Asp10, Asp13, Asp150 and Asp152.  
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Figure 3.8: A ribbon diagram (A) and surface representation (B) of the Rv3853 trimer 

The ribbon diagram, figure A, is drawn with Pymol259 with the �-strands shown as red arrows 
and �-helices as green coils. The surface representation, figure B, is drawn with GRASP267 and 
shows the distribution of surface charge. In both diagrams the small molecules tartrate and 
glyoxalate are shown in stick representation and are represented by a small A or small B 
respectively. Figure B reveals a canyon of negative charge containing several conserved residues 
(including Asp13 and Asp150) which runs along the monomer-monomer interface next to the 
tartrate binding site. 

3.3.4 Sequence Conservation in Rv3853 Homologues  

An alignment of 32 sequences with the lowest E values, in a 2003 search of the non-

redundant sequence database using BLAST, revealed 20 totally conserved residues.  Most 

of the 32 sequences are from bacterial genomes, but there are also three sequences from the 

Arabidopsis thaliana genome.  The sequence alignments show that there are no insertions 

or deletions within the polypeptide, although the N- and C-termini have extensions of 

varying lengths.  This is consistent with a tightly folded, conserved domain.  For ease of 

comparison an alignment with 13 representative sequences from these 32 is shown in 

Figure 3.9.  In the alignment shown, Y148 and V63 and are also shown as totally 

conserved, but this conservation is not maintained over the whole 32 sequences, where 

conservative substitutions to other hydrophobic residues occur.  
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Figure 3.9: Multiple sequence alignment of 13 representative Rv3853 sequence homologues. 

ClustalW187 was used for the alignment and the figure was generated using ESPript189. The 
strictly conserved residues are shown with white text on a blue background and again in the 
consensus sequence below the alignment. The residues/similar residue groups ((I/V), (L/M), 
(F/Y) and (N/Q/E/D)) which are 90% conserved over the aligned sequences are shown in red text 
on a yellow background. Each sequence is numbered at the side and there is a dot (.) above the 
1st and then every 10th residue in the M. tuberculosis Rv3853 sequence. The secondary structure 
for the Rv3853 protein is shown above the sequence. The species represented include both 
bacteria and plants: Mycobacterium tuberculosis, Mycobacterium leprae, Shewanella 
oneidensis, Arabidopsis thaliana, Oryza sativa, Ralstonia solanacearum, Pseudomonas putida, 
Xanthomonas campestris, Escherichia coli, Haemophilus influenzae, Thermobifida fusca, Vibrio 
cholerae, and Corynebacterium glutamicum. 

Among the 20 conserved residues there are one Pro and nine Gly residues which are 

probably conserved for structural reasons.  There are also four non-polar/hydrophobic 

residues conserved from the structural core.  The remaining six invariant residues, Asp13, 

Thr41, Asn48, Asp67, Arg100 and Asp150, are potential candidates for involvement in 
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substrate binding and/or catalysis.  Particularly notable are Asp13 and Asp150, both 

projecting into the negatively charged cleft at the subunit interface, and Asn48 and Arg100, 

both associated with the bound tartrate ion nearby.  In contrast, the side chains of Thr41 

and Asp67 are remote from the other invariant residues, and are extensively involved in 

hydrogen bonds that link together different parts of the fold, suggesting that their role is in 

stabilization of the structure.  

3.3.5 Small Molecule Binding Sites  

Electron density maps showed two well-defined pieces of non-protein density that were 

likely to represent bound small molecule ligands.  There were six pieces of density per 

asymmetric unit, two per monomer.  The first, occupying a shallow pocket between the N-

terminus of helix H3 and a portion of the long S7-S8 loop near the monomer-monomer 

interface was interpreted as a bound tartrate ion on the basis of the excellent fit of tartrate 

to the density as well as the presence of 0.4-0.45 M tartrate in the crystallization medium 

(Figures 3.8, 3.10 and 3.11).  The refinement supported this assignment as all atoms 

assumed B factors that were similar to each other and similar to atoms in the surrounding 

protein structure (15–25 Å2).  

 
Figure 3.10: Stereoview of the tartrate electron density 

Electron density is shown in blue from a 2|Fo|-|Fc| map, contoured at 1.0�. The tartrate is shown 
in green and red inside the density. The figure was drawn using Pymol259  

The two carboxylate groups from tartrate showed several hydrogen bonds to the protein in 

all three monomers.  One of the carboxylate groups is positioned at the N-terminus of helix 

H3, hydrogen bonded to the free peptide NH groups of Gly78 and Ile81 and to a 

conserved, well-defined water molecule that bridges to Arg100 and Asp101 (Figure 3.11).  
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The other carboxylate group forms hydrogen bonds with Asn48 ND2, the peptide NH of 

Ser122 and the amino group of Lys124.  On the other hand the two tartrate hydroxyl 

groups make few hydrogen bonds.  One is hydrogen bonded to Asn48 ND2 and (in two out 

of the three monomers where this water is well defined) a water molecule that bridges to 

Lys52 NZ, but the other makes no hydrogen bonded interactions. 

 
Figure 3.11: Stereodiagram of the binding site for the tartrate molecule 

The hydrogen bonding interactions conserved for all three monomers between the tartrate, the 
protein and a conserved water molecule are shown by broken green lines. The figure was drawn 
using Pymol259. 

The second bound ligand (Figures 3.8 and 3.12) was first modelled as a urea molecule on 

the basis of its planar, somewhat triangular shape and the use of urea in the refolding of the 

expressed protein. However, refinement as urea left residual positive electron density, 

suggesting that this species was at least one atom longer.  When it is modelled as 

glyoxalate, the density is nicely accounted for, B values for all atoms are normal, and good 

hydrogen bond contacts are made with Arg27 NH1, Thr117 OG1, the peptide NH of 

Phe26, and several well defined water molecules. It is clear that this species has very 

similar shape and size to glyoxalate, and may indeed be glyoxalate, possibly derived from 

degradation of tartrate. The site it occupies is deep and highly positively charged at its 

entrance, suggesting a strong preference for anionic species, and is located at the inner end 

of the monomer-monomer interface, close to the hole through the centre of the trimer 

(Figure 3.12). 
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Figure 3.12: Electron density (A) and binding site (B) for the putative glyoxalate molecule  

The electron density shown in A is from a 2|Fo|-|Fc| electron density map, contoured at 1.0 � 
with the glyoxalate shown in green and red. In B, the hydrogen bonding interactions between the 
glyoxalate and protein are shown by broken yellow lines and the glyoxalate is shown in white 
and red. For both A and B the blue and yellow colours indicate adjacent monomers. The figures 
were drawn using Pymol259 

3.3.6 Binding Sites Suggested from in silico Analysis of the Rv3853 Structure   

The structure of Rv3853 was examined by in silico methods by collaborators, C. J. Morton 

and M. J. Parker at St Vincent’s Institute of Medical Research (Australia) in a search for 

potential binding sites268.  The experimental details are outlined in Johnston et al. 

(2003)269.  In brief, the Rv3853 model (minus the ligands) was subjected to analysis with 

the program SiteID, as contained in Sybyl 6.8 (Tripos Inc.)268,269.  From the sites identified, 

two regions were selected and subjected to in silico screening with Fred 

(http://www.eyesopen.com) with an in-house database of over 520,000 small 

molecules268,269.  The small molecule database was compiled from sources such as Sigma-

Aldrich, Interbioscreen, Maybridge, National Cancer Institute and Asinex, as well as HIC-

UP, which contains all the small-molecule structures in the Protein Data Bank268,269. 

The in silico SiteID analysis found nine binding sites distributed symmetrically round the 

trimer, three per monomer268,269.  Each set of three sites was found to be located in the 

groove at the monomer-monomer interface268,269.  The largest (Site 1, 28 Å3) is at the inner 

end of the interface, adjacent to the hole through the centre of the trimer268,269.  In the 

crystal structure this pocket is occluded by the glyoxalate molecule, which sits in the site 

entrance, leaving the majority of the volume unoccupied268,269.  This site is bounded by 

residues Cys22, Asp23, Leu24, Gln25, Phe26, Gln28, Lys113, Thr117 Asp151, Asp152, 
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Gly153, Ile154268,269.  Site 2 (16 Å3) corresponds to most of the acidic canyon, with 

contributing residues including Phe5, Pro7, Gln34, Asp101, Ala102, Ala103, Asp150, 

Asp151 and Asp152268,269.  Site 3 (14 Å3) is adjacent to Site 2 and is completely filled by 

the tartrate ion described above with the contributing residues including Asn48, Ala75, 

Leu76, Val77, Gly78, Ile81, Arg100, Lys121, Ser122 and Lys124268,269. 

Two regions around the above three sites, region 1 comprising sites 1 and 2 and region 2 

comprising site 3 and part of site 2, were then screened by our collaborators against their 

in-house database of small molecules268,269.  Region 1 gave hits with the best affinities with 

Screen Score values from –39.7 down to –35.7, corresponding to submicromolar 

affinities268,269.  Most of the hits for this region bound in the deep pocket of site 1, although 

some of them extended out of this pocket and interacted with residues from site 2 as 

well268.  This region showed a preference for planar, fused-ring systems, most containing at 

least one nitrogen atom, such as indole or nucleoside base derivatives268,269.  While the hits 

in region 2, around Sites 2 and 3 (Screen Score values of –37.6 to –27.9), suggested lower 

affinities, they were still high enough to suggest significant in vitro affinity of some 

ligands, again with a preference for planar, fused-ring compounds268,269.  The tartrate 

pocket (Site 3) was found to be poorly filled by many of the compounds, which preferred 

to bind beneath the pocket in a continuation of the groove between the monomers268,269. 

A subsequent docking of SAM into site 1 was undertaken by our collaborators268.  The 

docking experiment revealed that unlike most SAM binding protein complexes, where the 

specific interactions are mostly to the amino acid portion of SAM and the nucleotide region 

is not as tightly bound, in the docked SAM-Rv3853 complex the opposite was true 268.  In 

this complex the adenosine moiety docked into the site one pocket in a reproducible 

manner while the amino acid portion could be docked in various ways to interact with 

different parts of the protein on the inner surface of the trimer268.   
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3.4 Discussion  

What follows is a description of the efforts undertaken to uncover the function of Rv3853.  

First, the Rv3853 structure is compared with known SAM-dependent methyltransferases to 

address the question of whether Rv3853 is likely to be a methyltransferase.  Genetic 

studies relevant to the Rv3853 gene are then considered, followed by an analysis of 

functional clues obtained from the conservation of residues in the primary sequence.  This 

information is then combined with the knowledge about likely binding sites obtained from 

analysis of the Rv3853 structure.  To conclude, structural homologues, in particular the 

recent E. coli MenG structures (now annotated as RraA) are compared to Rv3853.  The 

RraA structure is significant as it is very similar to Rv3853 and provided a new functional 

annotation for this protein and exciting possibilities for future work. 

3.4.1 Is Rv3853 the Methyltransferase MenG? 

Prior to the start of this project, there was evidence to suggest that, despite the annotation, 

Rv3853 was not MenG.  Firstly, the annotation of the E. coli enzyme on which the Rv3853 

annotation was based was on a sequence motif that is not conserved within the family.  

Secondly, there was an accumulating body of experimental evidence to suggest that the E. 

coli UbiE and enzymes in other organisms sharing sequence homology to UbiE (but 

sometimes called MenG) could carry out the MenG methyltransferase reaction159,161-163.  

Thirdly, gram positive M. tuberculosis contains menaquinone as its sole quinone98 and yet 

contained an ubiE homologue (Rv0558) within its genome.  Fourthly, in other organisms 

such as E. coli and B. subtilis most of the menaquinone biosynthesis genes are clustered in 

the same region on a chromosome116,117,120,121,146,148 and while all the other menaquinone 

genes in M. tuberculosis are close together in the region Rv0534 to Rv0555 (and ubiE is 

Rv0558), Rv3853 is remote on the genome.  Lastly, analysis of the Rv3853 sequence 

revealed that it has none of the consensus sequence motifs that are associated with SAM-

dependent methyl transferases. 

So why study the structure of a protein of potentially unknown function?  It is possible that, 

despite the evidence above, Rv3853 was indeed MenG.  It is well documented that proteins 
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can show similarity at the structural level that is not apparent at the sequence level4,6,20,24-27.  

In the case of SAM-dependent methyltransferases, it is known that even with little 

sequence identity they generally share the same fold242.  This classical SAM 

methyltransferase fold belongs to the �/� fold family, containing a seven-stranded, mostly 

parallel, � sheet with three �-helices on either side242.  Depending on the type of substrate 

(i.e. whether it is an RNA or DNA methyltransferase, a protein methyltransferase, or a 

small-molecule methyltransferase), this common fold contains various modifications, 

especially (but not only) additions in the substrate binding C-terminal region242.  Another, 

and quite different, fold, the SET domain, is associated with SAM-dependent methylation 

of histones at lysine residues243,244,270.  This domain is small, rich in small antiparallel � 

sheets, contains conserved sequence motifs associated with its activity, and is often found 

as part of a multidomain protein243,244,270.  Other SAM-binding proteins include the cobalt 

precorrin-4 methyltransferase CbiF which has an �/� architecture with a different topology 

and manner of SAM binding271 to the classical fold described above and the C-terminal 

domain of methionine synthase, which is primarily �-helical, with a central bent 

antiparallel �-sheet272.  It was therefore possible that a structural comparison of Rv3853 

might reveal homology to one of these folds, not seen from analysis of its sequence alone.  

Furthermore, one of the goals of structural genomics is to determine function from 

structure, so that even if Rv3853 did not prove to be a SAM-dependent methyltransferase, 

the structure could supply clues to its real biochemical function.   

So what has been learned from the structure of Rv3853?  Analysis of the fold shows that it 

is not consistent with any of the folds associated with SAM-methyltransferase activity.  

In silico docking of SAM into the structure revealed that it did not appear to dock in such a 

way as to be consistent with known SAM binding modes in SAM methyltransferases268.  

Hence the structural evidence supported the view that Rv3853 is not a methyltransferase.  

The next challenge, then, was to use the structure of Rv3853, combined with sequence 

analysis and any other evidence available, to find clues to its biochemical function.  
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3.4.2 Clues to the Biochemical Function  

3.4.2.1 Genetic Studies  

So far the genetic studies undertaken have not given any clear indication of the function or 

significance of Rv3853 to M. tuberculosis.  In M. tuberculosis microarray studies 

undertaken in 2001, Rv3853 was found to be upregulated in both the wild type and sigE 

mutant strain (a mutant more susceptible to heat shock, SDS stress and various oxidative 

stresses), after 90 minutes of SDS induced stress132.  The level of Rv3853 upregulation in 

wild type did not meet the criteria to be significant but the level of upregulation in the 

mutant did132.  However the study focused specifically on genes regulated by SigE, 

expressing at lower levels in the mutant, so the significance of the upregulation of Rv3853 

was not addressed132.  In another microarray study of M. tuberculosis, this time of hypoxia-

induced/repressed genes, Rv3853 was found to be induced by a shift to low oxygen 

conditions but again the levels were not significant74.  In a further microarray study on 

genes up- or down-regulated in the nutrient starvation model of M. tuberculosis 

persistence, Rv3853 was found to be significantly down-regulated, at 24 h and 96 h 

starvation, which may reflect the general shutdown in metabolic and other processes 

observed during starvation68.  In a transposon mutagenesis study by Sassetti et al 

undertaken in 2003 to investigate genes essential to growth in M. tuberculosis it was 

predicted that Rv3853 was not likely to be essential134.  However this study only examined 

growth on defined media in laboratory growth conditions134 and did not investigate all 

environments likely to be encountered by M. tuberculosis.  

3.4.2.2 Clues from Sequence Homology 

Although the majority of Rv3853 homologues found by BLAST or PSI-BLAST analysis 

were annotated (prior to 2004) as putative MenGs, there were several exceptions that are 

more distant homologues.  These may assist in giving clues to the function of Rv3853.  

First, there are several multidomain proteins that incorporate an Rv3853-like domain.  

These can give clues to function because it is known that when two proteins are found 

fused together in one biological species, the single proteins in another species are likely to 

interact together and are often functionally related273.  Investigation of the 3-hexulose-6-
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phosphate proteins which contain a C-terminal Rv3853-like domain revealed that these 

particular proteins have no specific experimental functional annotation, and have probably 

been annotated based on their homology in the N-terminal region to the orotidine-5'-

monophosphate decarboxylase /3-hexulose-6-phosphate synthase associated domain 

(accession numbers: NC_000917.1 and NC_003901.1).  When a reciprocal BLAST search 

of the M. tuberculosis H37Rv genome is carried out with this sequence, no significant 

sequence homologue could be found in M. tuberculosis to the non-Rv3853 N-terminal 

region. Hence no functional information could be derived from this.   

A second multidomain protein, dlpA, also contains a C-terminal Rv3853-like domain 

which is combined with an N-terminal isocitrate/isopropyl malate dehydrogenase-like 

domain.  This has no true functional annotation, with the name dlpA (dehydrogenase-like 

protein) derived from its N-terminal domain.  A BLAST search of the M. tuberculosis 

H37Rv genome with the protein sequence of this N-terminal domain showed that there is a 

significant sequence match in the form of Rv2995c, annotated as LeuB, a probable 3-

isopropylmalate dehydrogenase involved in leucine biosynthesis.  However, because this 

sequence domain appears to be quite widespread over a range of proteins with different 

functions (e.g. isocitrate, isopropylmalate and tartrate dehydrogenases)249, and the dlpA 

protein has no functional annotation, this protein does not add significant information to 

the hunt for function of Rv3853.  It is interesting to speculate, however, that tartrate (or a 

tartrate-like molecule) may be significant, given that Rv3853 binds tartrate, and the dlpA 

has an N-terminal region that is related to dehydrogenases that bind tartrate-like 

molecules249, and a C-terminal region like Rv3853.  

Another more promising piece of evidence comes from the distant sequence homology to a 

set of aldolases (called ligK, pcmE and proA) from different species that have been 

experimentally annotated as cleaving the physiological substrate 4-carboxy-4-hydroxy-2-

oxoadipate to oxaloacetate and pyruvate250-253 (Figure 3.14).  For LigK and ProA the 

aldolase activity is dependent on divalent metal cations such as Mg2+, and the rate of 

reaction is enhanced by the presence of inorganic phosphate250,252.  The enzyme was found 

to be homohexameric based on molecular mass estimates250,252.  The step catalysed by 
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these enzymes is the last step of the 4, 5 protocatechuate degradation pathway250-253.  

Although these aldolase sequences do not have as low E values as the “MenG/Rv3853” 

like sequences they show ~25% sequence identity over most (~120 of the 157 residues) of 

the Rv3853 protein sequence.  The aldolases themselves are longer in sequence (200 to 250 

residues in length) with extensions on the C and N termini compared to the Rv3853 

sequence (Figure 3.13).   

An alignment of five aldolase sequences (refer to section 3.2.2 for more details on these 

aldolases) and five “MenG”-like sequences, including Rv3853 and its E. coli homologue 

are shown in Figure 3.13.  When the strictly conserved residue patterns are compared to 

that for the top 32 BLAST hits (Figure 3.9) it can be seen that Gly37, Thr41, Asn48, 

Gly61, Arg100, Gly128, Asp150 and Gly153 are conserved in both the top 32 alignment 

and this alignment with the aldolases.  This list includes several of the residues (Asn48, 

Arg100 and Asp150) that the structure identifies as possible candidates for catalytic and 

substrate binding residues in Rv3853.  Additionally, Asp47 and Gly144 are now also 

strictly conserved in the alignment of these 10 sequences.  Asp47 is conserved in over 90% 

of the sequences in the top 32 sequence, and Gly144 is conserved in over 80% of the 

sequences.  It is also worth noting that the residues equivalent to Asp101 (which is in the 

tartrate binding pocket of Rv3853) in Rv3853 are also conserved as Asp in the aldolase 

sequences.  This residue is conserved as Asp in only 75% of the top 32 BLAST sequences 

and conservatively substituted to Gln (19%) or Glu (6%) in the remaining sequences.  
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Figure 3.13: Multiple sequence alignment of 5 Rv3853 and 5 aldolase sequence homologues 

ClustalW187 was used for the alignment and the figure was generated using ESPript189. The 
totally conserved residues are shown with white text on a blue background and again in the 
consensus sequence below the alignment. The similar residue groups ((I/V), (L/M), (F/Y) and 
(N/Q/E/D)) which are 90% conserved over the aligned sequences are shown in red text on a 
yellow background. Each sequence is numbered at the side and there is a dot (.) above the 1st and 
then every 10th residue in the M. tuberculosis Rv3853 sequence. Mycobacterium tuberculosis 
(Rv3853), Mycobacterium leprae, Xanthomonas campestris, Escherichia coli, and 
Corynebacterium glutamicum “MenG” sequences were used.  PmdF from Comamonas 
testosteroni, ProA from Pseudomonas straminea, LigK from Sphingomonas paucimobilis, FldZ 
from Sphingomonas sp. and PcmE from Arthrobacter keyseri were the aldolase sequences. 

Based on the KEGG metabolic pathways database179, it appears that M. tuberculosis does 

not contain the enzymes in the 4,5 protocatechuate degradation, pathway so it is unlikely 

that Rv3853 is indeed this enzyme, but the conservation of residues within the aldolases 

that are also conserved in the top 32 BLAST matches suggests that some of these residues 
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may be involved in the enzyme function and that Rv3853 may catalyse a similar reaction.  

However it has not yet been ascertained which residues are involved in substrate binding or 

catalytic activity in the aldolases, so no extrapolations can be made at present.   

3.4.2.3 Clues from the Structure: Mapping Conserved Resides and Investigating the 

Binding Sites  

As discussed above, in silico analysis has revealed nine possible binding sites per Rv3853 

trimer (three per monomer).  All of these sites are located at the interface between two 

monomers and in the crystal structure there is a ligand associated with two of these sites.  

All of these sites have aspects that may make them functionally significant.  Although the 

tartrate binding site (site 3 in the in silico analysis) was not found to be an optimal binding 

site compared with site 1, it does contain two conserved residues (Asn48 and Arg100) 

which interact with the tartrate either directly or via a water and may be likely candidates 

for substrate binding.  These two residues are also totally (100%) conserved in the aldolase 

protein sequence alignment.  Asp101, conserved in 75% of the top 32 sequences and 

conservatively substituted to other polar residues in the remaining sequences, also interacts 

with the tartrate via water.  It is worth noting, as illustrated in Figure 3.14, that the 

substrate and products of the aldolase-catalysed reaction are not dissimilar from tartrate.  

Although the aldolase activity appears to be dependent on divalent metal cations such as 

Mg2+ 250 and no evidence for a metal ion binding site was found in the Rv3853 structure, 

this could be because of the presence of EDTA in the refolding and storage buffers. 
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Figure 3.14: Tartrate, aldolase substrate and aldolase catalysed reaction  

The substrate for the Rv3853-like aldolases (PcmE, ProA, LigK, and PmdF) is the L-isomer of 4-
carboxy-4-hydroxy-2-oxoadipate (also called 4-oxalocitramalate) which is cleaved to 
oxaloacetate and pyruvate250,252-254. ProA also shows some activity with the D isomer and the D 
and L isomers of 4-hydroxy-4-methyl-2-oxoglutarate (which are cleaved to pyruvate)252. The 
process has been shown to be dependent on divalent metal ions and inorganic phosphate250,252. 
Furthermore LigK has been shown to catalyse the decarboxylation of oxaloacetate to pyruvate250.  
The structure of tartrate is shown for comparative purposes. 

The large binding site (site 1) that is occluded by the glyoxalate in our structure appears to 

be the best binding site candidate for compounds containing fused heterocyclic rings, 

implying that it could bind species such as nucleotides or tryptophan side chains268.  The 

glyoxalate itself does not make any contacts with conserved residues and is probably an 

opportunistic ligand.  This site contains only one totally conserved residue (Gly153), which 

is probably not involved in catalysis or binding.  The hydrophobic residues Phe26 and 

Ile154 contribute to the site and have a high level of conservation, being substituted only 

by other hydrophobic residues.  The acidic canyon between the monomers (where site 2 is 

located) also has several conserved residues that could potentially be involved in catalysis 

or substrate binding, including Asp13, Arg100 (also in site 3), and Asp150.  Both Arg100 

and Asp150 are totally conserved in the aldolase protein sequence alignment as well.  The 



Chapter 3                                                                                                       Rv3853: “MenG” 
 
 
 

 
148 

hole in the trimer, and the location of site 1 suggest the possibility that a polymer chain, 

either single stranded DNA or RNA or a peptide, could thread through the hole (~8-10Å 

diameter) and bind specifically into that pocket. 

3.4.2.4 Clues from the Structure: Structural Homologues 

Prior to 2004, comparisons of the Rv3853 structure with the then structural database gave 

few clues to function. The only structural homologues that appeared to have possible 

functional significance were the enzyme I262 and pyruvate phosphate dikinase260 structures.  

In pyruvate phosphate dikinase the Rv3853-like phosphohistidine domain interacts with 

the ATP binding domain and is phosphorylated at His455 by ATP260.  The domain is then 

proposed to swivel and interact with a pyruvate binding domain, transferring the phosphate 

to pyruvate to form phosphoenol pyruvate260.  The reaction can also go in the reverse 

direction from phosphoenol pyruvate to synthesise ATP260.  In enzyme I or the E. coli 

phosphoenolpyruvate:sugar phosphotransferase system, the N-terminal Rv3853-like 

domain is phosphorylated by phosphoenolpyruvate at His189 and then transfers this 

phosphate to histidine containing phosphocarrier protein HPr262.  In both these cases the 

active site histidine is at the N-terminus of a helix corresponding to H4 in Rv3853, and is 

preceded by a loop that contains several conserved residues.  Although Rv3853 does not 

have a histidine residue in this position, and hence is unlikely to undertake histidine-

mediated phosphoryl transfer, the 100% conserved Arg100 (over 32 sequences from 28 

species) and highly conserved (in 75% of sequences) Asp101 do lie in the equivalent loop 

region.  It is also of note that in most of the structures with which the Rv3853 structure has 

homology, the matching region corresponds to a domain that is part of a larger protein and 

is involved in interactions with other proteins or domains.   

The situation changed in late 2003 with the deposition of the structure for experimentally 

annotated RraA (formerly E. coli MenG) into the PDB.  This structure overlays well with 

the Rv3853 monomer as expected given its ~45% sequence identity, and is also trimeric245.  

Furthermore this E. coli protein has an experimental functional annotation as a regulator of 

RNA degradation and is predicted to interact with RNaseE, a key component in the E. coli 

degradosome245,246. 
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3.4.3 The Structure of E. coli RraA: A Key Piece to the Puzzle  

3.4.3.1 The Annotation of E. coli MenG as RraA: A Background 

In mid 2003 several papers were published that shed new light on the likely function of 

Rv3853. The 2.0 Å resolution structure of the E. coli MenG was published245, along with 

another paper detailing the experimental characterisation of this protein as RraA: Regulator 

of ribonuclease activity A246.  The E. coli protein was originally isolated from a screen of 

genes that increased the synthesis of DsbC, whose transcript is very short-lived245.  The 

experimental characterisation showed that RraA binds to RNaseE (Ribonuclease E), 

inhibiting its RNA processing activity246.  The RNaseE from E. coli is a large (1016 

residues) multifunctional endonuclease that is implicated in RNA processing and consists 

of several domains 245.  There is an N-terminal catalytic domain that contains endonuclease 

and 3’ polyadenylase activity245, an arginine-rich central region that has RNA binding 

ability246,274, and a C-terminal domain that serves as a scaffold for assembly of the 

degradosome245,246.  The degradosome is a large multi-enzyme complex that includes the 

enzymes enolase, RhlB (the RNA helicase), polynucleotide phosphorylase (PNPAse), 

DnaK, GroEL and polyphosphate kinase275.  The investigations by Lee et al. showed that 

RraA enhanced the life of some mRNA transcripts, was able to bind to RNaseE and in 

binding RNaseE could inhibit its endoribonucleoside action246.  The investigations of the 

RraA/RNaseE interaction led to the conclusion that RraA is most likely to bind to the N-

terminal part of RNaseE, although the C-terminal domain seems to increase the binding 

affinity and ability of RraA to inhibit RNaseE activity246.  It also showed that RraA seemed 

to affect RNaseE activity using a mechanism independent of substrate binding as it did not 

appear to affect the ability of RNaseE to bind substrate and did not itself appear to bind to 

RNA246.  The authors speculated that the physiological significance of RraA could include 

rapid alterations in RNA decay or processing in response to certain environmental stimuli 

which have yet to be identified246.  

3.4.3.2 Structural Comparison of RraA and Rv3853: A New Functional Annotation! 

Like Rv3853, the E. coli RraA structure is a homotrimer, and both the monomer units and 

the trimer overlay well.  Any one of the three monomers in the asymmetric unit of Rv3853 
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can be superimposed on any of the three RraA monomers with rms differences in C� 

positions ranging from 1.02-1.12 Å (Figure 3.15).  Based on this structural similarity and 

the sequence conservation (45% identity), it is likely that Rv3853 can be annotated with 

the same function.  The structure of E. coli RraA did not contain any ligands in the sites 

found in Rv3853, and it was suggested that this was because the ligand binding residues 

between Rv3853 and RraA were not conserved245.  The residues Asn48 and Arg100 in the 

tartrate site are conserved and are in almost the same position, but an Asp in RraA 

(equivalent to Gly78 in Rv3853) clashes with the tartrate ion as it is positioned in Rv3853 

(Figure 3.16).  

RraA, unsurprisingly, has similar structural homologues to Rv3853.  The authors 

interpreted the structural similarity to the phosphohistidine domains of pyruvate phosphate 

dikinase and enzyme I as suggestive that RraA may interact with the enolase component of 

the degradosome245.  The rationale behind this is that the Rv3853-like domain in enzyme I 

and pyruvate phosphate dikinase interacts with a PEP/pyruvate binding domain where it is 

phosphorylated, and that this PEP/pyruvate binding domain is an eight stranded �/� barrel 

as is the enolase component of the degradosome245.  It is interesting to note that the OMP 

decarboxylase domain which has in several putative 3-hexulose-6-phosphate synthase 

proteins been combined with a Rv3853-like domain is likely to have a similar TIM barrel 

fold247,276.   

 



Chapter 3                                                                                                       Rv3853: “MenG” 
 
 
 

 
151 

 
Figure 3.15: Diagram of Backbone Overlay of the Rv3853 A Chain and the RraA C Chain 

The overlay was generated using SSM236, with an rms difference of 1.02Å over 152 matching C� 
pairs. The figure was drawn using Pymol259. The RraA monomer is shown in red and the Rv3853 
monomer in blue. The view in A is similar to that in figure 3.7A. The view in B is rotated 90º 
anticlockwise about an axis parallel with the page.  

 
Figure 3.16: Overlay of Rv3853 tartrate binding site and E. coli RraA 

E. coli RraA is shown in pink and Rv3853 in Blue. The tartrate is shown in white and red. 
Asp101 (Gln in RraA), Arg100 (Arg in RraA) and Asn48 (Asn in RraA) and a water from 
Rv3853 are labelled in blue. An Asp in the RraA structure (equivalent to Gly78 in Rv3853) 
clashes with the tartrate. Gly78 is conserved in 75% of the top 32 sequences and is either Asn or 
Asp in the remaining 25%. All 5 of the aldolase sequences have Gly in this position. 
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3.4.4 Summary 

The close sequence and structural correspondence between Rv3853 and E. coli RraA 

strongly implies that both have the same function.  There is still much to be learned, 

however, because the mechanism by which RraA acts has not fully been explored245.  

Although no catalytic activity has yet been found for E. coli RraA and it is known that it 

binds to RNaseE, it may still prove to be enzymatically active, and have some other 

primary function 245.  

The analysis of the Rv3853 structure in terms of structural homologues, mapping of 

conserved residues and binding sites, and analysis of the sequence homologues enables 

several educated guesses to be made about regions of functional significance in Rv3853.  

Firstly, the residues Arg100, Asp150, Asp13 and Asn48 (and possibly Asp101) have been 

identified as candidates for roles in substrate binding or in catalytic activity.  Given the 

homology with the aldolases, and the conservations of these residues, it is possible that 

Rv3853, if it does have catalytic activity, may catalyse a similar reaction.  Indeed the 

authors of the RraA structure do not rule out this possibility245.  The possibility that binding 

site 1 may bind a linear polypeptide strand takes on new significance in light of the 

information that this protein is likely to bind RNaseE.   

3.4.5 The Next Step: Future Directions  

Although it is likely that Rv3853 is indeed RraA, it would be desirable to confirm this with 

experimental proof.  The M. tuberculosis H37Rv contains an RNaseE homologue 

Rv2444c. This M. tuberculosis H37Rv RNase E is a type III RNaseE and has a slightly 

different arrangement of domains from that of E. coli (which is a type I RNaseE275), with a 

centrally located catalytic domain surrounded by the scaffolding region sequences on either 

side275. It may therefore interact differently with Rv3853 (presuming it is RraA).  Future 

work for Rv3853 could include obtaining experimental proof that Rv3853 interacts with 

the RNaseE homologue Rv2444c, locating where this interaction occurs and then trying to 

obtain a structure for a complex of the two in order to elucidate the molecular mechanism 

by which Rv3853 (presuming it is RraA) acts.  In order to also investigate the possibility 
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that Rv3853 catalyses a reaction similar to the aldolases, binding studies with compounds 

identical or similar to their substrate could also be undertaken.  

To conclude, solving the structure of Rv3853 has played a significant role in its 

reannotation as RraA.  Furthermore the structure has provided important information 

which can be used to direct future investigations into understanding the mechanism by 

which Rv3853 (RraA) acts. 
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C h a p t e r  4  

MENB 

4.1 Introduction 

Rv0548c was identified as MenB (1,4-dihydroxy-2-naphthoate synthase or naphthoate 

synthase) by sequence homology and shows a good sequence identity (~50%) to both the 

experimentally annotated B. subtilis and E. coli MenB enzymes.  MenB was first believed 

to be responsible for the reaction which formed 1,4-dihydroxy-2-naphthoic acid (DHNA) 

from the aromatic CoA ester of O-succinyl benzoic acid (OSB), but later work revealed 

that its true substrate was the aliphatic CoA OSB ester113,135,136,157,158.  More recent work in 

E. coli suggests, however, that the product of the MenB catalysed reaction is not DHNA 

but the CoA ester of DHNA97,277 (Figure 4.1), with another E. coli enzyme apparently 

responsible for cleavage of the CoA group97.  MenB is therefore more appropriately named 

1,4-dihydroxy-2-naphthoyl CoA synthase (DHNA-CoA synthase or naphthoyl-CoA 

synthase)97.  Confusingly, the enzyme that is proposed to undertake the CoA cleavage step 

has been referred to as MenH97 which is also a term used to describe the methyltransferase 

involved in the last step of menaquinone biosynthesis.  No candidate has yet been found for 

MenH (involved in the CoA cleavage step) in M. tuberculosis. 

The ring-closing reaction catalysed by MenB is thought to be an intramolecular Claisen-

like condensation277.  Work undertaken by Igbavoba and Leistener with enantiotopically 

labelled substrate determined the order and stereochemistry of the proton abstraction278.  A 

summary of this stereochemical information278 and the mechanisms for the ring closing 

reaction proposed by Meganathan97 and Truglio et al.277 is shown in Figure 4.2. The full 

structure of coenzyme A (CoA) is given in Figure 4.3. 
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Figure 4.1: Partial reaction scheme showing the role of MenB in menaquinone biosynthesis 
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Figure 4.2: Summary of proposed MenB-catalysed reaction mechanism 

The mechanism shown above is based on those proposed by Igbavboa and Leistner (1990)278, 
Meganathan (2001)97 and Truglio et al. (2003)277. H-Acid and H-ProtonShuttle refer to proton 
donors which may be supplied by the enzyme. As in other members of the crotonase superfamily, 
the thioester enolate anion is stabilised by the enzyme through residues that form an “oxyanion” 
hole279. 
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Figure 4.3: The structure of coenzyme A 

When this work began, structures were known for several proteins that shared between 25-

28% sequence identity with Rv0548c (MenB).  These enzymes, enoyl-CoA hydratase 

(crotonase)280, dienoyl-CoA isomerase281, 4-chlorobenzoyl-CoA dehalogenase282 and 

methylmalonyl-CoA decarboxylase283, share the same fold.  Except for the dehalogenase, 

which is a trimer, they also share the same hexameric quaternary structure280-283.  They are 

collectively classified as members of the crotonase superfamily.  The crotonase 

superfamily is known to catalyse a wide variety of reactions which have in common the 

binding of a CoA-linked substrate and the stabilisation of an enolate anion involving a 

thioester carbonyl via a region termed the oxyanion hole279,284,285.  Two consensus 

sequences for the regions surrounding the oxyanion hole residues in this superfamily have 

been identified279, although there are several members of the crotonase superfamily that are 

exceptions.  The recently solved structure of the enzyme 6-oxo camphor hydrolase showed 

it to be a member of the crotonase superfamily286; it does not appear to bind a CoA-linked 

substrate but does stabilise an enolate anion intermediate286.  There is also a structure for a 

divergently related member of the superfamily, Clp protease, which does not bind to a 
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CoA-linked substrate either, but does stabilise a tetrahedral anion intermediate287.  

Reactions catalysed by a number of members of the crotonase superfamily are shown in 

Figure 4.4. 

 
Figure 4.4: Selected reactions of members of the crotonase superfamily 

Shown above are the reactions carried out by the enzymes enoyl CoA hydratase (crotonase)280, 
�

3,�2-enoyl-CoA isomerase288, �
3,5,�2,4-dienoyl-CoA isomerase281, 4-chlorobenzoyl-CoA 

dehalogenase282, methylmalonyl-CoA decarboxylase283, 2-ketocyclohexanecarboxyl hydrolase289 
and 6-oxo camphor hydrolase286. Note: R=fatty acid (alkyl) chain of varying length and 
saturation. 
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Experimental Overview 

MenB was thought to be a good target for structural analysis because of its importance to 

menaquinone biosynthesis and because there were no structurally characterised enzymes 

that catalysed this particular reaction.  Knowledge of the details in the active site would be 

useful in understanding the mechanism of reaction on a molecular level.  The expressed 

His-tagged protein was soluble at 24°C, but after initial purification proved to be prone to 

precipitation.  Crystals obtained using one method of purification (method A) gave a 

structure at 2.15 Å resolution, termed the MenB_P43212 model, which was solved by 

molecular replacement.  Several regions of the protein, including parts of the active site 

and the C-terminus, could not be modelled in this structure.  Attempts to grow more 

crystals from protein purified by this method met with limited success, and other avenues 

were explored.  Protein was subsequently purified using two slightly different methods, 

and diffracting crystals were obtained from both.  The crystals grown from method B 

purification were diamond-shaped, diffracted at best to 3.1 Å, and were somewhat 

ambiguous as regards their true space group.  Further characterisation of the solution 

behaviour of His-tagged MenB, by dialysis into various buffers as well as native-PAGE 

analysis, assisted in the development of method C.  The crystals grown from this method 

were very similar to those from method A and several data sets were obtained, including 

one of a crystal soaked in its product DHNA-CoA (otherwise known as naphthoyl-CoA).  

This resulted in the 2.3 Å resolution C2 structure termed the MenB_C2-NCoA model, 

which contained density for the CoA portion of naphthoyl-CoA in one of its monomers and 

a complete C-terminus that was missing in the other models.  During the final stages of 

refinement of this last model another structure of Rv0548c (MenB) was published by a 

group in the United States who also reported site directed mutagenesis results that 

identified two residues essential to MenB function.  Comparison of this structure with 

those produced by this study is presented here. 
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4.2 Methods and Results 

4.2.1 A Note About Methods 

What follows is a summary of the methods and results for work undertaken on MenB.  The 

methods used: bioinformatics analysis, DNA manipulation, protein expression and 

purification, crystallisation and crystallography are discussed in greater detail in Chapter 2. 

4.2.2 Bioinformatics Analysis 

In the initial BLAST analysis over 100 protein sequence alignments above an E value 

threshold of 0.001 were found for Rv0548c (MenB).  This number has now increased to 

over 500.  It includes alignments to the experimentally annotated E. coli MenB with 48% 

identity over residues 29-312 of the Rv0548c sequence (E value 1 x 10-61) and B. subtilis 

MenB with 50% identity over residues 49-313 (E value 1 x 10-64).  In 2000 there were three 

sequence homologues of Rv0542c represented in the PDB and by 2002 when the first 

diffracting crystals were obtained there were five (not including mutants or inhibitor-bound 

structures of the same enzyme).  These are listed in Table 4.1.   

Name of Sequence Homolog in PDB PDB 
Code 

E 
value 

Aligning 
Residuesa  

Identity 

2-Enoyl-CoA hydratase (crotonase)280 1DUB 1 x 10-18 37-303 28% 
Methylmalonyl-CoA decarboxylase283 1EF8 4 x 10-13 50-307 25% 
AUH proteinb(binds to single stranded 
RNA)290 

1HZD 1 x 10-13 41-303 24% 

4-Chlorobenzoyl-CoA dehalogenase282  1NZY 3 x10-10 40-266 26% 
Dienoyl-CoA isomerase281 1DCI 2 x 10-7 48-303 23% 
aRefers to the residues of the Rv0542c sequence 
bNote: The function of AUH protein has recently been discovered to be 3-methylglutaconyl-CoA 
hydratase291,292 
Table 4.1: Sequence homologues of Rv0542c in the PDB (found by BLAST analysis) in 2002 

4.2.3 Primer Design, PCR amplification and Cloning 

Primers contained NcoI (forward primer) and HindIII (reverse primer) restriction sites.  

The PCR amplification (annealing temperatures 63.8°C and 67.1ºC) produced several 

bands, with a major band running near the 1000bp marker in the DNA ladder.  This 
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matched the size expected for the amplified fragment containing MenB (Rv0548c) at 

989bp.   

The Rv0548c (MenB) PCR product of the correct size was purified, digested with NcoI and 

HindIII, ligated into pre-digested pProEX Hta vector, and transformed into 

electrocompetent XL1 blue E. coli cells.  This proved to be successful, with diagnostic 

digests of plasmid DNA isolated by DNA-miniprep confirming the presence of an insert of 

the expected size.  DNA sequencing (both in the forward 5’ and the reverse 3’ direction) of 

a concentrated sample of this clone confirmed that the DNA sequence of the whole insert 

region, once converted to a protein sequence, matched the whole 314 residues of the 

published MenB protein sequence and the sequence of the vector His-tag.  

Refer to Chapter 2 sections 2.2.2-2.2.10 for more experimental details. 

4.2.4 Protein Expression and Solubility Tests for His-tagged MenB 

Plasmid DNA (pProEX Hta-menB) was transformed into BL21 pRI cells and small scale 

expression and solubility tests were carried out in a similar manner to those described in 

sections 2.3.3.3 and 2.3.4.  The particular expression and solubility tests undertaken for this 

protein are listed in Table 4.2, with conditions giving soluble protein shown in blue.  
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Temperature Buffer Conditions 
37ºC 50 mM HEPES pH 8.0, 150 mM NaCl, 1 mg/mL lysozyme 

50 mM HEPES pH 8.0, 200 mM NaCl, 1 mg/mL lysozyme (Buffer 1 in 
Figure 4.5) 
50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM EDTA, 1 mg/mL lysozyme 
(Buffer 2 in Figure 4.5) 
50 mM Tris-HCl, pH 7.5, 2 M NaCl, 5 mM EDTA, 1 mg/mL lysozyme 

25ºCa 

20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM EDTA, 0.2% (v/v) NP40,  
1 mg/mL lysozyme 
50 mM NaAcetate, pH 5.0, 50 mM NaCl, 1 mg/mL lysozyme  
50 mM MES, pH 6.0, 50 mM NaCl, 1 mg/mL lysozyme 
50 mM Tris-HCl, pH 7.0, 50 mM NaCl, 1 mg/mL lysozyme 
50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mg/mL lysozyme 
50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 5 mM EDTA, 1 mg/mL lysozyme 

24ºCa 

 
 

50 mM Tris-HCl, pH 9.0, 50 mM NaCl, 1 mg/mL lysoszyme 
50 mM Tris-HCl, pH 8.0, 250 mM NaCl, 10 mM imidazole,  1 mg/mL 
lysozyme 

24ºCa 

 
50 mM Tris-HCl, pH 9.0, 250 mM NaCl, 10 mM imidazole,  1 mg/mL 
lysozyme 

aEach set of the lysis buffer tests sharing the same temperature row used a sample from the same culture 
Table 4.2: Expression and solubility tests for His-tagged MenB  
Conditions giving soluble protein are shown in blue and the final IPTG concentration used for 
induction of protein expression was 0.8 mM in all cases.   

The initial expression and solubility tests undertaken at 37ºC showed that while there was 

an overexpressed band at the expected size for His-tagged MenB (37.8 KDa), the protein 

was insoluble.  Tests at the lower temperatures (25ºC/24ºC) revealed that the protein was 

partially soluble (in most cases at least ~50%) in most of the conditions trialled.  Analysis 

of the solubility at 25ºC /24°C in various buffers showed that;  

• the solubility was considerably better in the Tris-based lysis buffers than in those 
containing HEPES (Figure 4.5), 

• low or moderate salt concentrations were preferable to high salt (2 M) concentrations,  

• the presence or absence of EDTA appeared to make little difference to solubility,  

• neutral or alkaline pH (pH, 7, 8, 9) was equally successful and preferable over acidic 
pH, in which the protein was mostly insoluble, 

• the addition of 10 mM imidazole to the lysis buffer made no difference to solubility. 
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A 50 mM Tris-HCl pH 8.0 buffer containing 10 mM imidazole and 150 mM NaCl was 

chosen as the lysis buffer for scale-up expressions and preparative purifications. This 

particular NaCl concentration was selected as it was intermediate between the two most 

successful salt concentrations trialled with the Tris-HCl buffer (Table 4.2). 

 
Figure 4.5: Solubility and expression tests undertaken at 25ºC for His-tagged MenB 

The gel is from SDS-PAGE. There is a band at about the size expected for His-tagged MenB 
(37.8 kDa) in the induced whole cell pellet (I). This band appears in the insoluble and soluble 
fractions of the induced cell lysate for both lysis buffers (Ins1, Sol1, Ins2, Sol2). There is a 
greater amount in the soluble fraction (Sol2) in the second Tris-containing lysis buffer solution 
compared with the HEPES-containing lysis buffer solution. 

4.2.5 Large Scale Expression and Initial Protein Purification 

Large scale expression of His-tagged MenB was undertaken using 1 L cultures of BL21 

pRI cells containing the pProEX Hta-menB plasmid.  The large scale expressions were 

undertaken in a manner detailed in section 2.3.5.  The cultures were grown at 37ºC for 5-6 

h, transferred to 24°C and cooled for 1 h before expression was induced with IPTG (0.8-

0.85 mM final concentration).  After an overnight incubation at 24ºC the cells were 

harvested by centrifugation.  The resulting bacterial pellets were then lysed by sonication 

in 30 ml of a 50 mM Tris-HCl pH 8.0 buffer containing 150 mM NaCl, 10 mM imidazole, 
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RNase (1 mg), DNase (0.2 mg) and 10 mg/mL lysozyme (section 2.3.6).  In all 

purifications apart from batch 1, a complete EDTA-free protease inhibitor tablet was added 

to the lysis buffer.   

The overexpressed His-tagged MenB from the scale-up expressions proved to be over 70% 

soluble as estimated visually by SDS-PAGE analysis.  The crude soluble protein was 

purified by IMAC (section 2.3.9.2) in 50 mM Tris-HCl pH 8.0 150 mM NaCl with a 

gradient of imidazole.  The protein remained soluble during this purification step.  The 

protein behaved unusually, however, in that it stuck very firmly to the IMAC column, not 

eluting until the imidazole concentration was in the range of ~450 to 750 mM.   

4.2.6 Further Protein Purification 

When the protein was first purified, IMAC purification was followed by size exclusion 

chromatography.  However, a significant portion of the protein then started to precipitate 

immediately after size exclusion chromatography.  Due to this behaviour and subsequent 

findings a total of three slightly different approaches have been used, at different times, to 

further purify/prepare His-tagged MenB protein for crystallisation.  These three different 

approaches are termed methods A, B and C. 

4.2.6.1 Method A 

As stated above, initially the resulting His-tagged MenB protein eluted from the IMAC 

column was purified by size exclusion chromatography and this comprises the approach 

taken in method A.  In this case the His-tagged MenB eluted from the IMAC column was 

pooled and concentrated (to about 2 mL at ~2 mg/mL) before being purified in tandem 

runs (500 µL aliquots/run) on a Superdex 200 10/30 size exclusion column (pharmacia) in 

buffer comprising 50 mM Tris-HCl pH 8.0, 150 mM NaCl.  The protein was eluted in 

1 mL aliquots and each tube was retained separately.  The protein that did not precipitate 

was separated from precipitated protein, characterized by SDS-PAGE and dynamic light 

scattering, concentrated and used in crystallization trials.  Each concentrated tube of 

soluble protein for a particular batch was given a batch identifier (e.g. 1A, 1B, etc.).  The 

precipitated protein was also characterised by SDS-PAGE. 
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SDS-PAGE analysis of the soluble protein showed it to be mostly pure, with a major band 

at 37 kDa and a minor band at 35 kDa (Figure 4.6) and similar results were observed for 

the precipitated protein.  Dynamic light scattering of the soluble protein gave promising 

results suggesting a monodisperse solution (Cp/Rh of 10-15%).  Rectangular plates and 

square block shaped crystals, resulting from the initial purification by this method (protein 

batch 1C), gave the initial C2 data set and the subsequent high resolution synchrotron 

P43212 data set and hence the 2.15Å MenB_P43212 model.  These crystals took several 

weeks to grow and appeared stable visually for a long time (over 1 year).  When a second 

batch of protein was prepared by this method, not only did more protein precipitate out, 

compared with the previous batch, but in the first crystallization trials no crystals were 

formed unless Mg2+ was added to the drops, upon which small irregular shaped crystals 

formed.  Subsequent trials with another fraction of protein produced these small irregular 

shaped crystals irrespective of the addition of Mg2+.  In addition to this, the protein 

solutions from this batch showed different dynamic light scattering properties, with a much 

smaller MW estimate obtained from the hydrodynamic radius in light scattering 

experiments (Table 4.3).  Due to the significant loss of protein upon purification and the 

lack of reproducibility in crystallisation, a different approach was taken.  

 
Figure 4.6: Method A purification protocol. 

The gels shown are from SDS-PAGE of the first method A purification. Method A starts with an 
IMAC purification step where protein of the expected size for His-tagged MenB (37.8kDa) elutes 
in a high imidazole concentration. This protein is pooled and then purified by size exclusion 
chromatography. Note the presence of a minor band (~35 kDa) just below the major band 
(which runs at the 37kDa marker).  
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4.2.6.2 Method B 

In the second approach, the protein initially purified by IMAC was not subjected to a 

second purification step.  This approach was justified by SDS-PAGE analysis of the 

protein after IMAC which suggested that the protein was of a similar purity to the protein 

resulting from size exclusion chromatography (i.e. the protein ran mostly as one band at 

37 kDa, with a minor band at ~35 kDa).  Furthermore, analysis by dynamic light scattering 

gave promising results (Cp/Rh values 15-18%) suggesting a monodisperse solution.  The 

fractions of His-tagged MenB protein eluted from the IMAC column were therefore 

retained separately and the imidazole concentration was lowered to less than 5 mM by 

several rounds of dilution (into 50 mM Tris-HCl, pH 8.0, 150 mM NaCl) and 

concentration.  In addition to characterising each fraction by SDS-PAGE prior to buffer 

exchange, each protein fraction was also characterized before and after buffer exchange by 

dynamic light scattering and native-PAGE (Table 4.3). 

In some cases with this method, protein tended to precipitate during buffer exchange and 

concentration, although the amount of protein lost varied from fraction to fraction and 

batch to batch.  After buffer exchange and concentration, the dynamic light scattering 

results were quite poor, suggesting possible aggregation (Cp/Rh 42-59%).  However the 

protein readily crystallized, in some cases overnight, and generally within two weeks.  The 

resulting diamond-shaped crystals were of reasonable size, but turned brown over a matter 

of several weeks to two months.  Crystals grown under oil from one protein fraction 

prepared by method B (batch 3B) (Figure 4.9) gave all of the data sets collected for this 

method.  However these crystals only diffracted to moderate resolution (3.05 Å at best).  

SDS-PAGE analysis (Figure 4.7) of a protein fraction from a later preparation (batch 4D), 

which had a particular problem with precipitation following buffer exchange and 

concentration, showed that there were significantly lower amounts of full length protein 

(37 kDa band).  In comparison, the small band at ~35 kDa, which after IMAC or size 

exclusion chromatography was a minor impurity, appeared to be enriched.  This suggested 

that perhaps the lower molecular weight band was more stable during buffer exchange and 

became enriched by this method.  Because of the difficulties encountered, and the fact 
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these crystals were primarily required for substrate soaks, where high resolution data are 

required, it was decided to try a different approach.  

 
Figure 4.7: Comparison of protein by SDS-PAGE before and after buffer exchange 

The gel shown is from SDS-PAGE. Lane 22b is a fraction from IMAC purification and Lane 4D 
is the same protein fraction after buffer exchange and concentration as described for method B.  

4.2.6.3 Native Gel Analysis  

At the time the second protein batch was produced, analyses by native-PAGE were 

initiated, in addition to the characterization by SDS-PAGE and dynamic light scattering.  

This revealed that the His-tagged MenB protein taken directly from IMAC ran as two very 

close bands on a 10% native-PAGE gel, with different fractions containing different ratios.  

Once the protein had been purified by size exclusion chromatography (method A) it either 

ran as a mixture of these two bands (referred to as bands 1 and 2) or as a diffuse lower 

band (band 3) (Figure 4.8).  Protein subjected to buffer exchange using a concentrator 

(method B) always ran as either the diffuse lower band (band 3) or a distinct sharper lower 

band (band 4) (Figures 4.9 and 4.10).  This change in banding pattern appeared to be due 

to the buffer exchange undertaken in method B and not the concentration process.  

Concentrated protein that had not been buffer exchanged using method B was able to retain 

the band1/band2 native-PAGE banding pattern (Figures 4.8 and 4.10).  
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Figure 4.8: Native-PAGE analysis of protein prepared by method A  

The gel shown is from native-PAGE. Lanes 2A and 2C correspond to two different fractions of 
protein prepared by method A (i.e. after size exclusion chromatography). 2A runs as two bands 
(band 1, the upper band, and band 2, the lower band). 2C runs as a diffuse band referred to as 
band 3. The protein originated from the same pool prior to size exclusion chromatography, and 
both fractions looked similar by SDS-PAGE analysis after size exclusion chromatography (see 
inset). 

 
Figure 4.9: Native-PAGE analysis of protein prepared by method B 

The gel shown is from native-PAGE. The lane labelled 9 is a protein fraction after IMAC 
purification. The lanes labelled 3B are fraction 9 after buffer exchange and concentration (at 
three different concentrations). In 9 the protein runs on native-PAGE as two bands (bands 1 and 
2 as seen in Figures 4.8, and 4.10).  After buffer exchange and concentration (3B lanes) this 
same fraction runs as a long diffuse band (referred to as band 3, as seen in Figures 4.8 and 
4.10). 3BC1  corresponds to the protein whose crystals gave all the diffraction data sets collected 
for this method.  

Once IMAC became the only purification step and smaller fraction sizes were collected, it 

became clear that there was a trend.  As the imidazole concentration (and hence elution 

time) increased, the fractions showed an increase in the band 1 population and a decrease 

in the band 2 population.  It was also observed that fractions could contain band 1 alone or 

a mixture of band 1 and band 2, but there were no fractions where band 2 alone was 

present.  Later experiments (discussed below) showed that increasing the imidazole 
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concentration in a fraction could change the band 2 population in that fraction to band 1, 

but not the converse. This observation sparked the development of method C. 

It should be noted that no clear correlation could be found between the amounts of bands 1 

and 2 on a native gel and the presence of the minor ~35 kDa band in SDS-PAGE gels.  The 

latter remained at a reasonably constant level over most of the fractions, but did tail off 

toward the last fractions (Figure 4.11).  Later results showed that dialysis into different 

imidazole concentrations affects the ratio of the two native-PAGE bands but not the ratio 

of the 37 and ~35 kDa bands seen by SDS-PAGE. 

4.2.6.4 Method C 

The approach to protein preparation taken in method C is the simplest of the three 

approaches, and is the one used in the later preparations.  Here the fractions of His-tagged 

MenB protein eluted from the IMAC column were small (generally 0.5 mL), retained 

separately, concentrated and used directly for crystallisation trials.  The protein was 

characterized by dynamic light scattering, native-PAGE (Figure 4.11), SDS-PAGE 

(Figure 4.11) and given a batch identifier.  The relative amounts of bands 1 and 2 on 

native-PAGE were recorded for each protein fraction prior to the protein fraction being 

used for crystallization. 

Dynamic light scattering results showed that this protein solution was monodisperse 

(Cp/Rh of 15-18%) and SDS-PAGE results were comparable with those for protein 

purified by method A (i.e. a major 37 kDa band with a minor ~35 kDa) band.  An 

advantage of this method was the increased stability of this protein when imidazole was 

present.  The crystals grown from this method took several months to grow, were mostly 

thick rectangular plates and appeared to be stable (visually) for a long time (over 1 year).  

A rectangular crystal from the first protein fraction prepared by this method (batch 3D), 

characterized as containing mostly band 1 by native-PAGE (Figure 4.10), gave the 2.0 Å 

C2 Imz data set and subsequent MenB_C2-Imz model.  A rectangular crystal from a 

protein fraction of a later preparation (batch 5t36), characterized by the presence of both 
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band 1 and 2 by native-PAGE (Figure 4.11), and soaked in naphthoyl CoA, gave the 2.3 Å 

C2 NCoA data set and subsequent MenB_C2-NCoA model. 

 
Figure 4.10: Native-PAGE analysis of protein prepared by method B or method C  

The gel is from native-PAGE. Lane 3B is for reference and corresponds to lane 3BC1 in Figure 
4.9. The next three lanes (2/3, 3C and 3E) all originate from the same protein fraction, treated in 
different ways. Lane 2/3 is fraction 2/3 from IMAC and the protein runs as bands 1 and 2. Lane 
3C is a concentrated sample of fractions 2/3 (method C) and also runs as bands 1 and 2. Lane 3E 
is a buffer exchanged and concentrated sample of fractions 2/3 (method B) and runs as a sharp 
lower band (band 4). The last three lanes on the gel (10, 3D and 3F) all originate from the same 
protein fraction, treated in different ways. Lane 10 is fraction 10 from IMAC purification and 
runs mostly as band 1. Lane 3D is a concentrated sample of fraction 10 (method C) and also 
runs as band 1. Lane 3F is a sample of fraction 10 after buffer exchange and concentration 
(method B) and while most of this protein was lost by precipitation, a small amount running as 
band 1 remains. Protein in lane 3D is the protein which gave crystals from which the 2.0 Å C2 
Imz data was collected.  
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Figure 4.11: A method C purification  

The gels shown are from both SDS-PAGE and native-PAGE analysis of the IMAC purification 
for a later preparation of His-tagged MenB protein (batch 5). The protein runs on native-PAGE 
as different ratios of bands 1 and 2 with band 1 becoming predominant in the later fractions. The 
lysis buffer is Tris-HCl pH 8.0, 150 mM NaCl, 10 mM imidazole with lysozyme, DNase and 
RNAse. The lanes labelled 29-49 in the native and SDS-PAGE gels are fractions from the elution 
step with the same number on each gel being the same fraction. In method C, all the fractions 
are analysed and concentrated individually for crystallisation. The lane labelled 36 corresponds 
to batch 5t36 prior to concentration and is the protein which was used to grow the crystals from 
which the 2.3 Å C2 NCoA soak data were collected.  

4.2.7 Protein Purification and Characterization Summary 

Table 4.3 gives a summary of the protein purification and characterization.  There is at 

least one representative for each method and all batches which produced crystals for which 

diffraction data was collected are shown. 
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DLSa Method Batch 
Id. 

Final 
Conc.  
(mg/mL) 

Conc.d 

( mg/mL) 
Cp/Rh 

(%) 
MWe 

(kDa) 

Native
-

PAGE
b 

Crystal 
 

Datac 

1 12.5 303 A 1B 6 
After 
conc. 

10.9 321.1 
- 
 

Yes  - 

A 1C 8 1 12.3 338 - Yes *2.7Å initial C2 
data 
*2.15Å P43212 data 

A 2A 11 1 9.6 204 1,2 
(50:50) 

No -unless 
Mg2+ 
added 

- 

1 10.3 202 A 2C 8.5 
After 
conc. 

18 214 
3 Yes - 

1 21 263 1,2 
(60:40) 

- - B 3B 11 

After BufXf 42 300 3f Yes *diamond data 
B 4D 2.3g - - - 4 No - 
C 3D 10 1 32 348 1 Yes *2.0 Å C2 Imz data 
C 5t36 11 1 15.4 248 1,2 

(60:40) 
Yes *2.3Å C2 NCoA 

data 

C 5t29 6 1 18 210 1,2 
(15:85) 

No - 

C 5t41 11 1 18 273 1, 2 
(95:5) 

Yes - 

aDynamic light scattering 
bKey: 1= top band, 2 = lower band, 3 = diffuse, lowest band/s, 4 = sharp, lowest band;  (X:Y) ratio of  band 1 
to 2 estimated by eye   
cCrystallographic data obtained from this protein batch 
dDynamic light scattering unless otherwise stated was done with fractions eluted from either column at around 
1 mg/mL (After conc. refers to light scattering undertaken on a concentrated  protein sample) 

eMolecular weight estimated from hydrodynamic radius  

f After buffer exchange and concentration via method B  

gAn SDS gel of this protein after buffer exchange using method B indicated that the major band was ~35 kDa. 
Furthermore the protein concentration remained low due to difficulty with protein precipitating  
Table 4.3: Protein purification and characterisation summary 

4.2.8 Protein Microdialysis Experiments 

Native-PAGE analysis of the protein eluted from IMAC purification showed two bands 

(Figure 4.12), the ratio of which varied over the elution range, with band 1 becoming 

predominant at the higher concentrations of imidazole.  This banding was not 

concentration-dependent and did not alter in the presence of reducing agent (�-

mercaptoethanol).  Microdialysis studies were used to investigate the behaviour of His-

tagged MenB placed into increasing concentrations of imidazole and investigate the 
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solubility of His-tagged MenB.  Protein fractions eluted from the IMAC column (in 50 mM 

Tris-HCl pH 8.0, 150 mM NaCl and ~400-700 mM imidazole) were used in all of these 

experiments, with the same fraction being used for each set of experiments.  The 

experiments involved placing a small sample of protein into 30 µL microdialysis buttons, 

which were then covered in dialysis membrane and dialysed into a range of buffers: 

• To test the protein solubility under different conditions, the following buffers were 

used: (50 mM Tris-HCl pH 8.0); (50 mM Tris-HCl pH 8.0, 150 mM NaCl); (H2O); 

(50 mM Tris-HCl pH 9 150 mM NaCl); (50 mM Tris-HCl pH 7 150 mM NaCl); 

(50 mM Tris-HCl pH 8 500 mM NaCl). 

• To test the behaviour of the protein in different concentrations of imidazole the 

following buffers were used: (50 mM Tris-HCl pH 8.0, 150 mM NaCl with 20 mM 

imidazole, 135 mM imidazole, 250 mM imidazole, 363 mM imidazole, 445 mM 

imidazole, 512 mM imidazole, 550 mM imidazole, 625 mM imidazole, 804 mM 

imidazole, 1000 mM imidazole). 

The dialysis was undertaken at 4°C for two days.  The protein was then scored for 

precipitate and either extracted and characterized by SDS and native-PAGE, or dialysed 

into another buffer, scored for precipitate and then characterized in the same way.  In all 

cases a control comprising protein in its original buffer from the fraction being tested was 

also run concurrently in the SDS and native PAGE experiments (section 2.3.14.4).  

The microdialysis experiments investigating the effects of imidazole concentration, 

coupled with native-PAGE analysis, revealed that protein fractions containing band 2 on 

native-PAGE could be completely converted into band 1 by dialysis of the protein into the 

same buffer solution, differing only in having a higher concentration (at least 625mM) of 

imidazole (Figure 4.12).  Dialysis of protein fractions converted to the top species (band 1) 

by dialysis, or fractions eluted from the column solely as the top species (band 1), into a 

very similar buffer solution with a lower imidazole concentration did not result in any 

conversion back to the bottom species (band 2), however.  
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Figure 4.12: Microdialysis experiment varying the concentration of imidazole 

The gels shown are from SDS-PAGE (A) and native-PAGE (B). Samples of fraction 32 (from 
IMAC purification) were dialysed into the same buffer containing varying imidazole 
concentrations. By native-PAGE (B) the protein is initially (as eluted –refer to lane 32) a mixture 
of band 1 and 2. The amount of band 2 decreases in the samples that have been dialysed into 
high concentrations of imidazole and disappears in the two highest imidazole concentrations. In 
contrast the ratio of the 37kDa to the ~35kDa band seen by SDS-PAGE analysis shows no such 
trend. 

The other issue that was addressed using microdialysis was the loss of protein solubility 

when the imidazole was removed, either by buffer exchange (as in method B) or by size 

exclusion chromatography (as in method A).  Investigations here revealed that dialysis of a 

protein fraction into a buffer solution that was similar (i.e. 50 mM Tris-HCl pH 8.0, 150 

mM NaCl), but with less than 135 mM of imidazole, resulted in a precipitate that could be 

redissolved on dialysis back into the buffer with higher imidazole concentrations or into 

H2O.  Varying the pH from 7 to 9 did not stop the precipitation.  Dialysis of the eluted 

protein into solutions containing no salt (50 mM Tris-HCl pH 8.0 only), or into water 

resulted in no precipitate, and the protein retained the same ratio of band 1 to band 2 
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species by native-PAGE analysis as it did before the dialysis (Figure 4.13).  It was noted 

that protein fractions containing mostly band 2 by native-PAGE analysis were slightly 

more soluble upon dialysis into lower imidazole concentrations than those with only band 

1, in which all the protein precipitated.  

 
Figure 4.13: Microdialysis experiment to test solubility 

The gels shown are from SDS-PAGE (A) and native-PAGE (B). Samples of fraction 34 (from 
IMAC purification) were dialysed into different solutions. Fraction 34 eluted from the column 
was in 50 mM Tris-HCl pH 8.0 150 mM NaCl and ~500 mM imidazole. Dialysis into 50 mM 
Tris-HCl pH 7.3, 8.0 or 9.0 and 150 mM or 500 mM NaCl (lanes C, D, E, F) results in the 
majority of the protein precipitating. Upon dialysis into water or Tris-HCl pH 8.0 with no salt 
and no imidazole, the protein does not precipitate and appears to run identically by native-PAGE 
and SDS-PAGE analysis as it did prior to dialysis (refer lanes 34, A, B). 
 
SDS-PAGE analysis was undertaken to confirm that no changes had occurred in the size of 

the protein and that conversion from band 2 to band 1 on exposure to higher imidazole 

concentration did not result in any shift between the ratios of the 37kDa and ~35kDa bands 

observed by SDS-PAGE.  In most cases the protein ran identically prior to dialysis as it did 
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post-dialysis (Figures 4.12A and 4.13A).  The only exception to this was when protein had 

been lost by precipitation. 

4.2.9 N-terminal Sequencing and Mass Spectral Analysis  

Several His-tagged MenB samples from IMAC fractions of a later preparation (batch 5) 

were analysed by mass spectral analysis.  Furthermore, the 37 kDa and ~35 kDa SDS-

PAGE bands of several fractions were also submitted for N-terminal sequencing, as 

described further in sections 2.3.14.1 and 2.3.14.2.   

The mass spectral analysis showed that there was a major sharp peak corresponding to the 

size of the full-length protein, within experimental variation (expected: 37.78 kDa; found 

(range for several fractions): 37.74-37.54 kDa) and a small broad peak centred just before 

35kDa (34.23-35.09 kDa).  The sequence of the first 6 N-terminal residues for the 37kDa 

SDS-PAGE band agreed with the sequence of the first 6 residues of the His-tag from His-

tagged MenB without the first methionine.  The sequencing results for the ~35 kDa band 

were ambiguous, however, suggesting that perhaps several species with different N-

terminal sequences were present in this band.  This has not been explored any further at 

this stage. 

4.2.10 Crystallisation Experiments  

4.2.10.1 A General Overview 

Protein produced by method A was used in the first crystal trials and fine screens and in the 

initial diffraction experiments.  Difficulties in handling subsequent method A batches, and 

reproducing the same quality crystals, led to the adoption of an alternative approach to 

preparing protein for crystallisation (method B).  Method B crystals were grown in the 

same conditions found for method A crystals (0.2 M EPPS, pH 7.9, 13-20% mPEG 5000) 

and were reproducible. Various protein concentrations and ratios for these crystals were 

tested, as was the addition of reducing agent.  These crystals were also used for substrate 

soaks and co-crystallisation experiments.  Due to the poor diffraction quality of the method 

B crystals, however, another approach to preparing protein for crystallisation (method C) 

was undertaken.  Crystals from this method were grown using the same conditions as 
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before, and proved to be reproducible. They were used in substrate soaks and co-

crystallisation experiments.  

4.2.10.2 Identification and Refinement of Crystallization Conditions 

Initial large screens (Hampton I and II, PEG, Crystool 020) were undertaken in 96-well 

format at 18°C using 1 µL protein solution (6-9 mg/mL in 50 mM Tris-HCl, pH 8.0 150 

mM NaCl) and 1 µL precipitant solution (sections 2.4.1 and 2.4.4).  Screens around 

conditions that gave initial crystals were then undertaken using hanging drop format with 

24-well plates at 18°C (section 2.4.2).  Table 4.4 shows the nine initial conditions that 

gave crystals in 96-well sitting drop format.  Only two of these, i.e. 1.1 M Li2SO4, 0.1 M 

Tris-HCl pH 8.5 and 0.2 M EPPS pH 7.9, 13-20% mPEG 5000, could be reproduced upon 

screening around the conditions in 24-well hanging drop format.   

aA modified version of this condition (Li2SO4  with Tris-HCl pH 8.5) was tested which gave crystals 
Table 4.4: Initial successful crystallisation conditions 

Of the two reproducible conditions, 0.2 M EPPS/KOH pH 7.9, 14-20% mPEG 5000 gave 

the best (diffracting) crystals.  In general, the best MenB crystals were grown by mixing 

protein solution (6-11 mg/mL protein in 50 mM Tris-HCl pH 8.0, 150 mM NaCl - and in 

the case of method C protein, at least 450 mM imidazole) with precipitant solution (0.2 M 

EPPS, pH 7.9 13-20% mPEG 5000), using a protein-to-precipitant ratio of between 1:1 and 

1.5:1 (protein: precipitant) and a total drop size of 2-5 µL.  For example, the crystals that 

were used to collect data were grown in 0.2 M EPPS/KOH pH 7.9 with;  

• 15% mPEG 5000 (1 µL + 1 µL drop) - the crystal for the 2.7 Å C2 initial model 

Condition Initial Crystals  Source Reproducible 
1.19M KCl, 0.1 M MES pH 5.5 Crystool 020 No 
30% w/v PEG 4000, 0.2 M Li2SO4, 0.1 M Tris-HCl pH 
8.5  

Hampton No 

35% Dioxane Hampton No 
0.98 M (NH4)2SO4, 0.1 M Tris-HCl pH 8.5  Crystool 020 No 
0.89 M Li2SO4; 0.1 M MOPS pH 7.5 Crystool 020 Yesa 
30% w/v PEG-MME 2000; 0.1M Na-Citrate pH 6.5 PEG No 
NaCl 2.59 M, 0.1 M MES pH 5.5 Hampton  No 
39% w/v PEG 400; 0.1 M Na-Citrate pH 5.5 PEG No 
7% w/v mPEG 5000, 0.2 M EPPS/KOH pH 7.9  PEG Yes 
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• 16% mPEG 5000 (1 µL + 1 µL drop) - the crystal for the 2.15 Å P43212 model  

• 15% mPEG 5000 (3 µL + 2 µL drop) - the P4132 diamond models 

• 14% mPEG 5000 (3 µL + 2 µL drop) - the crystal for the 2.0 Å C2 Imz model  

• 20% mPEG 5000 (1 µL + 1 µL drop) - the crystal for the 2.3 Å C2 NCoA soak model 

In most cases, the hanging drop technique was used, except that for the method B diamond 

crystals only those grown using the batch technique (section 2.4.3), which were about 

twice as large as those grown by hanging drop, showed diffraction.  This technique was 

used extensively to grow method B crystals. 

4.2.10.3 A Summary of Crystal Morphology 

Due to the range of crystal morphologies observed, Table 4.5 has been included to give a 
representative (but not exhaustive) summary. 

Method Batch 
Id. 

Techniquea Morphology Other 
 

A 1C 24-well 
 hanging drop 

-Rectangular plates 
-Blocksb 

 

- Crystals took ~3 weeks to grow 
 Datasets Collected: 
- 2.7Å Initial C2 data (crystal frozen 1 day after 
seen) from a rectangular plate crystal  
- 2.15Å P43212 data (crystal frozen 7 weeks after 
seen) from a block crystal 

A 2A 24-well  
hanging drop 

-Thin feathery plates - No crystals unless Mg2+ added 

A 2C 24-well 
 hanging drop 

-Small hexagonal plates 
-Thin feathery plates 
-Small half moon shapes 

- 
 

24-well 
 hanging drop 

-Diamondsb/pyramids 

 

-Crystals were fast growing (12 h-2 weeks) and 
turned brown within 2-6 weeks 
-Crystals did not diffract X-rays 

B 
 

3B 

Oil batch -Diamonds/pyramids 
-Small hexagonal plates 

-Crystals were fast growing (12 h-2 weeks) and 
turned brown within 3-6 weeks 
-All diamond method B data was collected from 
these crystals (the best crystals diffracted to 3.1 
Å) 

C 3D 24-well  
hanging drop 

-Rectangular platesb 

 

- Crystals took ~2-4 months to grow 
- The 2.0Å C2 Imz data) was collected from one 
of these crystals (frozen 4 months after first seen) 

C 5t36 24-well  
hanging drop 

-Rectangular  plates -Crystals took ~2 months to grow 
- The 2.3Å C2 NCoA data collected from one of 
these crystals (frozen 2 weeks after seen)   

aAll crystals were grown in 0.2 M EPPS, pH 7.9 with varying amounts of mPEG 5000 (13-20%) 
bThe morphology highlighted in bold corresponds to the picture shown 
Table 4.5: A summary of crystal types observed  
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4.2.10.4 Soaking and Co-crystallisation Experiments 

The substrate for MenB is unstable and is not commercially available.  The compounds 

used in soaking and co-crystallization experiments (Figure 4.14) were chosen primarily 

because they resembled either the substrate or the product of the MenB reaction.  

Naphthoyl-CoA, the likely product of the MenB reaction was also used.  All compounds 

apart from naphthoyl-CoA (which was provided by collaborators in the United States) 

were obtained commercially.  

 
Figure 4.14: Compounds used in soaking and co-crystallization experiments 

In this figure -SCoA stands for Coenzyme A, the structure of which is given in Figure 4.3. 

4.2.10.4.1 Method B crystals 

A. Co-crystallisation Experiments 

Solutions of 9.9 mM Acetyl CoA were made up in precipitant solution (0.2 M EPPS pH 

7.9, 15% mPEG 5000) mixed with protein prepared by method B (batch 3B) (11 mg/ml in 

50 mM Tris-HCl, pH 8.0, 150 mM NaCl) in a 1:1 ratio under oil.  Data were collected 

from one of the resulting crystals (to 3.05Å resolution). 
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B. Soaks  

Crystals grown from batch 3B protein were transferred to an artificial mother liquor (0.2 M 

EPPS pH 7.9, 15% mPEG 5000) containing one of the following compounds at the stated 

concentrations; 1,4 dihydroxy-2-naphthoic acid (DHNA); 2.4mM; 2-acetyl benzoic acid, 

30 mM; and menadione 2.5 mM; suspension.  The crystals were soaked for seven days, 

before being flash frozen.  Diffraction data were then collected (to between 3.1 and 4Å 

resolution).  

4.2.10.4.2  Method C Crystals 

A. Co-crystallisation Experiments 

Small amounts (10-20 µL) of protein prepared by method C (6-11 mg/ml in 50 mM Tris-

HCL, pH 8.0, 150mM NaCl, 450-750 mM imidazole) were mixed with an excess of one of 

three compounds: 1,4-dihydroxy-2-naphthoic acid (DHNA), naphthoyl-CoA (NCoA –the 

CoA ester of 1,4-dihydroxy-2-naphthoic acid) or 2-acetyl benzoic acid.  The compounds 

were added as solids instead of making a concentrated stock solution, as only a small 

amount of NCoA was available and at least one of the compounds, DHNA, appeared 

unstable once in solution especially at high concentrations.  The protein-ligand solution 

was then mixed with 1-2 µL of the precipitant solution (0.2 M EPPS pH 7.9, 12-20% 

mPEG 5000) and crystallisation trials were set up.  The only crystals observed were those 

from the naphthoyl CoA co-crystallisation experiments which, when tested, did not show 

any diffraction. 

B. Soaks 

A crystal grown from batch 5t36 in 0.2 M EPPS pH 7.9, 20% mPEG 5000 was soaked for 

3.5 min in cryoprotectant (mother liquor, 0.5 M imidazole, 15% MPD) containing 13 mM 

naphthoyl-CoA (NCoA) prior to flash freezing of the crystal.  Data to 2.3 Å resolution 

were collected on a naphthoyl-CoA soaked crystal, resulting in the MenB_C2-NCoA 

model.  Subsequent soaking experiments using a higher naphthoyl-CoA concentration 

resulted in loss of diffraction.   
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4.2.11 X-ray Data Collection  

Data were collected at 110 K with crystals that had been soaked in cryoprotectant (mother 

liquor plus 15% MPD) and frozen, either in a stream of cold N2 gas or directly into liquid 

N2 (sections 2.5.2 and 2.5.3).   

4.2.11.1 Data Collection from Method A Crystals  

An initial 2.7 Å data set from a rectangular protein crystal, from protein batch 1C was 

collected with CuK� radiation (� = 1.5418) using a Rigaku RU-H3R X-ray generator 

equipped with focusing mirrors and a Mar 345 imaging plate detector.  The crystal proved 

to be monoclinic, space group C2 (form1) with cell dimensions as in Table 4.6.  A higher 

resolution data set, to 2.15 Å resolution, was collected from a block shaped crystal, using 

synchrotron radiation (� = 1.1000 Å) at the M. tuberculosis Structural Genomics 

Consortium facilities at the NSLS (beamline X8C), Brookhaven, U.S.A, by Dr. Li-Wei 

Hung and Dr. Leonid Flaks.  These crystals proved to be tetragonal, space group P43212, 

with unit cell dimensions as in Table 4.6, and are referred to as form 2. 

4.2.11.2 Data Collection from Method B “Diamond” Crystals 

A. Native 

Two data sets, to 4.2 Å and 3.8 Å resolution, from different diamond shaped crystals (all 

grown from protein batch 3B) were collected with CuK� radiation (� = 1.5418) using a 

Rigaku RU-H3R X-ray generator equipped with focusing mirrors and a Mar 345 imaging 

plate detector.  Subsequently, a higher resolution data set, to 3.1 Å resolution, was 

collected with synchrotron radiation (� = 1.1000 Å) at the M. tuberculosis Structural 

Genomics Consortium facilities NSLS at Brookhaven U.S.A. by Dr. Li-Wei Hung.  These 

three data sets were all processed in space group P4132 and the cell dimensions for the high 

resolution data set crystal, are given in Table 4.6.  These crystals are referred to as form 3. 

B. Co-crystals and Soaked Crystals  

Data sets for diamond crystals (grown from protein batch 3B) soaked in menadione, 1,4-

dihydroxy-2-naphthoic acid or 2-acetyl benzoic acid and co-crystals with acetyl-CoA were 
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collected (cubic P4132, 3.05 - 4.10 Å) with synchrotron radiation (� = 1.0000 Å) at 

Stanford beamline 9-2.  These crystals were all form 3 (Table 4.6).   

4.2.11.3 Data Collection from Method C Crystals 

A. Native Crystals  

Data to 2.0 Å resolution were collected from a rectangular plate crystal, grown from 

protein batch 3D, using synchrotron radiation (� = 0.8452Å) at the M. tuberculosis 

Structural Genomics Consortium facilities NSLS (beamline X8C) at Brookhaven USA by 

Li-Wei Hung.  The crystal proved to be monoclinic, space group C2 (Form 1), with cell 

dimensions as in Table 4.6.   

B. Soaked Crystal 

Two data sets, to 2.6 Å and 2.3 Å resolution, were collected from a rectangular plate 

crystal, grown from protein batch 5t36, soaked in naphthoyl CoA using CuK� radiation 

(� = 1.5418) from a Rigaku RU-H3R X-ray generator equipped with focusing optics and a 

Mar 345 imaging plate detector.  The crystal proved to be monoclinic, space group C2 

(Form 1), with cell dimensions as in Table 4.6. 
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4.2.11.4 Summary of the Various Crystal Forms of MenB  

Table 4.6 gives an overview of the crystal forms from which diffraction data were 

collected focusing on the data sets that were used in subsequent structure determination. 

Crystal 
Form 

Method (batch id.)a 
& Notes 

Symmetry, Space Group  
(Resolution) & 

Cell Dimensions 

Model 
Produced  

A (1C) Monoclinic, C2, (2.7 Å) 
a = 111.31 Å, b =115.57 Å, c = 88.57 Å 

� =123.51º 

MenB_C2-Initial  

C (3D) 
Imidazole present 

Monoclinic, C2, (2.0 Å) 
a =112.23 Å, b = 115.12 Å, c = 89.31 Å 

� = 123.46º 

MenB_C2-Imz  

Form 1 
Rectangular 
plates 

C(5t36) 
Imidazole present 
Soaked in Naphthoyl CoA 

Monoclinic, C2, (2.3 Å) 
a = 112.11 Å, b = 114.82 Å, c = 87.97 Å 

� = 123.36º 

MenB_C2-NCoA 

Form 2 
Blocks 

A (1C) Tetragonal, P43212, (2.15 Å) 
a = b = 80.31 Å, c = 257.55 Å 

MenB_P43212  

Form 3 
Diamondsb 

B (3B) Cubic, P4132, (3.05-4 Å) 
a = b = c = 143.92 Å 

MenB_Diamond  

aRefers to the method used to prepare protein for crystallisation and the batch identifier given to that particular 
fraction of protein used.  
bThe diamond crystals are a special case, discussed further below 
Table 4.6: Crystal forms of MenB from which diffraction data were collected 

4.2.12 Data Processing from Method A and C Crystals  

Table 4.7 gives the processing statistics for the data collected from method A and C 

crystals, and a brief description of the data processing method is given below.  For more 

experimental detail on data processing refer to section 2.6.1.  The method B diamond 

crystals are a special case, and are addressed in Section 4.2.15.  

The first data collected from a method A rectangular plate crystal (2.7 Å, C2 initial data) 

were processed and scaled in space group C2.  The crystal parameters were determined, 

and images indexed and integrated using DENZO194.  These were subsequently scaled and 

the crystal parameters refined using SCALEPACK194.  The high resolution dataset from a 

method A block crystal (2.15 Å, P43212) was received already processed (by DENZO) and 

scaled (by SCALEPACK) in the space group P41212/P43212.   
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The high resolution synchrotron data from the native method C rectangular plate crystal 

(Imz dataset, 2.0 Å, C2) were received already processed (by DENZO194) and scaled (by 

SCALEPACK194).  Both data sets collected from the NCoA soaked method C rectangular 

plate crystal (the first to 2.6 Å, the second to 2.3 Å) were processed separately using 

DENZO194 in space group C2.  They were then scaled together using SCALEPACK194, to 

give the final data set (NCoA soak data set, C2, 2.3 Å). 

a This data was received scaled and the mosaicity has been refined in blocks of 15 or 25 frames 
bThe number in brackets is for the highest resolution shell  
Table 4.7: Data processing statistics for method A and method C crystals 

The Rmerge in the outer shell is high in most cases, but the redundancy (multiplicity) is also 

high, and this is known to increase Rmerge
196.  An I/�I value greater than 2 and preferably 

above 3 was used instead of Rmerge to select the high resolution cut-off.   

Parameter Initial C2 
Data 

P43212 Data C2 Imz Data C2 NCoA 
Soak Data 

Resulting Model MenB_C2-Inital MenB_P43212 MenB_C2-Imz MenB_C2-NCoA 

Crystal type Rectangular 
plate 

Block Rectangular 
plate 

Rectangular 
plate 

Space group C2 P43212 /P41212 C2 C2 

Cell dimensions a = 111.31 Å 
b =115.57 Å 
c = 88.57 Å 
� =123.51º 

a = b = 80.31 Å 
c = 257.55 Å 

a =112.23 Å 
b = 115.12 Å 
c = 89.31 Å 
� = 123.46º 

a = 112.11 Å 
b = 114.82 Å 
c = 87.97 Å 
� = 123.36º 

Vm  (Å3/Da) 2.1 1.8 2.1 2.1 

Molecules/asymmetric 
unit 

3 3 3 3 

Mosaicity (deg.) 0.91 0.36-0.49a 0.39-0.88a 0.73 

Resolution Range(Å)b 25.0-2.7 
(2.80-2.70) 

30.0-2.15 
(2.23-2.15) 

50.0-2.0 
(2.07-2.0) 

25.0-2.3 
(2.38-2.30) 

No. measured reflections 193323 454665 232116 647330 

No. unique reflectionsb 25664 (2537) 47221 (4635) 63413 (5745) 41361 (4070) 

Rmerge
b 0.094 (0.464) 0.114 (0.772) 0.074 (0.474) 0.139 (0.635) 

Multiplicity 7.5 9.6 3.7 15.6 

Completeness (%)b 100 (100) 100(99.9) 98.8 (89.7) 99.9 (99.3) 

Mean I/�b 23.7 (4.5) 22.6 (3.0) 19.1 (2.25) 18.8 (3.0) 



Chapter 4                                                                                                                         MenB 
 
 
 

 
185 

4.2.13 Method A and C Crystals: Structure Solution and Refinement  

4.2.13.1 An Overview 

 
Figure 4.15: Models built and refined using data collected from method A and C crystals 

This flowchart summarises in chronological order the model building and refinement 
undertaken using data sets from crystals grown from method A or method C protein.  The 
building and refinement of the four different models highlighted in grey boxes is discussed in 
greater detail below. 

 

 

 

2.7Å Initial C2 Dataset  

Molecular Replacement Using the 
Crotonase Trimer as a Search Model 

Partial Building and Refinement of the MenB_C2-Initial 
Model (R = 0.410, Rfree = 0.430) 

Initial Model Used as a Search Model in Molecular 
Replacement with the 2.15 Å P43212 Data set 

ARP/wARP Autobuilding, Building and 
Refinement of the MenB_P43212 Model  

Final R =0.203 Rfree = 0.231 
PDB Deposition of Model 

Coordinates  

Partially Refined P43212 Model Used as a Search Model 
in Molecular Replacement with the 2.0 Å C2 Imz Data  

Partial Building and refinement of the MenB_C2-Imz 
Model (R = 0.226 Rfree = 0.252) 

Imz Model Used as a Search Model in Molecular 
Replacement with the 2.6 Å C2 NCoA Soak Data  

Building and Refinement (to 2.3 Å) of the  
MenB_C2-NCoA Model  

Final R =0.197 Rfree = 0.225 
PDB Deposition of Model 

Coordinates  
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4.2.13.2 The MenB_C2-Initial Model (2.7Å) 

The MenB_C2-Initial model was derived from the 2.7 Å resolution C2 data set that was 

obtained from a rectangular plate-shaped crystal.  The crystal had been grown using protein 

purified by method A.  Matthews coefficient197 analysis suggested there were three 

molecules in the asymmetric unit; Vm = 2.1 Å3/Da (40.8% solvent).  Molecular 

replacement was then tried using both MolRep213 and AMoRe215,217, with a range of 

sequence homologues (enoyl-CoA hydratase280, methylmalonyl-CoA decarboxylase283, 4-

chlorobenzoyl-CoA dehalogenase282, dienoyl-CoA isomerase281) as search models.  These 

had 25-28% sequence identity to MenB.  A molecular replacement solution was obtained 

using AMoRe215,216, and the trimer of enoyl-CoA hydratase280 as a search model.  Three 

very close-scoring solutions were found, consistent with the use of a homotrimer as a 

search model.  The top three solutions had modest correlation coefficients (CC) and R 

factors (CC = 0.233-0.231; R = 0.535-0.533, for data between 4 and 25 Å) but promisingly 

were significantly higher than the next solution (CC = 0.136, R = 0.567, for data between 4 

and 25 Å).  The packing generated by these solutions was examined in O203 and no clashes 

were observed.  With the application of crystallographic symmetry, the trimer formed a 

hexamer which could be described as a back to back dimer of trimers, consistent with the 

common quaternary arrangement of known crotonase superfamily structures279-

281,283,284,290,293.  

The model was then subjected to several iterations of manual model building in O203 and 

refinement using CNS202.  CNS was also commonly used to generate electron density maps 

although in some cases Prime and Switch electron density maps were also generated using 

RESOLVE219.  A summary of the model building and refinement procedure and progress is 

given in Table 4.8.  For greater experimental detail on molecular replacement, model 

building and refinement procedures used, refer to sections 2.6.3 and 2.6.4. 

 

 

 



Chapter 4                                                                                                                         MenB 
 
 
 

 
187 

Model Building and Refinement of the MenB_C2-Initial Model 
CYCLE 1 
CNS Refinement: Rigid body refinement and simulated annealing using tight NCS 
restraints.  (Final R = 43.9% and Rfree = 48.9%) 
Maps and Building: Electron density maps were generated (CNS sigmaA-weighted 2|Fo|-
|Fc| and |Fo|-|Fc| maps and a RESOLVE Prime and Switch map) and then manual model 
building was undertaken in O. During building, residues from the solution model that did 
not match observed density were replaced or removed and regions of the correct sequence 
were matched to the observed density. 
CYCLE 2 
CNS Refinement: Rigid body refinement and simulated annealing refinement using 
restrained NCS. (Final R = 40.0% and Rfree = 47.3%) 
Maps and Building: Electron density maps were generated (as for cycle 1) and another 
round of model building (as for cycle 1) was undertaken in O. 
CYCLE 3 
CNS Refinement: Simulated annealing refinement with the B chain only using strict NCS 
followed by regeneration of the trimer. (Final R = 41.0% and Rfree = 43.0%) 
Maps and Building: Generation of electron density maps (CNS sigmaA-weighted 2|Fo|-
|Fc|, |Fo|-|Fc| and composite omit maps). Density modification was also undertaken and a 
FOM-weighted Fourier-synthesis electron density map generated using the modified 
phases. A minor amount of model building (as for cycle 1) was undertaken in O. 
Table 4.8: Model building and refinement of the MenB_C2-Initial model  

After step 3, the trimeric “initial model” (R = 0.41, Rfree = 0.43) was used as a molecular 

replacement model for the P43212 synchrotron data and no further refinement was 

undertaken.  Later, the higher resolution P43212 model was used as a search model back 

into the initial data set.  The solution was then refined in CNS by rigid body refinement and 

simulated annealing.  This showed that the resulting model was much improved compared 

with the earlier one (R = 28.9% Rfree= 31%).  CNS was then used to generate sigmaA-

weighted 2|Fo|-|Fc| and |Fo|-|Fc| maps, which were visually examined.     

4.2.13.3 Higher Resolution MenB_P43212 Model (2.15 Å) 

The MenB_P43212 model was derived from the 2.15 Å resolution P43212/P41212 data set 

collected from a block-shaped crystal.  The crystal had been grown using protein purified 

by method A.  Matthews coefficient197 analysis suggested there were either two (Vm = 

2.8 Å3/Da; solvent content 54.9%) or three molecules (Vm = 1.8 Å3/Da; solvent content 

32.3%) in the asymmetric unit.  As space groups P41212 and P43212 cannot be 
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distinguished by diffraction symmetry, molecular replacement was carried out in both 

space groups using MolRep213.  The 2.7 Å MenB_C2-Initial model (both a monomer and 

the trimer) after cycle 3 refinement (Table 4.8) was used as the search model.  No 

convincing molecular replacement solution was found when using a monomer as the 

search model, but when the trimer was used a solution was found.  Of the two possible 

space groups, P43212 and P41212, the molecular replacement solution for P43212 was 

clearly superior (R = 0.485; CC = 0.461, for data to 3 Å) to that for P41212 (R = 0.544; 

CC = 0.299, for data to 3 Å), confirming the space group as P43212.  For greater 

experimental detail on molecular replacement procedures used see all sections in 2.6.3. 

The model was subjected to a round of rigid body refinement, followed by simulated 

annealing in CNS202 (R = 44.1%, Rfree= 46.0%), before being used for autobuilding with 

ARP/wARP218,220.  The model built by ARP/wARP, which comprised 557 out of the 942 

residues of the MenB trimer, then underwent a round of manual model building in O203 

using the electron density map generated by ARP/wARP (a sigmaA weighted 2|fo|-|fc| 

map).  After this step the model comprised 660 residues.  Five iterations of refinement in 

CNS, with manual model building in O were then undertaken and as outlined in Table 4.9.  

During CNS refinement and map generation both an anisotropic initial B factor correction 

and bulk solvent correction were applied to the data.  The electron density maps used for 

the manual model building (sigmaA-weighted 2|Fo|-|Fc|, |Fo|-|Fc|229 and composite omit 

electron density maps230) were generated using CNS.  In general the 2|Fo|-|Fc| and 

composite omit maps were contoured at 1.0 � for model building and the |Fo|-|Fc| map at 

3.0 and -3.0 �.  In the later stages of refinement, PROCHECK231 and SFCHECK232 from 

CCP4198 were used to check the model quality and fit to the electron density.  For greater 

experimental detail on model building and refinement procedures used, refer to all sections 

in 2.6.4, 2.6.5 and 2.6.6. 
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Model Building and Refinement for the MenB_P43212 Model 
CYCLE 1 
CNS Refinement: Rigid body refinement followed by simulated annealing and individual 
B factor refinement using tightly restrained NCS. (R = 27.1%, Rfree = 29.0) 
Maps and Building: Manual model building in O using CNS generated electron density 
maps (sigmaA-weighted 2|Fo|-|Fc|, |Fo|-|Fc| and composite omit maps).  After this round 
the model comprised 715 residues.  
CYCLE 2 
CNS Refinement: Simulated annealing, followed by individual B factor refinement, 
gradient energy minimization, automated water picking and another round of individual B 
factor refinement.  In this round of refinement the weight on the NCS restraints was 
lowered compared to the previous round.  (R = 21.4%, Rfree = 24.0%) 
Maps and Building: Model building (including water editing) in O using CNS generated 
electron density maps (as for cycle 1).  After this round the model comprised 722 residues 
and 212 water molecules. 
CYCLE 3 
CNS Refinement: Simulated annealing refinement with low NCS restraints. (R = 22.1%, 
Rfree = 25.1%) 
Maps and Building: Model building in O using CNS generated electron density maps (as 
for cycle 1).  After this round the model comprised 719 residues, 212 water molecules and 
1 EPPS molecule in 3 different conformations (built into extra density at the centre of the 
trimer). 
CYCLE 4 
CNS Refinement: Gradient energy minimization, occupancy refinement (for the ligand 
molecule only) and individual B factor refinement. (R = 20.6%, Rfree = 23.5%) 
Maps and Building: Generation of CNS sigmaA-weighted 2|Fo|-|Fc|, |Fo|-|Fc| electron 
density maps followed by running of PROCHECK and SFCHECK.  Minor changes were 
then made to the model in O. The model now comprised 717 residues, 212 waters and 1 
EPPS molecule in 3 conformations. 
CYCLE 5 
CNS Refinement: Gradient energy minimization and individual B factor refinement 
(R = 20.3%, Rfree = 23.1). 
Maps and Building: Generation of electron density maps (as for cycle 4) followed by 
running of PROCHECK and SFCHECK and model checking in O. 
DEPOSITION 
CNS was used to generate a model and a structure factor file compatible for deposition.  
The model was then deposited on hold at the PDB238 (code 1RJM).  The final model had 
717 residues, 212 water molecules and 1 EPPS molecule in 3 conformations.  

The final R = 20.3% and Rfree = 23.1 % 
Table 4.9: Model building and refinement for the MenB_P43212 model 
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4.2.13.4 The MenB_C2-Imz Model (2.0 Å) 

The MenB_C2-Imz model was derived from the 2.0 Å C2 data set obtained from a 

rectangular plate-shaped crystal that was grown using protein purified by method C.  

Matthews coefficient197 analysis suggested there were three molecules; Vm = 2.1 Å3/da 

(41.6% solvent) in the asymmetric unit.  The MenB_P43212 model trimer after the cycle 2 

building step (Table 4.9), comprising 722 residues, was used as a search model in 

molecular replacement.  A solution was found using MolRep213 (R = 0.314; CC = 0.741, 

for data to 4 Å).  The solution then was then subjected to simulated annealing refinement in 

CNS202 before being used for autobuilding with ARP/wARP218,220.  As ARP/wARP only 

built 627 residues of the 942 possible, while the input model had 722 residues, the 

molecular replacement solution model was used for rounds of model building in O203 and 

refinement in CNS, as outlined in Table 4.10.  During CNS refinement and map generation 

both an anisotropic initial B factor correction and bulk solvent correction were applied to 

the data. The electron density map generated by ARP/wARP was used in the first round of 

manual building along with the maps generated by CNS.  For further experimental detail 

see sections 2.6.3 and 2.6.4. 

Model Building and Refinement for the MenB_C2-Imz Model 
CYCLE 1 
CNS Refinement: Simulated annealing using low NCS restraints (R = 29.4% 
Rfree = 32.8%). 
Maps and Building: Manual model building using CNS generated electron density maps 
(sigmaA-weighted 2|Fo|-|Fc|, |Fo|-|Fc| and composite omit maps) and the ARP/wARP 
electron density map. After this round the model comprised 726 residues. 
CYCLE 2 
CNS Refinement: Simulated annealing using low NCS restraints (R = 29.1%, 
Rfree = 32.6%). 
Maps and Building: Model building in O using CNS generated electron density maps (as 
for cycle 1) and a RESOLVE Prime and Switch map. After this round the model comprised 
709 residues. 
CYCLE 3 
CNS Refinement: Rigid body refinement, simulated annealing with low NCS restraints, 
automated water picking and individual B factor refinement (R = 22.6%, Rfree = 25.2%). At 
this stage the model consists of 709 residues and 203 water molecules. 
Table 4.10: Model building and refinement for the MenB_C2-Imz model 
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4.2.13.5 The MenB_C2-NCoA Model (2.3 Å) 

The MenB_C2-NCoA model was derived from the 2.3 Å resolution C2 data set that was 

obtained from a rectangular plate-shaped crystal.  This crystal had been grown using 

protein purified by method C and soaked in naphthoyl-CoA.  Matthews coefficient197 

analysis of suggested there were three molecules in the asymmetric unit; Vm of 2.1 Å3/Da 

(40.7% solvent).  The MenB_C2-Imz model trimer from the cycle 3 refinement step 

(Table 4.10), comprising 709 residues, was used as a search model for molecular 

replacement.  A solution was found for the 2.6 Å data set using MolRep213 (R = 0.350, 

CC = 0.685, for data to 4 Å).   This solution was initially subjected to simulated annealing 

refinement against the 2.6 Å data (R = 26.6%, Rfree = 31.6%) in CNS202.  SigmaA-

weighted229 2|Fo|-|Fc|, |Fo|-|Fc| and composite-omit maps230 were then generated in CNS, 

and model building undertaken in O203.  After the building round the model consisted of 

759 residues.  Concurrently with the manual model building, the molecular replacement 

solution model was used with the, newly acquired, higher resolution 2.3Å data for 

autobuilding using ARP/wARP218,220.  As only 614 residues were built of the 942 possible 

compared to 709 residues in the input model, the ARP/wARP model was not used further 

except for comparative purposes.  However the ARP/wARP electron density map was used 

in manual building.  Both the lower resolution and higher resolution data sets were then 

scaled together in SCALEPACK.  Six further rounds of refinement in CNS and manual 

model building in O were then undertaken against these merged data (Table 4.11).  During 

CNS refinement and map generation both an anisotropic initial B factor correction and 

bulk solvent correction were applied to the data.  In the later stages of refinement 

PROCHECK231 and SFCHECK232 were used to check model quality and fit to the electron 

density.  For greater experimental detail on molecular replacement, model building and 

refinement procedures used refer to sections 2.6.3, 2.6.4, 2.6.5 and 2.6.6. 
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Model Building and Refinement for MenB_C2-NCoA Model Using the Merged Data 
CYCLE 1 
CNS Refinement: Rigid body refinement, simulated annealing with moderate NCS 
restraints and grouped (2 per residue) B factor refinement (R = 24.5%, Rfree = 27.3%) 
Maps and Building: Model building in O using CNS generated electron density maps 
(sigmaA-weighted 2|Fo|-|Fc|, |Fo|-|Fc| and composite omit maps) and the ARP/wARP 
electron density map.  After this round the model comprised 783 residues. 
CYCLE 2 
CNS Refinement: Simulated annealing refinement using moderate NCS restraints followed 
by grouped (2 per residue) B factor refinement. (R = 23.8%, Rfree = 26.7%) 
Maps and Building: Model building in O using CNS generated electron density maps (as 
for cycle 1) as well as checking of outliers identified by PROCHECK.  After this round the 
model comprised 780 residues and 1 CoA molecule (built into extra density associated with 
the B chain). 
CYCLE 3 
CNS Refinement: Simulated annealing and rigid body refinement, gradient energy 
minimization and individual B factor refinement. (R = 23.0%, Rfree = 26.2) 
Maps and Building: Model building in O using CNS generated electron density maps (as 
for cycle 1).  After this round the model comprised 779 residues, 1 partial-CoA molecule (in 
which the �-mercaptoethylamine region was removed) and 1 EPPS molecule in 3 
conformations (built into extra density in the centre of the trimer). 
CYCLE 4 
CNS Refinement: Simulated annealing refinement (using slightly lower NCS restraints 
than previously), gradient energy minimization, individual B factor refinement, automated 
water picking and another individual B factor refinement.  (R = 20.2%, Rfree = 23.1%) 
Maps and Building: Minor model changes and water editing in O using CNS generated 
sigmaA-weighted 2|Fo|-|Fc| and |Fo|-|Fc| electron density maps. After this round the model 
comprised 779 residues, 211 water molecules, 1 partial-CoA molecule and 1 EPPS molecule 
in 3 conformations. 
CYCLES 5 and 6  
CNS Refinement: Occupancy refinement for the partial CoA ligand, gradient energy 
minimization and individual B factor refinement. (Cycle 5: R = 19.7%, Rfree = 22.6%, 
Cycle 6: R = 19.7%, Rfree = 22.5%) 
Maps and Refinement: Electron density maps (as for cycle 4) were generated and outliers 
identified by PROCHECK or SFCHECK were checked and modified (if necessary) in O. 
DEPOSITION  
CNS was used to generate a model and structure factor file for deposition and the model was 
then deposited on hold at the PDB238 (Code 1RJN).  The final model had 779 residues, 211 
water molecules, 1 EPPS molecule in 3 conformations and a partial-CoA molecule.  

The final R = 19.7% and Rfree = 22.5% 
Table 4.11: Model building and refinement for MenB_C2-NCoA model 
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4.2.14 Model Completeness and Quality:  

4.2.14.1 The MenB_C2-Initial Model 

The initial model was not completely refined.  Visual examination of the electron density 

maps after molecular replacement with the P43212 model showed that the density around 

residues 185-195 was poorly defined and no density was observed for the C-terminal 

region (residues 284-314) or for residues 105-135.  

4.2.14.2 The MenB_P43212 Model 

The final model consisted of 717 protein residues out of the 942 expected.  This comprised 

residues 18-105 and 135-285 for chain A, residues 17-105 and 135-285 for chain B and 

residues 17-106, 134-187 and 191-284 for chain C, together with one EPPS molecule and 

212 water molecules.  For each chain, interpretable density was lacking for a number of 

residues at the N-terminus (16-17 residues), for the attached N-terminal polyHis-tag, a 

number of residues at the C-terminus (29-30 residues) and the region comprising residues 

105/106-134/135 (27-29 residues).  A number of the missing residues from the C-terminus 

of the B chain were observable when the 2|Fo|-|Fc| map was contoured below 0.5 �.  

However due to the low level of this density, no model was built into it.   

The protein molecules conform well to standard geometry.  Bond lengths and angles are 

restrained close to the standard values of Engh and Huber258 and the polypeptide chain 

torsion angles conform with allowed regions of the Ramachandran plot (Figure 4.16); 

90.5% of residues are in the most favoured regions, a further 9.2% in the additionally 

allowed region and the remaining 0.3% in the generously allowed region as defined by 

PROCHECK198,231.  Full refinement and model statistics are given in Table 4.12. 
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Figure 4.16: Ramachandran plot for the MenB_P43212 model 

The glycine residues are shown as triangles and other residues as squares. The plot was 
produced in CCP4 by PROCHECK231 

Refinement and Model Details 
Resolution limits (Å) 29.88 – 2.15 
No. of reflectionsa 45158 (6262) 
R-factor (Rfree) (%) 20.3 (23.1) 
Model details 
   no. of protein atoms 5599 
   other molecules, ions  1 EPPSa 

   no. of water molecules 212 
rms deviation from standard geometry   
   bond lengths (Å) 0.007 
   bond angles (deg.) 1.3 
Average B factors (Å3)  
   protein (A, B, C chains) 30.12, 28.13, 27.33 
   water 31.61 
EPPS (ac1, ac2, ac3)a 24.84, 20.19, 29.28 
aEPPS in three alternate conformations 
Table 4.12: Refinement and model details for the MenB_P43212 model  
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4.2.14.3 The MenB_C2-Imz Model 

The best Imz model contained 709 protein residues and 203 water molecules.  The density 

for the B chain in this molecule was uninterpretable in several regions.  The density was 

also uninterpretable for all chains in the region between residues 185/186-192/193 and 

quite ambiguous for the surrounding region (183-185/186 and 192/193-199).  This entire 

region constitutes a section of the likely active site.  Neither building into this density nor 

refinement improved the electron density maps.  For this reason, the refinement of this 

model was not as extensively pursued as was the subsequent refinement of the MenB_C2-

NCoA model.  The current Imz model consists of residues 13-108, 133-186, 192-285 for 

the A chain, residues 17-54, 59-93, 96-97, 99-102, 135-187, 192-284 for the B chain and 

residues 14-108, 133-185, 193-285 for the C chain. The EPPS molecule has not been 

modelled, but there is interpretable density for this molecule in the electron density maps.  

4.2.14.4 The MenB_C2-NCoA Model 

Visual inspection of the first 2|Fo|-|Fc| electron density map (contoured at 1.0 �) showed 

that all three chains were equally well defined in the core region (14-105 and 135-285), 

unlike the MenB_C2-Imz model, and revealed clear interpretable electron density for the B 

chain C-terminal residues 285-314, which could not be observed in any of the other 

models.  As for the other models, the region from residues 106/107/108 to 134/135 was not 

observed in the electron density maps (even contoured as low as 0.4 �), although the A 

chain has interpretable density for a few extra residues in this region, with the model 

extending back to residue 129 on the C-terminal side of the missing region.  

The final model consisted of 779 protein residues out of the 942 expected, 211 water 

molecules, 1 EPPS molecule in three alternate conformations, and a partial CoA molecule 

associated with the B chain monomer.  The residues that could be modelled for each chain 

are as follows: residues 17-107 and 129-296 for chain A; residues 14-108 and 135-314 for 

chain B and residues 17-106, 134-285 for chain C.  The protein molecules conform well to 

standard geometry.  Bond lengths and angles are restrained close to the standard values of 

Engh and Huber258, and the polypeptide chain torsion angles conform with allowed regions 

of the Ramachandran plot (Figure 4.17); 89.7% of residues are in the most favoured 
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regions and the remaining 10.3% in additionally allowed regions as defined by 

PROCHECK198,231.  There are no residues in disallowed regions. Full refinement and 

model statistics are in Table 4.13. 

 
Figure 4.17: Ramachandran plot for the MenB_C2-NCoA Model 

The glycine residues are shown as triangles and all the other residues as squares. The plot was 
produced in CCP4 by PROCHECK231 
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Refinement and model details 
Resolution limits (Å) 24.49 - 2.3 
No. of  reflectionsa 39895 (5584) 
R-factor (Rfree) (%) 19.7 (22.5) 
Model details  
   no. of protein atoms 6092 
   other molecules, ions  1 EPPSa, 1 Partial CoA 
   no. of water molecules 211 
rms deviation from standard geometry   
   bond lengths (Å) 0.008 
   bond angles (deg.) 1.3 
Average B factors (Å3)  
   protein (A, B, C chains) 33.91, 32.67, 30.16 
   water 32.48 
EPPS (ac1, ac2, ac3)a 31.21, 35.17, 19.44 
CoA 57.8 
aEPPS is in three alternate conformations 
Table 4.13: Refinement and model statistics for the MenB_C2-NCoA model  

4.2.15 Method B Diamond Crystals: Data Processing and Structure Solution  

The diamond-shaped crystals from protein produced by method B diffracted at best to 

3.05 Å.  The diffraction data collected from these crystals have proved to be challenging to 

process, with ambiguity in the allocation of space group symmetry.  As a result of the 

particular behaviour of these data and the large range of seemingly viable molecular 

replacement solutions that could be obtained, the processing, molecular replacement, 

model refinement and analysis will be discussed together in this section as a special case.   

4.2.15.1 Data Processing Overview 

For both the home source native data and the soaked/co-crystal synchrotron data (collected 

on beamline 9-2 at Stanford) the initial crystal parameters were determined, and images 

indexed and integrated using DENZO and subsequently scaled using SCALEPACK194.  

The initial data processing suggested a cubic space group, P432 or P4132, as the highest 

symmetry space group compatible with the diffraction symmetry.  Merging R values in 

these space groups were typically about 0.5 (Table 4.14).  This is reasonably high, but the 

data are weak and of moderate resolution in all data sets.  Some data sets were processed in 
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lower-symmetry space groups, such as P23, R3, R32, P422, P4, P41, P42, P43, P2, P21, 

P21212 and P222 but the merging R values were not significantly better.  The high 

resolution native synchrotron data (collected on beamline X8C at NSLS) was received 

already processed (by DENZO) and scaled (by SCALEPACK) in the space group P432.  

4.2.15.2 Processing in Cubic Space Groups P432 and P4132  

Processing statistics for the four highest resolution data sets collected from method B 

protein crystals are given in Table 4.14.  

Parameter  Native 
Sync_A10b 

Acetyl-CoAb Menadioneb  2-Acetyl 
Benzoic Acid b  

Space group P432 P4132 P4132 P4132 
Cell dimensions 
(Å) 

a = b = c = 
143.92 

a = b = c = 
143.84 

a = b = c = 
143.57 

a = b = c = 
143.95 

Vm (Å3/da) 3.3 3.3 3.3 3.3 
No. molecules/ 
asymmetric unit 

1 1 1 1 

Mosaicity 0.522 0.492 0.414 0.564 
Resolution (Å)a 20.0-3.12 

(3.27-3.12) 
50.0-3.05 

(3.05-3.10) 
40.0-3.20 

(3.26-3.20) 
40.0-3.15 

(3.15-3.20) 
No. measured 
reflections 

111219 104214 89399 93870 

No. unique 
reflectionsa 

21148 (2124) 10262 (500) 8935 (427) 9326 (452) 

Rmerge
a 0.130 (0.591) 0.101 (0.477) 0.136 (0.583) 0.093 (0.684) 

Multiplicity 5.3 10.2 10.0 10.1 
Completeness 
(%) a 

99.5 (99.7) 99.9 (100) 100 (100) 99.9 (100) 

Mean I/�I a 15.2(3.5) 22.0 (4.4) 17.2 (4.0) 24.3 (3.5) 
aNumbers in brackets for outer resolution shell 
bSync_A10 = native crystal, 2-acetyl benzoic Acid = 2-acetyl benzoic acid soaked crystal; Acetyl-
CoA=Acetyl CoA co-crystal; menadione=menadione soaked crystal. 
Table 4.14: Processing statistics for diamond crystals in P432/P4132 

Space group P4132 data should have systematic absences along the 4-fold screw axis, with 

only reflections 4n 0 0 present.  Analysis of the I/�I values for the “absent” reflections 

shows that several appear significant.  These are all reflections that come after the 

“present” (4n 0 0) reflection.  Although I/�I values for the “absent” reflections are 

comparable to those of the present reflections, the intensities are not; the intensities of the 
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present reflections are very much larger.  This is true for all of the data sets that have been 

processed in P4132.  An example is given in Table 4.15, which shows data for the “absent” 

reflections that have high I/�I values for the Menadione soak crystal diffraction data.  

Reprocessing the data in DENZO and SCALEPACK in attempts to ensure the errors were 

estimated correctly (i.e. making sure that the background region is large enough to be 

correctly estimated, and the spot size is correct) did not alter the trend of high I/�I for 

“absent” reflections.  What is clear, however, is that the � values for the “absent” 

reflections are very different to those of the “present” reflections, typically by several 

magnitudes.  This suggests that the problem is with the estimation of errors, and that the 

low values of the intensities is a better guide. It is reasonable to conclude that the space 

group is indeed P4132.  

“Absent” Reflection Previous “Present” Reflection 
Reflection I � I/�I   Reflection I   �  I/�I   
5 0 0 53.1 4.8 11.2 4 0 0 20071.0 1278.1 15.7 
9 0 0  25.2 4.7 5.4 8 0 0 24384.5 1346.7 18.1 
13 0 0  54.4 7.4 7.3 12 0 0 29179.4 1610.6 18.1 
17 0 0  250.3 19.5 12.9 16 0 0 6042.8 388.6 15.5 
21 0 0  109.9 20.8 5.3 20 0 0 6868.9 539.6 12.7 
Table 4.15: Absent reflections with high I/�I values for the menadione soak crystal data 

4.2.15.3 The MenB_Diamond Models: Model Building and Refinement in P4132  

The native, higher resolution, sync_A10 data, to 3.1 Å resolution, was pre-processed and 

scaled in space group P432.  Matthews’s coefficient197 analysis of this data suggested there 

was one molecule per asymmetric unit (Vm = 3.3 Å3/Da and solvent content = 62.3%).  A 

monomer from the MenB_P43212 model (the b chain, after the first individual B factor 

refinement in cycle 2, Table 4.9) was used as a search model in molecular replacement.  A 

solution was found using MolRep213 in space group P4132 (R = 0.516 and CC = 0.401 for 

data to 4 Å).  This solution, when crystallographic symmetry was applied, formed a 

hexamer.  Unlike the hexamer generated with other models, however, the two trimers 

forming this hexamer did not lie directly on top of one another but were “staggered”.  This 

solution was subjected to two rounds of iterative model building in O203, and refinement by 
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simulated annealing in CNS202.  In between each round of refinement sigmaA-weighted 

2|Fo|-|Fc|, |Fo|-|Fc|229 and composite omit230 electron density maps were generated in CNS 

and a Prime and Switch electron density map was generated using RESOLVE219.   

After the second round of refinement the model was used to find a molecular replacement 

solution for the soaked and co-crystal data sets.  All solutions found 1 monomer with R 

factors ranging from 0.378 to 0.416, and correlation coefficients ranging from 0.643 to 

0.711.  The resulting models were subjected to one round of simulated annealing 

refinement in CNS and electron density maps (|Fo|-|Fc| and 2|Fo|-|Fc| sigmaA-weighted 

maps) were calculated and compared visually with the native maps.  The R factors after the 

last step of refinement in each case are summarised in Table 4.16.  Visual examination of 

the electron density maps found no evidence of extra electron density consistent with a 

bound ligand.  In all electron density maps examined, the density for the C-terminal region, 

from residue 260 onward, ran down and overlapped with density from the C-terminus of 

another monomer from the bottom of the staggered hexamer.  In addition, the electron 

density in the region around residues 185-197 and 102-105 was poorly defined.  This 

region is important because it comprises a part of the active site.  

 Native 
Sync_A10 

Modela 

2-Acetyl 
Benzoic Acid 
Soak Modela 

Menadione 
Soak Modela 

Acetyl-CoA  
Co-crystal 

Modela 

Resolution (Å) 3.12 3.15 3.2 3.05 
R(%) 30.6  30.1 30.3 31.1 
Rfree(%) 34.9 34.9 37.2 38.6 
Table 4.16: R factors after partial refinement of the MenB_Diamond models 

4.2.15.4 Processing and Molecular Replacement in Other Space Groups 

Because of the possibility of pseudo-symmetry, some of the diamond data sets were also 

processed in different, lower symmetry, space groups.  The processing statistics for these 

lower symmetry space groups were comparable to those obtained when processing in 

P4132 (e.g. Rmerge values were between 0.42 and 0.68).  As for data processed in P4132, 

data processed in P21, P212121, P41 P41212 and P213 showed high I/�I values for some of 

the predicted “absent” reflections that followed a “present” reflection.  Again, when the 
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intensities were inspected it was observed that despite the high I/�I values the absolute 

value of intensities was generally very small in comparison to those “present” reflections. 

In addition to P4132, the space groups P21, P212121, P41, P41212, R3, R32, P213 gave 

reasonable molecular replacement solutions using MolRep213 with either a trimeric or 

monomeric MenB model as a search model.  All of these solutions give the same 

hexameric arrangement of molecules once symmetry was applied.  This comprises a 

hexameric dimer of trimers in which the trimers are staggered at 60º with respect to each 

other.  This is in contrast to the hexamer found in the method A and C crystals where the 

trimers pack “back to back” directly on top of each other.  The staggered arrangement of 

molecules fits well except for the C-terminal region (from approximately residue 263) 

where the C-terminal region from each monomer in the top trimer clashes with the C-

terminal region from a monomer in the bottom trimer.   

To address whether the ambiguous electron density for the MenB_diamond P4132 model 

C-terminal region was due to incorrect space group assignment, two other diamond data 

sets, collected from the acetyl-CoA co-crystal and the menadione soaked crystal, were 

reprocessed in the lower symmetry space groups R3, R32 and P41.  The two data sets were 

then merged to ensure complete data sets.  Molecular replacement solutions were found 

using MolRep213, with the MenB_diamond P4132 monomer as a search model and data to 

4 Å.  All solutions, when crystallographic symmetry was applied, gave the same staggered 

hexamers.  The R32 solution had 4 monomers, with R = 0.379 and CC = 0.671; the R3 

solution had 8 monomers with R = 0.380 and CC = 0.668; and the P41 solution had 6 

monomers with R = 0.386 and CC = 0.642.  Each solution was refined in CNS202 by rigid 

body refinement and simulated annealing, with very tight NCS restraints, followed by the 

generation of sigmaA-weighted 2|Fo|-|Fc|, |Fo|-|Fc|229 and composite omit230 electron 

density maps.  Visual examination of the electron density maps showed, in every case, 

poorly defined, ambiguous electron density for the C-terminal region from residue 260 

onward, as well as in the region around residues 185-197 and 102-105.  This was similar to 

the corresponding regions of ambiguous electron density observed in the P4132 electron 

density maps, suggesting that the solutions were no different and no better.  
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4.2.15.5 The MenB_Diamond Model: Model Completeness  

Electron density maps for this model reveal that a significant amount of electron density 

for the C-terminus is presently uninterpretable, as is the region around residues 185 to 199.  

At the current time the P4132 diamond model comprises one chain, with residues 17-82, 

84-107,135-188, 191-192, 196-263 modelled.   

4.3 Overview of the Structure and Discussion 

The C2 models (MenB_C2-Initial, MenB_C2-Imz, and MenB_C2-NCoA models) are 

trimers in the asymmetric unit and form hexamers upon the operation of symmetry.  The 

same is true for the MenB_P43212 model.   

4.3.1 The Monomer Fold  

4.3.1.1 Description Based on the MenB_P43212 Model and MenB_C2-NCoA Model 

The monomer fold of MenB (Figures 4.18-4.20) is typical of the crotonase superfamily, 

with a few minor modifications.  These proteins have been described as containing an N-

terminal compact globular domain (the spiral fold) followed by two small domains (the T1 

and T2 trimerisation domains) with a connecting helical linker between them280.  The 

following description of the MenB secondary structure will use the same terminology that 

was used to describe the fold of enoyl-CoA hydratase (crotonase) and the other structurally 

represented members of the superfamily280-282,286,288,290.   

Residues 37-205 in MenB correspond to the conventional N-terminal crotonase spiral 

domain280.  This domain comprises two mostly-parallel �-sheets (�-strands A0’-A4 and 

B2-B4 in MenB), which are oriented at right angles to each other, together with a number 

of helices (four �-helices denoted H1, H2B, H3, H4 and two 310 helices denoted H1A and 

H4A in MenB) (Figures 4.18-4.20).  The parallel �-strands A1, A2, A3 and A4 are 

connected by helices and loops of varying sizes, giving four “spiral” connections.  N-

terminal to these four “spiral” connections is strand A0, which runs antiparallel to A1, and, 

additionally in MenB, two other secondary structural elements: a short 310 helix and a short 

�-strand A0’ running antiparallel to A0.  Strand A1 is followed by helices H1A and H1 
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(which packs against the “A” �-sheet), to connect with A2.  Strand A2 is followed by 

strand B2 and helix H2B (which packs against the “A” �-sheet); however, this connection 

also includes a disordered region (residues106-134 in most MenB models), which in the 

crotonase structure280 comprises several loops and another helix (H2A).  Just prior to the 

disordered region, residues 100-106, is the consensus sequence for the first part of the 

oxyanion hole.   Strand A3 is followed by the �-strand B3 and �-helix H3 (which again 

packs against the “A” �-sheet), which provide the connection to A4.  H3 contains the 

consensus sequence residues for the other half of the oxyanion hole.  Strand A4, is then 

followed by strand B4 and two helices, H4A and H4, which connect to helix H5 in the T1 

trimerisation domain.   

The T1 domain (Figures 4.18-4.20) has been described as consisting of an �/�/�/� 

motif281, and begins with �-helix H5.  A loop joins H5 to strand B5, which is the last �-

strand of the “B” �-sheet, which mostly belongs to the spiral domain.  Another �-helix H6 

and the final �-strand A5 of the “A” �-sheet (again made up mostly by the spiral domain) 

completes the T1 domain.  The �-helix H7 packs against the “A” �-sheet and connects the 

T1 and T2 domains.  The final T2 domain (Figures 4.18-4.20) begins with �-helix H8.  A 

short loop region follows, hooking around so that �-helix H9 packs back against H8.  In the 

MenB_C2-NCoA model, where the B chain reveals the full C-terminal region, there is 

another �-helix H10 followed by the remainder of the C-terminus, which appears to pack 

back onto H10 but does not have any secondary structure.  

4.3.1.1.1 A Region of Variability   

The region from residues 106/107 to 128/134, which is missing in the MenB model, 

corresponds to a region of great variability in the sequences of the various crotonase 

superfamily members (Figures 4.33 and 4.34).  It is also a region with inherent flexibility, 

with other structures such as the octanoyl-CoA-complexed enoyl-CoA hydratase 

(crotonase) (2DUB)294and enoyl-CoA isomerase (1HNU and 1PJH)288,295 having 5 to 13 

disordered residues in this region.  The following helix H2B varies in length between 

structures, being only 6 residues in length in enoyl-CoA hydratase (crotonase) but over 20 

residues in others such as AUH protein (1HZD)290and dienoyl-CoA isomerase (1DCI)281. 
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Figure 4.18: Arrangement of secondary structural elements in the MenB monomer 

The strands making up �-sheet A are shown in cyan while those making up �-sheet B are shown 
in green. The helices (both 310 and �) involved in the N-terminal spiral domain are shown in 
dark blue, those in the T1 domain in yellow and those in the C-terminal T2 domain in red. Helix 
H7 which runs underneath in this diagram is shown in grey and the extra 310 helix H0 in purple. 
The orange dotted line denotes the missing region that connects B2 and H2B.  
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Figure 4.19: Stereoview of the MenB monomer  

The colour scheme is the same as for Figure 4.18 and shows the MenB-C2-NCoA B chain. 

 
Figure 4.20: Pymol259 representation of the MenB monomer fold. 

This figure shows the MenB_C2-NCoA B chain. The colour scheme is the same as for Figure 
4.18 with the strands making up �-sheet A and B shown in cyan and green respectively. Helices 
are shown in dark blue (N-terminal spiral domain), yellow (T1 domain), red (T2 domain), grey 
(H7) and purple (H0). The orange lines denote the residues either side of the missing region that 
should connect B2 and H2B.  
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4.3.1.2 Comparison of the Monomer Structure in Each Model   

For comparative purposes, three of the MenB models (MenB_C2-Imz, MenB_P43212 and 

MenB_diamond) generated in this study have been overlaid on the fourth model 

(MenB_C2-NCoA) using SSM236.  The monomers from the MenB_P43212 and MenB_C2-

NCoA models have also been overlaid with the other monomers in the same model using 

SSM.  The results are given in Table 4.17.  

Model Overlaid Model RMS Deviation (Å) of C� 
Backbonea 

MenB_C2-NCoA Model  MenB_C2-NCoA Model  0.21 - 0.26 b 
MenB_P43212 Model  0.17 - 0.28 
MenB_Diamond Model 0.69 - 0.75 

MenB_C2-NCoA Model  

MenB_C2-Imz Model  0.33 - 0.56 
MenB_P43212 Model P43212 Model 0.17 - 0.25b 

aFigures quoted cover the whole length of the less complete of the two monomers being compared 
bThese figures do not include those for the overlay of each chain on themselves 
Table 4.17: Summary of SSM overlays for models of MenB  

Comparison of the MenB_P43212 model chains overlaid with other chains from the same 

trimer revealed no significant differences in the backbone structure, apart from the 

presence of extra residues in some of the chains.  The same was true of the MenB_C2-

NCoA model chains overlaid on other chains from the same model.  Visual inspection of 

the chains from the two models overlaid with each other gave similar results (Figure 

4.21A).  The most significant region of extra residues is the C-terminal region, which was 

visible in the MenB_C2-NCoA B chain, to residue 314, and MenB_C2-NCoA A chain, to 

residue 295, but in the MenB_C2-NCoA C chain and all chains in the MenB_P43212 model 

was visible only to residue 285.  The A chain from the MenB_C2-NCoA model also 

contained extra residues (128-133) in H2B, compared with the other chains.  For the most 

part, visual inspection of all three MenB_C2-Imz model chains overlaid with each of the 

MenB_C2-NCoA model chains gave similar results to those above, with the MenB_C2-

Imz model C-terminus again only visible to residue 285 (Figure 4.21B).  However, the 

MenB_C2-Imz model chains did show variation with each other, and with the chains of the 

MenB_C2-NCoA model, in the positioning of residues 184-186 and 192-195.  The region 
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between residues 186/187 and 192 in all chains of the MenB_C2-Imz model has very poor 

electron density and appears disordered.  This region corresponds to H4A (residues 184-

189) and the subsequent loop (residues 190-195) connecting H4A to H4 and is thought to 

make up part of the MenB active site.  The MenB_C2-Imz B chain has additional large 

regions of poor electron density that are well defined in all other models and in the other 

monomers of the MenB_C2-Imz model.  

Visual inspection of the MenB_diamond model monomer overlaid on the B chain of the 

MenB_C2-NCoA model showed that the core of the structure overlays reasonably but that 

H8 overlays poorly and the regions comprising residues 104-108, and 184-188 (most of 

H4A) are positioned quite differently, with residues 108 and 188 being close together 

(Figure 4.21C).  All of these regions are adjacent to disordered sections of the 

MenB_diamond model, and are located in regions of poor density.  However, refinement 

and model building is not complete for this model.   
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Figure 4.21: Stereoview of backbone overlays of various MenB models 

Figure A shows the MenB_P43212 B chain (blue) overlaid on the MenB_C2-NCoA B chain 
(magenta). Figure B shows the MenB_C2-Imz A chain (green) overlaid on the MenB_C2-NCoA 
B chain (magenta). Figure C shows the MenB_diamond model (orange) overlaid on the 
MenB_C2-NCoA B chain (magenta). In Figures B and C the region around H4A to H4 has 
been boxed.  

4.3.1.2.1 Discussion on Model Completeness  

It is not clear why the C-terminus was fully resolved only in the MenB_C2-NCoA model 

crystal, and then only for one chain, or why this model is so complete when compared to 

the MenB_C2-Imz model, both with the same space group and crystal packing.  It is 

possible that the greater completeness may have resulted from the presence of a bound 

ligand, but there are several other factors that may provide alternative answers.  Firstly, the 
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MenB_C2-NCoA soak crystal was fresher than the MenB_C2-Imz model crystal when it 

was frozen, and this could have affected crystal quality; the MenB_C2-Imz model crystal 

was 3 months older.  However, data for the MenB_C2-initial model crystal was collected 1 

day after the crystal was found, when the drop was only 3 weeks old, yet this MenB_C2-

Initial model showed no evidence of the C-terminus in electron density maps, and also had 

poor electron density for the region 185-195.   

The second possible factor is the species of protein in the crystal. Although attempts to 

analyse individual crystals by SDS and native-PAGE were unsuccessful, the protein used 

for crystallisation trials that gave the MenB_C2-Imz model contained mostly band 1 by 

native-PAGE analysis, whereas the protein used for the crystallisation trials that gave the 

MenB_C2-NCoA model contained a mixture of band 1 and band 2 (about 60:40 by a 

visual estimation) by native-PAGE.  Because native-PAGE analysis was not undertaken 

for the protein used to grow the MenB_C2-initial and MenB_P43212 model crystals it is 

not known what population of bands this protein sample contained.   

4.3.1.3 Comparisons with Other Crotonase Superfamily Members 

In the Dali235analysis undertaken on MenB there were five top matches with Z scores 

above 12, followed by eight structures with Z scores of between 8 and 4.  The same 

analysis undertaken with SSM236, using the default requirement of a greater than 70% 

match of secondary structural elements in both the query and the target structures, gave 

four unique matches.  The results of the top five matches for Dali and the top-scoring 

unique matches for SSM are shown in the following Table 4.18.  More recently, the 

structure of another crotonase superfamily member, oxo-camphor hydrolase, has been 

published286. 
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Dali SSM Structure 
Z score Rmsd 

(Å) 
No. C� 
match 

Z score Rmsd 
(Å) 

No. C� 
match 

Methylmalonyl-CoA 
decarboxylase (1EF8)283 

26.4 1.8 199 16.01 1.4 194 

AUH binding protein (1HZD)290 25.2 1 .8 196 16.63 1.4 193 
4-chlorobenzoyl-CoA 
dehalogenase (1NZY)282 

24.7 1.7 194 15.58 1.9 196 

Dienoyl-CoA isomerase (1DCI)281 23.6 1.7 195 - - - 
Enoyl-CoA isomerase (1HNO)288 19.8 2.2 193 13.83 1.9 187 
Enoyl-CoA hydratase (crotonase) 
(1DUB)280 

- - - 16.38 2.1 196 

ClpP peptidase (1tyf)287 12.8 2.4 143 - - - 
Table 4.18: Results of searches for structural homologues of MenB 

Most of the MenB homologues listed in Table 4.18 are hexamers, except for 4-

chlorobenzoyl-CoA dehalogenase (a trimer) and Clp peptidase, the most divergent of the 

homologues, which is a serine protease that oligomerises into a tetradecamer287.  

Comparison of these structures shows that the most striking region of variation is in the C-

terminus after the end of H8 (Figures 4.22 and 4.23).  This region contains the same 

secondary structural elements in all the homologues (H9 and H10) but these are positioned 

differently in relation to each other and to H8.  In enoyl-CoA hydratase (crotonase) 

(1DUB/2DUB)280,294, 4-chlorobenzoyl-CoA dehalogenase (1NZY)282, AUH protein 

(1HZD)290and dienoyl-CoA isomerase (1DCI)281 the C-terminal region to H10 overlays 

reasonably well, similar to the rest of the structure.  The loop region C-terminal to H10 in 

the trimeric 4-chlorobenzoyl-CoA dehalogenase structure diverges from the other three, 

hexameric, structures.  As will be discussed later (Figure 4.29), when the quaternary 

structure of MenB is analysed, this orientation of H9 and H10 positions the C-terminus of 

one monomer in such a way that it “caps” the active site of the neighbouring monomer in 

the trimer.  In methylmalonyl CoA decarboxylase (1EF8/1EF9)283 and enoyl CoA 

isomerase (1HNU)288 the C-terminus takes a different position.  Although in these two 

structures the C-terminal region from H9 onwards does not overlay well, both H9 and H10 

are positioned in a similar way relative to each other, and to H8, and pack around the core 

of the structure, “capping” their own active site.  In the case of MenB, the C-terminal 
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region from the end of H8 is positioned in a different manner again and in fact “caps” the 

active site of a monomer from the other trimer in the hexamer (which is a dimer of 

trimers).  Another region of variation is the H2A/H2B loop region, which varies in length, 

although as most of this is missing in the MenB structure, comparisons cannot be made.   

 
Figure 4.22: Backbone overlay of the MenB_C2-NCoA (magenta) B chain with enoyl-CoA 

hydratase (yellow) and 4-chlorobenzoyl-CoA dehalogenase (green)  
Figure A shows two views of a backbone overlay between monomers from  enoyl-CoA hydratase 
(yellow with bound ligand acetoacetyl-CoA in orange)280, 4-chlorobenzoyl dehalogenase (green 
with ligand 4-hydroxybenzoyl-CoA in dark green)282 and the MenB_C2-NCoA model (magenta 
with bound ligand CoA in pink). Figure B shows a stereoview of the overlay from the same face 
of the monomer as view A, but rotated forward slightly. The figures were generated using 
PyMol259. 
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Figure 4.23: Backbone overlay of the MenB_C2-NCoA (magenta) B chain with 

methylmalonyl-CoA decarboxylase (orange) 
Figure A shows two views of a C� backbone overlay between monomers from Methylmalonyl 
CoA decarboxylase283 (orange with bound ligand carboxypropyl-CoA in yellow) and the 
MenB_C2-NCoA model (magenta with bound ligand CoA in pink). Figure B shows a stereoview 
of the overlay from the same face of the monomer as view A, but rotated slightly. The figures 
were generated using PyMol259. 

4.3.1.4 Comparison With Another M. tuberculosis MenB (Rv0548c) Structure 

In late 2003, about the same time as the refinement for the MenB_C2-NCoA model was 

nearing completion, a paper was published by Truglio et al describing the 1.8 Å structure 

(PDB code 1Q52) of M. tuberculosis H37Rv strain MenB (Rv0548c) and a 2.3 Å structure 

(1Q51) of its complex with Acetoacetyl-CoA277.  What follows is a brief description of 

these structures and comparison with the models produced in this study.  The other MenB 

models will be termed MenB_1Q51 and MenB_1Q52.  The active site will be discussed in 

more detail later.  
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Both of the published structures (MenB_1Q51 and MenB_1Q52) were in space group P21 

with 12 monomers in the asymmetric unit, forming 2 hexamers277.  The protein, as in the 

present study, contained an N terminal His-tag which was not cleaved277.  Purification was 

by affinity chromatography on a His-binding resin, eluting with a buffer containing 0.5 M 

imidazole277.  The crystals were grown by hanging drop vapour diffusion from 0.5-2% 

dioxane, 1.2-1.3 M (NH4)2SO4 and 0.1 M MES pH 6.5277.  Superposition of the MenB_C2-

NCoA model chains onto all the chains in MenB_1Q51 and MenB_1Q52, using SSM, 

showed that the models align well with Z scores ranging from 18.7-16.3 and rms 

differences in the C� backbone of between 0.27 to 0.42 Å.  Visual examination of the 

overlaid backbones of the hexamer generated from MenB_C2-NCoA and a hexamer from 

MenB_1Q51, with a 0.49 Å rms deviation of matching C� atoms, showed, apart from the 

absence of some of the C-terminal regions in our structure, that the quaternary structure 

arrangement is essentially the same.  In all the monomers of MenB_1Q51 and 

MenB_1Q52, the first 15-17 N-terminal residues are missing, as is the section 107/108 - 

133/134, except in the B chain where 107/108 - 124 are missing.  In both MenB_1Q51 and 

MenB_1Q52 the C-terminal region is complete, to residue 314.  An overlay of the B chain 

from MenB_C2-NCoA on to the MenB_1Q51 B chain is shown in Figure 4.24. 
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Figure 4.24: Backbone overlay of MenB_C2-NCoA and MenB_1Q51 B chains 

Figure A shows two views of the C� backbone overlay of MenB_1Q51277 (cyan with the 
acetoacetyl-CoA ligand in dark blue) and MenB_C2-NCoA(magenta with the partial CoA in 
light pink). Figure B shows a stereoview of the overlay from the same face of the monomer as 
view A. The backbones overlay with no distinct differences, apart from the extra 10 residues 
(124-134) seen in the MenB_1Q51B chain (seen clearly to the right in view B). 

4.3.2 The Quaternary Structure 

4.3.2.1 The Trimer  

All of the models, except the MenB_diamond model, contain a trimer in the asymmetric 

unit (Figure 4.25 and 4.26).  The MenB_diamond model instead forms a similar trimer 

through crystallographic symmetry.  The interactions between the monomers in the trimer 

have been analyzed using the Protein-Protein interaction server240,241.  Since the MenB_C2-

NCoA model is more complete than the MenB_P43212 model, and the models are very 
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similar otherwise, the discussion will focus on the MenB_C2-NCoA model.  Each 

monomer-monomer interface buries an average 1307 Å2 of surface area per monomer, 

corresponding to 10.1% of the monomer surface area.  There are 15-16 hydrogen bonds 

and 4 salt bridges (Arg210-Asp170, Arg202-Asp269, Asp187-Lys253, and Arg217-

Glu249) per interface. The residues involved in the interactions are summarised in 

Table 4.19. 

 
Figure 4.25: The MenB trimer 

Figure A and B show the “top” and “bottom” views of the MenB_C2-NCoA trimer. Figure C 
shows a side view looking at the A, B interface.  The A chain is coloured in blue, the B chain in 
red and the C chain in yellow. Note the EPPS molecule running through the centre of the trimer 
in A and B.  

 

 



Chapter 4                                                                                                                         MenB 
 
 
 

 
216 

Interface Side 1  
(A to B, B to C and C to A)  

Interface Side 2  
(B to A, A to C and C to B) 

Involves primarily the N-terminal spiral 
domain with residues from: 
• H4A (residues 186-188),  
• Loop from H4A to H4 (residues189-

193),  
• H4 (residues 197,198; 201-205).  
Also involves the beginning of the 
following T1 domain and a small part of the 
T2 domain:  
• H5 and just beyond (residues 205-217)  
• Residues 226 and 269 from H6 and H8   

Involves primarily the T1 and T2 domains 
with residues from:  
• H5 (residues199, 202-203), 
• H6 (residues 225-226),  
• Loop from H6 to A5 (residues 228-231),  
• H8 (residues 253-268), 
• H9 (residues 278 and 285).  
Also involves residues from: 
• H7 (residues 245-252)  
• The spiral domain, H2B/A3 (residues 

144 and 149), H3/A4 (residues, 166, 169, 
170,171,172)  

For the A/B interface the extra residues built 
on to H2B in the A chain (residues 129-134) 
are also involved.  These interact with the 
C-terminus of the B chain on the other side 
of the interface. 

For the A/B interface residues 311-314 from 
the C-terminus of the B chain interact with 
residues 129-134 on the A chain, possibly 
explaining why they were able to be 
modelled in this monomer. 

Table 4.19: Summary of the residues involved in the trimerisation 

 
Figure 4.26: The MenB trimer with secondary structure highlighted 

The top and bottom views of the MenB_C2-NCoA trimer are shown with the loops coloured blue 
for chain A, red for chain B and yellow for chain C and the secondary structural elements 
coloured as shown in Figure 4.18.  The figure was drawn using PyMol259. 
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4.3.2.2 The Hexamer: A Conventional Dimer of Trimers 

Like most of the other structurally characterised members of the crotonase superfamily, the 

MenB protein forms a hexamer that is best described as a dimer of trimers.  The two 

trimers sit “back to back” (much like a cream-filled cookie).  A recent study has suggested 

that the mode of assembly of the trimers into hexamers is not conserved amongst the 

crotonase superfamily in terms of the relative orientations of the two trimers and the 

distance between them295.  This study showed that the structures of dienoyl-CoA 

isomerase, enoyl-CoA hydratase and AUH protein all share the same relative orientation of 

the two trimers in the hexamer whereas methylmalonyl-CoA isomerase and several forms 

of enoyl-CoA isomerase were different295.  In the hexamers of dienoyl-CoA isomerase, 

enoyl-CoA hydratase and AUH protein, the monomers of the top trimer sit almost directly 

above those of the bottom trimer.  The same is true for the MenB hexamer, with the two 

trimers situated directly over each other.  In the C2 and P43212 models the hexamer is 

formed by 2-fold crystallographic symmetry.  This brings chain A from one trimer over 

chain B’ from the other, B over A’ and C over C’ (Figures 4.27 and 4.28).  The hexamer 

generated using the MenB_C2-NCoA model is used in the subsequent figures and 

discussion.  

 
Figure 4.27: Stereoview of the A, B, A’, B’ hexamer interface  

The figure was drawn using PyMol259 and looks down the 2-fold axis (at the A, B, A’, B’ 
interface) which forms the hexamer. The A and A’ chains are shown in blue, the B and B’ 
chains in red and the C and C’ chains in yellow. This figure is the same as that shown in 4.28B. 
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Figure 4.28: The MenB hexamer: the arrangement of A, B, C, A’, B’, C’ 

The figures were drawn using PyMol259 and depict the A and A’ chains in blue, the B and B’ 
chains in red and the C and C’ chains in yellow. Figure A shows the view from the top of the 
hexamer, Figures B, C and D show the side views of; the A, B, A’, B’ interface; the A, C, B’, C’ 
interface and; the B, C, A’ C’ interface respectively.  In figure B the C-terminus of the B chain is 
circled in cyan.  Note that the C-termini of A, A’ C and C’ are incomplete. 

As illustrated in Figures 4.27 and 4.28B, in the B chain of MenB_C2-NCoA the C-

terminal region from H10 onwards extends down from B in the top trimer into the bottom 

trimer, interacting with regions of A’, including the active site, then looping around to 

interact with B’ and finishing in the trimer-trimer interface between B’ and A.  The C-

terminus on B’ does the same, interacting with A, then looping across to contact B before 
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finishing in the intertrimer space between B and A’.  In this way, the C-terminal regions of 

both B and B’ pack against the same side (the A, B, A’, B’ interface) of the hexamer 

(Figure 4.28B and 4.27).  Although the C-termini of the other monomers in this structure 

are not visible, they probably pack in a similar way in the other interfaces.  This 

arrangement of the C-terminus, is the same as is seen in the other MenB structures 

(MenB_1Q51 and 1Q52), but differs from that of all other structures of crotonase 

superfamily members, in which the C-termini either fold back onto themselves and cap 

their own active site, as in methylmalonyl-CoA decarboxylase283, enoyl-CoA 

isomerase288and oxo-camphor hydrolase286 or fold in such a way that they interact in the 

active site of the neighbouring monomer in the trimer, as in enoyl-CoA hydratase280, 4-

chlorobenzyl dehalogenase282, AUH protein290 and dienoyl-CoA isomerase281.  A 

representative of each group is depicted in Figure 4.29.  

 
Figure 4.29: Differing arrangements of the C-terminus in crotonase superfamily members 

This figure depicts the backbone for three crotonase superfamily hexamers with different 
arrangements of the C-terminal region from H9 onwards. One monomer is shown in red with 
the C-terminal regions from H8 onwards in blue. Figure A shows enoyl-CoA hydratase 
(1DUB)280 with its C-terminus extending across to another monomer in the same trimer. Figure 
B shows methylmalonyl-CoA decarboxylase (1EF8)283 with its C-terminus packing back around 
the rest of the monomer. Figure C shows the MenB hexamer with its C-terminus extending down 
from the top trimer into the trimer below. 
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An analysis of the trimer-trimer interactions in the MenB_C2-NCoA hexamer showed that 

there were ~180 atom-atom contacts shorter than 3.5 Å between the two trimers.  This is 

comparable to the number of contacts found for enoyl-CoA hydratase280,295, dienoyl-CoA 

isomerase281,295 methylmalonyl-CoA decarboxylase283,295 and the tight hexamer form of 

enoyl-CoA isomerase295 which have between 100 and 166295.  More in-depth analysis of 

the trimer-trimer interface was then undertaken using the protein-protein interaction 

server240,241 the results of which are summarised in Table 4.20.  

Trimer-Trimer Interactions 
Interaction Set 1 

Description Monomers in the top trimer interacting with those directly below them in 
the bottom trimer (the A/B’, B/A’ and C/C’ interfaces)  
Average surface area buried per monomer at this interface: 1467 Å2 

Corresponding average % of monomers surface area: 11.5 % 
Regions 
Involved 

Residues from the N-terminal spiral and T2 domains: 
• H1 and just beyond (residues 70, 77-80); residue 107; H2B (residues 

135, 137-138, 140-141, 145); region from H4A to the end of H4 
(residues 187-191, 193-195, 198-199, 202). 

• H9 (residues 269-273, 275-277, 279-284 286-287) and H10 (residues 
291-292, 295-296, 299, 300). 

Interaction Set 2 
Description Monomers in the top trimer interacting with those below and displaced to 

the left (the A/C’, B/B’ and C/A’ interfaces)  
Surface area buried per monomer for the B/B’ interface: 1783.67 Å2 
(12.3 % of the monomer surface area) 
Average surface area buried per monomer for the A/C’ and C/A’ 
interfaces: 498.8 Å2 (4.1 % of the monomers surface area) 

Regions 
Involved 

Primarily involves the T2 domain residues and the region prior: 
• End of H7 to H8 (residues 250-253), H8 (residues 254-256, 258-260, 

264, 267-268) (note: residues 254-256 and 259 not involved in A to C’ 
interaction).  

• H9 (residues 271-272, 275, 279, 282, 284-286, 288) 
• H10 and region prior (residues 289-292) - for A’, A, B and B’ only 
• The coil region after H10 especially the very C-terminal region of the 

protein (residues 305, 307, 310-314) –for B and B’ only   
A small portion of the N-terminal spiral domain is also involved: 
• Loop connecting H1 to A2 (residues 77-83) and the loop connecting 

H2B to A3 –for B and B’ only 
Table 4.20: Summary of trimer-trimer interactions in the MenB_C2-NCoA hexamer 
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4.3.2.3 Diamond Crystal Form: An Alternative Hexameric arrangement?  

A very recently published study may shed some light on the different relative arrangement 

of the two trimers in the hexamer for the MenB_diamond model, compared to that 

discussed above for all the other models.  In this study, it was shown that the relative 

orientation of the two trimers forming the hexamer is not conserved throughout all the 

crotonase structures295.  The authors of the work published a structure of a “tight hexamer” 

(PDB code 1PJH) for enoyl-CoA isomerase with 166 trimer-trimer contacts closer than 

3.5 Å and compared it to a “loose hexamer” structure of the same protein (with only 30 

trimer-trimer contacts closer than 3.5 Å) which had been published several years 

earlier288,295.  Their analysis showed that both forms of this protein were hexameric in 

solution and hence in each case the hexamer was not just a crystallographic artefact295.  

The “tight hexamer” had a trimer in the asymmetric unit and was space group P41212295 

whereas the “loose hexamer” was from a crystal grown under different crystallization 

conditions and had a monomer in the asymmetric unit and P6322 space group symmetry288. 

An overlay of the hexamers showed that the orientation of the bottom trimer relative to the 

top trimer differed by 25º in the two hexamers295.  

Solution of the MenB_diamond structure in space-group P4132, and all subsequent 

solutions in lower symmetry space-groups, showed a common theme, the formation of a 

“staggered hexamer” (Figure 4.30).  In this structure, the two trimers in the hexamer are 

rotated about 60° relative to each other, so that a monomer in the top trimer sits in between 

two monomers from the bottom trimer.  Analysis of this hexamer showed there were ~70 

trimer-trimer contacts less than 3.5 Å apart.   
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Figure 4.30: The “staggered hexamer” 

Figures A and B shows the top view and side view of the MenB_diamond hexamer (space-group 
p4132) generated by crystallographic symmetry.  The monomers coloured orange, red and 
magenta form the top trimer and those coloured green, blue and pink form the bottom trimer.  

There are several points that must be noted, however.  In enoyl-CoA hydratase around 10 

residues were missing at the C-terminus for both hexamers288,295.  In the present case, in 

contrast, the density for over 50 residues at the C-terminus is either unaccounted for or 

ambiguous, with the density for the last half of H8 from one monomer and H8 of another 

monomer from the bottom trimer appearing to overlap.  This makes a proper comparison of 

trimer-trimer contacts impossible.  In addition to this, the C-terminus in enoyl-CoA 

isomerase packs on to its own active site295, unlike that of MenB which packs onto the 

active site in the monomer below it in the bottom trimer.   Furthermore, SDS-PAGE 

analysis suggested that the buffer exchange process utilized in purification that led to the 

diamond crystals resulted in selective enrichment of a MenB protein band that is about 3 

kDa smaller than the full length protein.  Attempts to explore this further by characterizing 

the method B crystals by SDS-PAGE were unsuccessful, but it is possible (though not 

proven) that the protein used contained a truncated C-terminus, hence explaining the 

missing density.    

It is possible that this is a biologically real entity, in which case it has implications for the 

mechanism of action and deserves more study.  The more likely possibility, however, is 
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that the protein made using this method was partially altered in such a way that the trimer-

trimer interactions were disrupted.  This then results in a trimeric protein which associates 

in the crystal to form a loose “staggered hexamer” arrangement.  In the case of the enoyl-

CoA isomerase, the different crystallization conditions were suggested to be responsible 

for affecting the trimer-trimer interactions to form the different hexamers295, but in the 

present case the crystallization conditions are virtually the same, suggesting that it is more 

likely to be the method (in particular the buffer exchange procedure) that is responsible.  

Future work will concentrate on completing the refinement and establishing whether the 

molecules are indeed truncated.  

4.3.3 The EPPS Molecule 

In all of the electron density maps, there was a large piece of extra density present down 

the centre of the three fold axis in the trimer, which could not be accounted for by protein.  

This density was well defined in all of the maps and had a large circular head associated 

with three arginine residues (Arg202 from monomers A, B and C).  This suggested the 

likely presence of a negatively charged group followed by a long piece of density tailing 

back from this region through the centre of the trimer.  A close examination of the density 

showed that it looked very much like the crystallization buffer EPPS (3-[4-(2-

hydroxyethyl)-1-piperazinyl]propane sulfonic acid), with its sulfonic acid head group 

(SO3H/SO3
-) followed by a short propyl chain then a piperazine ring and a hydroxyethyl 

(CH2CH2OH) tail.  Further investigation revealed that the region corresponding to the 

CH2CH2OH group at the end of the EPPS molecule had three possible orientations towards 

each of the three monomers in the region of residues Met277 and Gln226.  The electron 

density for the EPPS molecule in the MenB_P43212 model is depicted in Figure 4.31. 
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Figure 4.31: Electron density for the EPPS molecule in the MenB_P43212 model 

The figure above shows the EPPS molecule in its three conformations (orange, cyan and 
magenta) modelled into electron density in the MenB_P43212 model. Electron density is from a 
2|Fo|-|Fc| electron density map, contoured at 0.9 �. 

An EPPS molecule has been modelled into this density for both the MenB_C2-NCoA 

model and MenB_P43212 model, and although the same region of density is present in 

maps of the other models it has not been built into yet.  The three separate conformations 

account for three possible locations of the tail.   In all three conformations, the sulphur and 

oxygen atoms of the sulfonic acid head group are positioned in approximately the same 

place.  The occupancy of each conformation was refined, resulting in occupancies of 0.42, 

0.32, and 0.26 in the MenB_P43212 model and 0.33, 0.33 and 0.34 in the MenB_C2-NCoA 

soak model.  The refined B factors for the EPPS molecules in each model are comparable 

with each other (B factor range for EPPS of 17.8-31.4 Å2 for the MenB_P43212 model and 

16.6-38.5 Å2 for MenB_C2-NCoA model) and with those of the surrounding protein region 

for each of the models (ranging from ~11-39 Å2 in both models).  

Examination of the contacts made in each of the models shows that the three oxygens in 

the sulfonic acid head group are each hydrogen bonded to one of three waters.  These three 

waters in turn make further hydrogen bonding interactions with the protein. One water 

forms hydrogen bonds with the NH1 group of A chain Arg202, the carbonyl O of the A 

chain Ala201 and the carbonyl O of the B chain Arg202.  The other two water molecules 
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make hydrogen bonding interactions to the same groups from different chains.  These 

interactions are depicted in Figure 4.32. 

 
Figure 4.32: Binding site of the EPPS molecule 

Figure A is a stereoview of the EPPS molecule (in three conformations) in the MenB_C2-NCoA 
model. The view is from the bottom of the trimer looking at the sulfonic acid head group of the 
EPPS molecule. Hydrogen bonds are shown by dashed yellow lines and water molecules by red 
spheres. Figure B is the same stereoview for the EPPS molecule in the MenB_P43212 model. 

The propyl chain, piperazine ring and ethyl tail that follow the sulfonic acid head group do 

not make any hydrogen boding interactions but run through the hole in the centre of the 

trimer within 5 Å of residues 201-205, 208 and 226-228 from each of the three monomers.  

In the two models the hydroxyl group of the EPPS tail, in its three different conformations, 

makes various hydrogen bonds with differentially positioned water molecules.  Some of 

the conformations result in hydrogen bonding interactions with the carbonyl oxygens of 
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Gln 226 or Met 227.  The EPPS molecule is oriented through the trimer such that the 

sulfonic acid head group from each trimer is on the inner side of the trimer-trimer interface 

and the tail group is on the outer, solvent-exposed, side (Figures 4.25-4.26 and 4.28A). 

Neither the other published MenB structure nor the other crotonase superfamily structures 

contain such a large group running down the centre of the trimer.  However, several of the 

other structures do contain smaller compounds bound in this region.  In the recent structure 

of 6-oxo-camphor hydrolase (1O8U), a metal ion, modelled as sodium, was located in the 

hole through the centre of the trimer, octahedrally coordinated via water molecules to 

residues Arg168 and Asp186 from each monomer286.  Structure-based sequence alignments 

show that these residues correspond to Phe208 and Gln226 respectively in MenB.  The 

structure of methylmalonyl-CoA decarboxylase (1EF8) also showed a metal ion, modelled 

as nickel,  positioned in the trimer tunnel coordinated to His220 from each of the three 

subunits283.  In the structure of dienoyl-CoA isomerase (1DCI) a sulphate group and 

associated Mg(H2O)6
2+ion are located within 5 Å of each other in the hole through the 

centre of the trimer281.  Investigations show that the Mg(H2O)6
2+ group is within 5 Å of 

Asp238 and Ser239 from each monomer (corresponding to Gln226 and Met227 

respectively in MenB), and the SO4
2- is within 5 Å of Ile215, Gly216, Asn217 from each 

monomer (corresponding to Val204, Gly205 and Gln206 respectively in MenB). 

4.3.4 Sequence Conservation 

A sequence alignment for the best 28 BLAST matches to M. tuberculosis MenB showed 

65 strictly conserved residues.  Figure 4.33 shows an alignment of 10 protein sequences 

(from Mycobacterium tuberculosis, Mycobacterium leprae, Corynebacterium efficiens, 

Shewanella oneidensis, Tropheryma whipplei, Lactococcus lactis, Bacillus subtilis, 

Haemophilus influenzae, Escherichia coli and Vibrio cholerae) selected from the top 28.  

Another alignment of three MenB protein sequences (M. tuberculosis, E. coli and 

B. subtilis) with the protein sequences of other structurally characterised members of the 

crotonase superfamily: enoyl-CoA hydratase (1DUB)280; enoyl-CoA isomerase (1HNO)288; 

methylmalonyl-CoA decarboxylase (1EF8)283; dienoyl-CoA isomerase (1DCI)281; 4-

chlorobenzoyl-CoA dehalogenase (1NZY)282; human AUH protein (1HZD)290; and oxo-
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camphor hydrolase (1O8U)286 is shown in Figure 4.34.  Some of the residues that are 

likely candidates for catalytic and substrate binding residues are discussed in section 4.3.5.  

 
Figure 4.33: Multiple sequence alignment of 10 MenB protein sequences  

ClustalW187 was used for the alignment and the figure was generated using ESPript189. The 
strictly conserved residues are shown with white text on a blue background.  Residues that are 
similar ((I/V), (L/M), (F/Y) and (N/Q/E/D)) and are 90% conserved over the aligned sequences 
are shown in red text on a yellow background. Each sequence is numbered at the side and there 
is a dot (.) above the 1st and then every 10th residue in the M. tuberculosis MenB sequence. The 
secondary structure for the MenB sequence is shown above the sequence with the 310 helices in 
magenta.  Consensus sequences around the two oxyanion hole residues (105 and 161) are boxed 
in green. Potential catalytic residues identified by comparison to with other crotonase sequences 
and the work of Truglio et al277, are boxed in brown and marked underneath with an asterix. 
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Figure 4.34: Alignment of MenB and other crotonase superfamily protein sequences  

ClustalW187 was used for the alignment and the figure was generated using ESPript 189. As for 
Figure 4.33, the strictly conserved residues are shown with white text on a blue background, 
while the similar residues that are 70% conserved over the aligned sequences are shown in bold 
black text on a yellow background. Each sequence is numbered at the side and there is a dot (.) 
above the 1st and then every 10th residue in the M. tuberculosis MenB sequence. The secondary 
structure for the MenB sequence is shown above the sequence with the 310 helices in magenta. 
Residues flanking the two oxyanion hole residues are boxed in green.  Positions in the alignment 
where known catalytic or active site residues from at least one sequence reside are shown in red. 
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4.3.5 The Active Site  

4.3.5.1 Locating the Active Site and Identifying Potential Substrate Binding 

Residues 

Analysis of structures from the crotonase superfamily containing a bound ligand (enoyl-

CoA hydratase, 4-chlorobenzoyl dehalogenase and methylmalonyl-CoA decarboxylase) 

together with structural overlays and sequence alignments with MenB, identified the active 

site region.  In addition, an analysis undertaken by Xiang et al. (1999) had identified 

residues in E. coli MenB likely to be located in the active site285 and sequence comparison 

enables the corresponding residues to be located on the M. tuberculosis MenB structure.  

Examination of other crotonase superfamily members that bind a CoA-linked substrate 

shows a common pattern in substrate binding, in which the CoA region of the substrate 

binds in a site on the solvent exposed face of the trimer, with its adenine ring and 

phosphate groups located against this face, before curving around to the pantetheine 

moiety.  The remainder of the substrate, including the region where the reaction will take 

place (the “business end”), runs back past the adenine ring and into the interior of the 

protein.  In addition to identification of active site residues by structural means, many of 

the residues that are important for catalytic activity in various members of the superfamily, 

including enoyl-CoA isomerase296, enoyl-CoA hydratase (crotonase)297,298, 4-chlorbenzoyl-

CoA dehalogenase299,300 and dienoyl-CoA isomerase281, have been tested by mutagenesis 

experiments.  Structural and sequence comparisons allowed the corresponding residues to 

be located for MenB.  

The work of Xiang et al285 described an active site template for the crotonase superfamily 

which could be thought of as comprising several segments285.  Segments 2, 5 and 6 provide 

a CoA binding site, segments 1 and 2 provide an oxyanion hole for binding the CoA 

thioester carbonyl oxygen and segments 1, 2, 3 and 4 provide a chamber where the non-

CoA substrate binding and catalytic groups reside285.  This region, due to the flexibility in 

segment 4, is able to expand in size285.  The regions are depicted in Figure 4.35 and a 

summary of the regions is given in Table 4.21. 
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Active Site Template Segments for Crotonase Superfamily Structures285 
Segment 1 

• Corresponds in M. tuberculosis MenB to residues 160-168 (GGGHSLHVV) which is 
most of H3.  The underlined residues are conserved in all MenB sequences (Figure 
4.33). 

• Gly161 is responsible for providing a peptide N-H group that hydrogen bonds to the 
thioester carbonyl oxygen, polarizing the bond and stabilizing the resulting anion279,285. 
This makes up half of the oxyanion hole279,285.  It has been postulated that the location 
of this group at the N-terminus of a helix enables the positive end of the helix dipole to 
polarize this bond279.   

• This region contains the catalytic Glu144 in enoyl-CoA hydratase (Glu 144)279,280,285,297. 
This is not conserved in MenB where the corresponding residue is Ser164.  

Segment 2 
• Corresponds in M. tuberculosis MenB to residues 95-115, a portion of which, from 

residue 106/108 onwards, is missing in all the models of MenB. 
• Residues 101-106 (FCSGGD) correspond to the other half of the oxyanion hole 

consensus sequence, with Gly105 contributing the peptide N-H group279. 
• This region also contributes to binding other parts of the CoA moiety. For example, 

Lys101 in enoyl-CoA hydratase and Arg67 in 4-chlorobenzyl-CoA dehalogenase, 
hydrogen bond to the 3’ phosphate group280,282,285.  While Ala96, Ala98 and Ile100 in 
enoyl-CoA hydratase and Phe64 and Leu66 in 4-chlorobenzoyl-CoA dehalogenase 
make hydrogen bonding interactions with the adenine ring280,282,285.  The equivalent 
residues in M. tuberculosis MenB are Ser103, and strictly conserved Gly105, Asn107 
and Arg108. 

Segment 3 
• Corresponds in M. tuberculosis MenB to residues 181-196.  
• Contains several of the known catalytic residues; Glu 164 in enoyl-CoA hydratase, 

which corresponds to Glu165 from enoyl-CoA isomerase, Glu194 in dienoyl-CoA 
isomerase and Trp137 in 4-chlorobenzoyl-CoA dehalogenase279-283,285,288,300.  The 
equivalent residue to in M. tuberculosis MenB is the acidic Asp185, although this is not 
conserved throughout the MenB sequence family (Figures 4.33 and 4.34).  

• Also located on this segment is the nucleophile in the 4-chlorobenzyl-CoA 
dehalogenase reaction, Asp145282,285,300, which corresponds to the catalytic residue 
Asp204 in dienoyl-CoA isomerase281,285. The equivalent residue in M. tuberculosis 
MenB is the non-conserved Gly193, but this is preceded by the strictly conserved polar 
Ser190 and acidic Asp192 (Figure 4.33). 

• The predicted catalytic residue Tyr140 from methylmalonyl decarboxylase283 
corresponds to the strictly conserved Asp192 in M. tuberculosis MenB (Figures 4.33 
and 4.34).   
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Active Site Template Segments for Crotonase Superfamily Structures285 Cont.. 
Segment 4 

• Is a region of known flexibility that is disordered in the structure of the complex of 
enoyl-CoA hydratase bound to octanoyl-CoA (residues 114-118)280.  The flexibility in 
this region was suggested to explain the broad substrate specificity of crotonase, which 
is known to be able to act on substrates ranging in fatty acid length from C4 to C16

280.    
• Corresponds to residues 118-143 in M. tuberculosis MenB, a significant portion of 

which (to residue 129/134) is disordered, and the reminder of which corresponds to 
H2B. 

• In the MenB sequence alignment, the region encompassing both segment 4 and segment 
2 is one of variability (Figure 4.33).   

• The catalytic residue His90 in the dehalogenase282 is also located in segment 4 and 
corresponds to hydrophobic residue Leu137 in M. tuberculosis MenB.  

Segments 5 and 6 
• Corresponds to residues 50-60 (segment 5) and 301-304 (segment 6) in M. tuberculosis 

MenB, with segment 6 usually contributed by another monomer.  These segments are 
thought to be involved in CoA binding. 

• Lys282 from enoyl-CoA hydratase280 and Arg24 in 4-chlorobenzyol dehalogenase282 
reside on these segments and interact with the CoA phosphates.  The equivalent residues 
in M. tuberculosis MenB are Lys302 (strictly conserved) and Arg58 respectively.  

Table 4.21: Active site template segments for crotonase superfamily structures 

 
Figure 4.35: Segments likely to be involved in active site formation in MenB  

Figure A shows one view and figure B the view when rotated 90º about the y axis. The segments 
involved in active site formation, proposed by XianCOMg et al285 and discussed in Table 4.21, 
are coloured and labelled.  

 



Chapter 4                                                                                                                         MenB 
 
 
 

 
232 

4.3.5.2 The CoA Ligand 

For most of the chains, an extra spherical ball of electron density was located near Trp157.  

In the B chain of the MenB_C2-NCoA structure, this density was more extensive when 

contoured at 0.8-0.7 � in weighted composite omit and 2|Fo|-|Fc| maps, and was joined to 

an extra region of density that looked like a planar ring (Figure 4.36).  Visual examination 

of this model overlaid on the acetoacetyl-CoA complex of enoyl-CoA hydratase (1DUB)280 

revealed that these regions of density correspond to the region where the methyl groups of 

the CoA pantetheine moiety and adenine ring reside respectively.  A CoA molecule 

without its �-mercaptoethylamine tail (NHCH2CH2SH) best fitted the observed density.  

The occupancy of this ligand refined to 0.59, with B factors that were moderately high (53-

63 Å2).  Further examination of the electron density maps in this region could not find any 

evidence for the naphthoyl ring of the naphthoyl-CoA that was soaked into this crystal, 

although there was a well defined sphere of density (modelled as water) close to Gly161 at 

the position where the thioester carbonyl group from the acetoacetyl-CoA ligand resided in 

the structural overlays.  Further attempts to increase ligand occupancy by soaking with 

higher naphthoyl-CoA concentrations resulted in degradation of the crystals.  

 
Figure 4.36: Stereoview of the electron density for the CoA ligand  

The figure was drawn with Pymol259 and shows electron density for the partial CoA ligand from 
a 2|Fo|-|Fc| electron density map contoured at 0.7 �. 

The portion of the CoA molecule modelled into the B chain includes the adenine ring, the 

ribose ring, the phosphate groups and the pantetheine moiety and is located in close 
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proximity to the N-terminal part of the B monomer (Figures 4.37 and 4.38), being within 5 

Å of Glu56, Val57, Arg58, Ala60, Lys 95, Asp96, Trp157, Ala159, Ser103, Gly104, 

Gly105, Asp106, Gln107 and Arg108.  Hydrogen bonds are formed between the adenine 

nitrogens, N1 and N6, to Ser103, and Gly105 (Figure 4.39).  The adenine ring, sugar and 

phosphate groups pack against three sections of polypeptide (Figure 4.37).  The first, 

residues 56-62, runs parallel to �-strands B2 and B3 and includes helix H1A, which 

contributes Arg58 to the interactions that stabilise the 3’ ribose pyrophosphate group.  The 

second section, residues 95-107, encompasses strand B2 and the flanking regions at either 

end.  The C-terminal residues of this section are near to the adenine ring and the N-terminal 

residues, including positively charged Lys95, are close to the 3’ phosphate of the ribose 

ring.  Gly105 in this region provides the peptide N-H group for the first half of the 

oxyanion hole.  The last section comprises residues 157-159, from strand B3 and includes 

Trp157 whose hydrophobic aromatic side chain is positioned close to hydrophobic 

dimethyl group of the pantetheine region of the CoA.   

Although the CoA molecule built into the NCoA Soak model is not complete, and there is 

no evidence of the attached naphthoyl ring, overlays indicate that the rest of the substrate, 

including the remaining �-mercaptoethylamine region of CoA, should run in the same 

direction, down into the protein, allowing the thioester carbonyl to pass close to Gly105 

and the other oxyanion hole N-H donor, Gly161, and continue towards a pocket that is the 

most likely site for the naphthoyl moiety.  This pocket is lined by H4A and the surrounding 

regions (residues 185-192), which contain the potentially catalytic residues Asp185, 

Ser190 and Asp192 (Figure 4.37).  Residues from two helices (H2B and H3) also form 

part of this pocket.  The residues from about 280 to 296 of the incomplete C-termini from 

chain A are also located near this pocket (Figure 4.38).  The missing residues, (108-133) 

which join the active site segments, 101-108 and 135-137, could cap this active site, and it 

is possible that these are required to be flexible to allow substrate to bind. 
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Figure 4.37: Location of the CoA ligand within the B chain of the MenB_C2-NCoA model 

The segments285 discussed in Table 4.21 are coloured as for Figure 4.36. The CoA is shown in 
stick representation as are oxyanion hole residues Gly161 (pink, on segment 1) and Gly105 
(yellow, on segment 2) and potential catalytic residues Asp192, Asp185 and Ser190 (blue, on 
segment 3). The last residue on segments 2 (yellow) and 4 (green) prior to the missing region are 
in orange. 

 
Figure 4.38: Location of the CoA Molecule in the MenB_C2-NCoA Hexamer 

The monomers are shown in blue (A, A’), red (B, B’) and yellow (C,C’). Figure A shows a top 
view of the hexamer and Figure B, a side view of the B, C, A’, C’ interface. Figure C is a 
simplified side stereoview with the two oxyanion hole residues in yellow and residues involved in 
CoA interactions in cyan.  The incomplete A’ C-terminus can be seen (blue) near the CoA 
binding region. 
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Figure 4.39: Stereoview of the CoA binding region  

The figures are drawn with Pymol259. Figure A shows a close up view of the cartoon of the B 
chain (red) CoA binding region of the MenB_C2-NCoA model. Figure B is a stereoview of the 
same binding region (the B monomer is in white) in a sticks representation. Regions highlighted 
in yellow correspond to Gly105 and Gly161 which form the oxyanion hole.  Regions in cyan 
correspond to residues that are located close to the CoA. Hydrogen bonds are represented by 
dashed yellow lines.  

4.3.5.3 Comparison with the Published MenB_1Q51 Structure  

In parallel to the present work, Truglio et al. published a 2.3 Å resolution structure of the 

crotonase inhibitor acetoacetyl-CoA bound to M. tuberculosis MenB (PDB code 1Q51)277.  

As in the work described here, they had attempted to soak the product naphthoyl-CoA into 

MenB crystals but were only able to see density for the CoA region277.  An overlay of our 

ligand-bound structure with this structure showed that the CoA molecules overlay 

reasonably well with only some minor differences (Figure 4.24).  Contacts between the 

protein and the CoA are similar, although in MenB_1Q51 additional contacts with the CoA 

phosphate groups are made by Lys302’ from the C-terminus of another monomer from the 
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bottom trimer277.  Furthermore the �-mercaptoethylamine and acetoacetyl groups that are 

not present in our model make hydrogen bonds with Thr184 and the oxyanion hole N-H 

groups (Gly161 and Gly105) respectively277.  Phe299’ from the C-terminus of monomers 

from the bottom trimer can be seen in this structure located in the CoA binding region near 

the adenine ring, which is described as being sandwiched between Ala 60 and Phe299’277.  

Unlike our liganded active site which does not show the full C-terminal region of the 

bottom monomer interacting with the active site, in the Truglio et al. structure the complete 

C-terminus is present in the active sites of both the bound and unbound structures, allowing 

the authors to compare the two states and note that upon ligand binding the helix 

corresponding to H10’ could move up to 1.1 Å towards the active site277.  In our liganded 

active site, the C-terminus contributed from monomer A’ is disordered from residue 296, 

and it is the unliganded actives sites of monomers A and A’ that are capped by the full C-

terminus from B’ and B respectively.   

In addition to their structural analyses, Truglio et al. undertook modelling studies of the 

substrate O-succinylbenzoyl-CoA (OSB-CoA) into the active site and mutagenesis of 

several potential active site residues277.  The modelling revealed that the OSB region is 

likely to fit into a pocket near residues Leu134, Ile136, Ile137 of H3; Glu280’, Thr283’ and 

Tyr287’ of H9’ from another monomer (located below it in the hexamer) and a loop 

containing residues Ser190 and Asp192277.  The binding of the thioester group to the 

oxyanion hole residues Gly105 and Gly161 was proposed to position the benzoate 

carboxylate on the substrate close to the thioester in a conformation favourable for the 

reaction277.  This would then allow the hydrophobic aromatic ring of OSB to contact the 

hydrophobic Leu134, Ile136 and Leu137 from H3277.  It was suggested that this mode of 

binding might involve the CoA binding first, acting as a tether, then allowing the OSB 

region to position itself correctly into the pocket afterwards277 

From this study, Asp 192, Asp185, Ser 190 and Tyr 287’ were identified as likely catalytic 

residues277.  The first three residues are those that correspond to positions in the sequence 

where known catalytic residues in other crotonase superfamily members are positioned 

(Figure 4.34 and Table 4.21), but the last is a little unusual.  In their study Truglio et al. 
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found that in their unliganded structure Tyr287’ was positioned away from Ser190, but in 

their liganded structure this side chain moved closer to Ser190 in the active site pocket in 2 

of their 12 monomers; in 7 of the others it was disordered, showing density for several 

conformations, and in the other 3 it was in the same position as the unliganded structure277.  

No density is seen for Tyr287’ in the monomers of the MenB_P43212 model, as the chain 

ends at Leu285.  In the MenB_C2-NCoA, model the Tyr287’ side chain in chain A is 

disordered, showing small bits of electron density for several conformations.  However, the 

Tyr287’ side chain for chain B is nicely ordered, in a position based on the overlay that 

corresponds to unliganded state of MenB_1Q51 of Truglio et al.277.  Truglio et al. 

undertook site directed mutagenesis studies of Tyr287, Asp192, Asp185 and Arg133.  

They found that all of these mutants showed poor activity and the Tyr287’ and Asp192 

mutants showed no activity at all identifying them as important for either substrate binding 

or catalysis277.  Figure 4.40 shows the active site region of chain A from the MenB_C2-

NCoA model, with these potentially catalytic residues, (the Tyr287’ contributed from the 

C-terminus of B’) highlighted in pink and green.  
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Figure 4.40: Active site region of MenB_C2-NCoA chain A showing the NCoA binding pocket 
Figure A shows the active site region of the unliganded A chain (in blue) with the C-terminal 
region of the B’ chain in red. The region surrounding the oxyanion hole residues are 
highlighted in yellow and the oxyanion hole residues themselves are highlighted in magenta 
(Gly161) and Teal (Gly105). The residues 107-108 and 129-133, which are on either side of the 
disordered region, are shown in orange. Ile136, leu137 and Leu134 which are predicted by 
Truglio et al277 to interact with the naphthoyl ring are shown in cyan as is Arg133 which points 
away from the pocket. Tyr287’ from the B’ chain (red), identified as a potential catalytic residue 
by Truglio et al.277, is shown in pink, and potential catalytic residues Asp185, Ser 190 and Asp 
192 from the A chain are shown in green.  Figure B shows the same view of the A chain with the 
ligand from the B chain superimposed on the active site. In this figure Lys302’ and Phe299’, not 
seen in the B chain active site as they lie in a region of disorder, noted by Truglio et al.277 to 
interact with CoA are shown in pink. 

Truglio et al. proposed a reaction mechanism, aspects of which are incorporated into 

Figure 4.3, using the residues identified as important for activity277.  They proposed that 

Asp192 and Asp185 would be located near the OSB carboxylate of OSB-CoA and would 

raise the pKa of this group which would increase the ability of the OSB carboxylate to 

abstract the OSB C-2 pro-R hydrogen of OSB-CoA277.  Ser 190 and Tyr287’ were 

predicted to hydrogen bond to the OSB keto group of OSB-CoA.  Furthermore, Tyr287’ 

was predicted to act as a proton shuttle (H-ProtonShuttle in Figure 4.2), donating a 

hydrogen to the OSB keto group of OSB-CoA and accepting the OSB C-3 pro-S hydrogen 

from OSB-CoA277. 
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4.4 Concluding Discussion 

It is clear from this study that MenB contains regions of flexibility that may explain the 

variable behaviour seen in the protein purification and crystallization.  Dialysis 

experiments have shown that the protein exists in two states (by native-PAGE), and that 

the populations in each of these states are influenced by the concentration of imidazole 

present.  While these two states have not been characterized they may reflect the flexibility 

of the enzyme, as may the variable size estimates obtained by dynamic light scattering.  It 

is also interesting to note that MenB was not able to be successfully purified by the TB 

consortium high throughput facilities and this may be because the enzyme elutes in a 

higher than standard imidazole concentration which is not suitable for automated 

techniques.  From the structures it can be seen that the flexible regions are especially 

notable around the active site and may therefore play a role in control of enzyme activity.   

While most of the models showed what might be termed the conventional hexameric 

relationship, the discovery of the MenB_diamond model, in which the hexameric 

arrangement is different, allows speculation on its biological relevance including the 

possibility of active and inactive conformations.  However, caution needs to be taken with 

this, because this model also raises many questions of an experimental nature that need to 

be addressed before the significance can be explored fully.  

All models examined in this study show the expected crotonase superfamily fold and are 

quite comparable to each other.  The MenB_C2-NCoA soak model was the most complete 

and showed that unlike the other crotonase superfamily structures known to date, whose C-

terminal region contributes either to its own active site or to that of the adjacent trimeric 

neighbour, the C-terminal region in MenB caps the active site of the monomer directly 

below it in the hexamer.  Comparison of the MenB_C2-NCoA soak model with the 

recently published MenB structures (MenB_1Q52 and ligand bound MenB_1Q51277) 

showed that the structures are very similar.  In particular, the monomer that binds CoA in 

MenB_C2-NCoA does so in a very similar manner to MenB_1Q51.  From the structure 

and sequence alignments of the crotonase superfamily members, as well as examination of 

the known catalytic residues, it was noted that Asp185, Ser190 and Asp192 were 
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positioned near the active site and may be potential candidates for catalytic residues.  The 

work of Truglio et al. has confirmed that Asp192 is necessary for MenB activity and 

shown that another residue, Tyr287’ (from the C-terminus of another monomer) is also 

necessary277.  The question of why the product of MenB naphthoyl-CoA is not seen in the 

active site despite soaking attempts from either group has not been addressed, but may 

have something to do with the flexibility in this region or a possible lack of affinity for the 

product.   

Further work could be done to address the issues raised here such as further substrate soaks 

of crystals generated by method C, as well as a more work on the method B models, which 

are currently uncompleted. 
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C h a p t e r  5  

OTHER TARGETS 

5.1 General Introduction  

A phrase often used in association with a structural genomics approach is “picking the low 

hanging fruit”.  In this chapter, the work on all the target genes that did not produce 

structures (the “not-so low hanging fruit”) will be presented and discussed.  For each as yet 

unsuccessful gene, the continued viability as a structural genomics target will be analysed 

and some experimental approaches that have not yet been investigated will be suggested 

for possible future work.  A concluding summary discussing the protein solubility 

bottleneck in the structural genomics pipeline, will then be given. 

5.2 A Potential Isoprenyl Diphosphate Synthase GrcC2 (Rv0989c) 

5.2.1 Introduction 

The biosynthesis of ubiquinones and menaquinones, as discussed in chapter1, requires the 

addition of a polyisoprenyl group, from a polyisoprenyl disphosphate, to DHNA in a 

reaction catalysed by MenA (Figure 5.1)97.  Polyisoprenyl diphosphates come in a wide 

range of lengths and varying stereochemistry at the double bonds (E/Z and all-E) and, 

along with providing the polyisoprenyl tail of the quinones, they are also used in 

biosynthesis of other isoprenoid compounds such as: steroids, cholesterol, monoterpene, 

chlorophyll, caroteniods, retinoids, diterpenes and natural rubber171.  Polyisoprenyl 

diphosphates are made via the sequential condensation of the 5-carbon isopentenyl 

diphosphate (IPP) units97.  The enzymes responsible for this condensation are known as 

prenyltransferases or isoprenyl diphosphate synthases170.  In the first steps of condensation, 

two molecules of IPP are added to its isomer dimethylallyldiphosphate (DMAPP) to make 

the fifteen carbon farnesyl diphosphate (FPP) via a short chain all-E-prenyltransferase 

called farnesyl diphosphate synthase170.  FPP is then used as a primer by medium chain or 

long chain all-E-prenyltransferases which add further IPP molecules to the chain to make a 

polyisoprenyl diphosphate product that is between 30 and 50 carbons long depending on 

the specificity of the enzyme170,171.  The polyisoprenoid products of this length and 
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stereochemistry are often used as sources of the polyisoprenyl tail of menaquinones and 

ubiquinones170.  The specificity of the prenyl transferase involved in biosynthesis of 

polyisopreniods used for quinones varies from organism to organism, and will determines 

the tail length of the quinones present in that organism.  For example, B. subtilis which has 

predominantly MK-798, contains a heptaprenyl diphosphate synthase163,172,301, whereas 

E. coli, which contains predominantly Q-8 and MK-898, contains an octaprenyl 

diphosphate synthase97,302. 

 
Figure 5.1: The polyisoprenyl tail of menaquinone comes from a polyisoprenyl diphosphate 

Prenyltransferases have been classified into four groups depending on the length and 

stereochemistry of the product, as well as their subunit arrangement171,172.  Three of these 

groups are involved in the synthesis of all-E-polyisoprenyl diphosphate (Table 5.1).   
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Prenyltransferase I 
• Synthesise short chain (C10-C25) isoprenyl diphosphates that have all-E double bonds 

(e.g. farnesyl diphosphate synthase).  These proteins are generally homodimers and 
require divalent cations171,172.  

Prenyltransferase II 
• Synthesise medium chain (C30-C35) isoprenyl diphosphates that have all-E double bonds 

e.g. heptaprenyl diphosphate synthase and hexaprenyl diphosphate synthase171,172.   
• Are heterodimers of two protein components that associate in the presence of substrate 

and metal ions, and are not active unless combined172,303.  This is a way to enable the 
hydrophobic end product to be removed from the active site, allowing efficient catalytic 
turnover172.  

Prenyltransferase III 
• These prenyltranferases make long chain (C40-C50) isoprenyl diphosphates that have all-

E double bonds e.g. nonaprenyl (solanesyl) diphosphate synthase171,172.  
• These enzymes appear to be homodimers that use divalent cations, and whose catalytic 

efficiency is enhanced by an additional protein factor which is suggested to remove the 
hydrophobic end products from the active site172. 

Table 5.1: Classes of prenyltransferases that make all-E-polyisoprenyl diphosphates 

Proteins from classes I, II and III share seven conserved regions including the presence of 

two aspartate-rich motifs with the consensus sequence DD-X2/4-D171.  Much work has been 

done on the significance of these regions in FPP synthase, including the findings that D2 

and D3 in the first aspartate-rich motif, as well as D1 in the second, are needed for 

significant FPP synthase catalytic activity, while D1 in motif one and D3 in motif two can 

be mutated without affecting catalytic activity greatly172.  Random mutagenesis studies on 

isoprenyl diphosphate synthases as well as x-ray crystallography data for the avian FPP 

synthase has revealed a lot about the mechanisms for chain length determination, with a 

region just prior to the first aspartate-rich motif being identified as important in 

determining the chain length of the product171,304.  For example, small amino acids in the 

fifth position prior to the first motif are known to be associated with longer chain length 

products171. 
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5.2.1.1 Isoprenyl Diphosphate Synthases in Mycobacterium tuberculosis H37Rv 

Mycobacterium tuberculosis contains primarily MK-9 (H2) with a C45, partly 

dehydrogenated, isoprenyl tail, but also contains minor amounts of MK-8, MK-8 (H2) and 

MK-798.  Therefore M. tuberculosis would be expected to have several enzymes (or one 

multifunctional enzyme) capable of making all-E hepta, octa and nonaprenyl diphosphates.  

A search of Tuberculist using keywords isoprenyl and polyprenyl, and the Mycobacterium 

tuberculosis summary for the isoprenoid biosynthesis pathway in Biocyc (section 2.1.1.2) 

revealed five open reading frames implicated in the synthesis of all-E-polyisoprenyl 

diphosphates.  These are summarised in Table 5.2.   

Gene Name Description 
Rv2173 (idsA2) Short chain polyisoprenoid diphosphate synthesis. 

Rv3398c (idsA1) Short chain polyisoprenoid diphosphate synthesis. 

Rv3383c (idsB) Short chain polyisoprenoid diphosphate synthesis.  

Rv0562 (grcC1) Biosynthesis of longer polyprenyl chains 

Rv0989c (grcC2) Biosynthesis of longer polyprenyl chains 
Table 5.2: Likely all-E-isoprenyl diphosphate synthase genes in M. tuberculosis 

5.2.1.2 Why Target Rv0989c? 

BLAST searches at NCBI showed that both of the genes predicted to be associated with the 

synthesis of medium/long chain E-polyprenyl diphosphates (Rv0562 grcC1 and Rv0989c 

grcC2) contained the conserved domain designated IspA (which is associated with 

polyisoprenyl diphosphate synthesis) and both aligned very well to each other sharing 57% 

sequence identity over their length.  Furthermore both Rv0562 and Rv0989c aligned to the 

experimentally annotated component II (but not component I) of heptaprenyl diphosphate 

synthase from B. subtilis163,301 with 32% and 27% sequence identity respectively.  Both 

genes also aligned comparably to the experimentally annotated octaprenyl diphosphate 

synthase302 from E. coli with 32 % identity for Rv0562 and 29% identity for Rv0989c.  It is 

not clear at the current time what chain length polyprenyl diphosphate is made by either of 

these proteins, and either could be responsible for the polyisoprenyl diphosphates used in 

menaquinone biosynthesis.  Rv0989c was chosen because of its possible role in synthesis 
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of the polyprenyl tail for menaquinone, and because of its location in a gene cluster 

comprising Rv0989c, Rv0990c, Rv0991c and Rv0992c, in which the other gene products 

were of unknown function, and had been targeted by other members of our laboratory.  

Rv0562 was not chosen because it had already had been targeted by another laboratory. 

5.2.2 Methods and Results 

5.2.2.1 Bioinformatics 

A BLAST search at NCBI in January 2004 using the sequence of Rv0989c, gave over 400 

hits better than the threshold E value of 0.005.  Sequence identity was found with the 

experimentally annotated heptaprenyl diphosphate synthase (heptaPP synthase) component 

II enzymes from B. subtilis (27% identity over residues 25-248 of the 325 residues in 

Rv0989c) and B. stearothermophilis (31% identity over residues 11-250)171,303, as well as 

to experimentally annotated E. coli octaprenyl transferase (octaPP synthase) (29% identity 

over residues 11-257)172,302.  A conserved-domain BLAST search at NCBI showed that 

Rv0989c matched well (aligned over 99% of the region) to the conserved domain IspA, 

associated with polyisoprenyl diphosphate biosynthesis.   

Searching PROSITE with the Rv0989c sequence revealed it did not contain either of the 

two PROSITE motifs associated with polyprenyl diphosphate synthases (the aspartate-rich 

motifs).  Manual inspection of the sequence and its BLAST search alignments, showed 

something resembling such an aspartate-rich motif at residues 91-95 (aligning with the first 

aspartate rich motif from the B. subtilis heptaPP synthase sequence) and at residues 216-

220 (aligning with the second aspartate rich motif from the B. subtilis heptaPP sequence).  

Figure 5.2 compares the aspartate-rich motif regions of the five all-E-isoprenyl 

diphosphate synthases from M. tuberculosis as well the aspartate rich regions from four 

other isoprenyl diphosphate synthases.  Analysis of these regions show the presence of 

small amino acids in the fifth position (underlined) prior to the first aspartate rich motif for 

Rv0989c, Rv0562, heptaprenyl diphosphate synthase and octaprenyl diphosphate synthase 

in comparison to the corresponding region in farnesyl diphosphate synthase, Rv3398c, 

Rv3383c and Rv2173 which have a large amino acid in the fifth position.   
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Figure 5.2: Alignment of the aspartate-rich motifs for 9 isoprenyl diphosphate synthases 

The region corresponding to each motif is in bold and the fifth amino acid prior to the first motif 
is underlined.  B. sub. HPPsynth= heptaprenyl diphosphate synthase component II from 
B. subtilis, E. coli OPPsynth=Octaprenyl diphosphate synthase from E. coli, E. coli FPPsynth = 
Farnesyl diphosphate synthase from E. Coli, and Avian FPP synth = the same enzyme from 
birds 

There are several avian FPP synthases structures in the PDB304,305, but these are not 

detected in a BLAST search of the PDB using the Rv0989c protein sequence, nor until 

very recently, were any other significant matches found.  A very recent search of the PDB, 

however, has revealed a significant alignment to an octaprenyl diphosphate synthase from 

Thermotoga maritima (PDB code 1V4E)306.  The avian FPP synthase structure is highly �-

helical with ten core helices located around a central cavity, and the two aspartate rich 

motifs located on either side of this cavity305.  The octaprenyl diphosphate synthase 

structure shows a similar arrangement with nine core helices located around a central 

cavity and the aspartate rich motifs located on helices D and F306. 

 

Aspartate Rich Motif 1 

IELMHLGTLCH-DRVVD-ESDMSRKTPS 
 

IEMIHLATLYH-DDVMD-EAQVRRGAPS 

VELVHNFTLLH-DDVMD-GDATRRGRPT 

VELVHNFSLVH-DDLMD-RDEHRRHRPT 

LELLHAWALVH-DDLID-RSATRRGRPT 

LEMIHMASLVH-DDVID-DAELRRGKPT 

IEFIHTATLLH-DDVVD-ESDMRRGKAT 

 VECIHAYSLIH-DDLPAMD-DDLRRGLPT 

IELFQAFFLVA-DDIMD-QSLTRRGQLC 

Aspartate Rich Motif 2 
 

FEIS-RDIIA-ISG 

FQIA-DDIID-IDS 

FQCV-DDLIG-IWG 

FQLV-DDLLG-IWG 

FQLR-DDVLG-VFG 

YQII-DDILD-FTS 

FQLI-DDLLD-YNA 

FQVQ-DDILD-VVG 

FQIQ-DDYLD-CFG 

Rv0989c(GrcC2) 

Rv0562(GrcC1) 

Rv3383c(IdsB) 

Rv3398c(IdsA1) 

Rv2173(IdsA2) 

B. sub. HPPsynth 

E. coli OPPsynth 

E.coli FPPsynth 

Avian FPPsynth 
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5.2.2.2 Primer Design, PCR Amplification and Cloning 

The forward primer was designed to incorporate an NcoI site and the reverse a HindIII site.  

The PCR amplification, at an annealing temperature of 50ºC, produced a major band 

running near the 1000bp marker in the DNA ladder (Figure 5.3).  This matched the size 

expected for the amplified fragment containing Rv0989c at 1016bp.   

The Rv0989c PCR product of the correct size was purified, digested with NcoI and 

HindIII, ligated separately into both pre-digested pProEX Hta and pET42a-rTEV vectors 

and transformed into electrocompetent XL1 blue E. coli cells.  This proved to be successful 

for both vectors with diagnostic digests of plasmid DNA, isolated by DNA-miniprep, 

confirming the presence of insert of the correct size (1016bp) (Figure 5.4).  Another DNA 

mini-prep, followed by further purification (PEG and ethanol precipitation), was used to 

produce a concentrated sample of pProEX Hta-Rv0989c plasmid DNA for sequencing in 

the forward direction.  The DNA sequencing confirmed the presence of insert and verified, 

after conversion from DNA sequence to protein sequence, that the first ~160 residues 

matched those of the published Rv0989c protein sequence and the sequence of the vector 

His-tag with, the exception of a single I
V mutation at position 2 in the protein sequence 

(introduced by the NcoI site).   
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Figure 5.3: A 1% agarose gel of a PCR amplification reaction.  

Rv0989c is in lane C. The major band, running near 1000 bp, is at the expected size for the 
Rv0989c product (1016 bp). 

 
Figure 5.4: Example of a double diagnostic digest for pET42a rTEV Rv0989c and Rv0990c. 

Three Clones Were Tested For Each and All Three Showed Insert of About The Expected Size 
(1016 bp for Rv0989c and 716 bp for Rv0990c). 

5.2.2.3 His-tagged Rv0989c: Protein Expression and Solubility  

5.2.2.3.1 Small Scale Expression and Solubility Tests 

Plasmid DNA (pProEX Hta-Rv0989c) was transformed into BL21 pRI cells and small 

scale expression and solubility tests were carried out at 37 ºC, 28ºC and 18ºC (sections 
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2.3.3.3 and 2.3.4) inducing expression with 1 mM IPTG.  A range of lysis buffers (50 mM 

HEPES, pH 8.0, 200 mM NaCl; the general lysis buffer screen and pH lysis buffer screen 1 

detailed in section 2.3.4.2.2) were used in these tests.  Tests at 37ºC and 28ºC showed His-

tagged Rv0989c to be overexpressed but insoluble (Figure 5.5).  At 18ºC the situation was 

different.  Firstly, the level of protein overexpression was lower, making solubility more 

difficult to judge.  However, while the initial 18ºC experiments showed that the small 

amount of His-tagged Rv0989c produced was insoluble, tests using three EDTA-

containing lysis buffers (50 mM Tris-HCl pH 7.5, 5 mM EDTA, 1 mg/mL lysozyme; with 

either, (i) 50 mM NaCl, or (ii) 50mM NaCl and 0.5M Urea, or (iii) 50 mM NaCl and 

0.2% NP40) showed evidence of a small amount of soluble protein as well.  EDTA 

appeared to be the key additive, with no discernible difference in the tests undertaken 

between the three buffers.  The first buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 mM 

EDTA, 1 mg/mL lysozyme) was chosen for further studies on the premise that this would 

be the most favourable if the protein got to the crystallisation stage.   

 
Figure 5.5: A 37ºC expression and solubility test for His-tagged Rv0989c. 

The gel is from SDS-PAGE of an expression and solubility test (lysis buffer 50 mM HEPES, pH 
8.0, 200 mM NaCl).  There is an overexpressed protein band present in the induced whole cell 
pellet that is consistent with the expected size for His-tagged Rv0989c (37.8kDa).  This band is 
also seen in the insoluble fraction of the induced cell lysate.  
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5.2.2.3.2 Small Scale Ni2+-Binding Solubility Tests and Scale Up Purification Trials 

As the low expression levels made the solubility difficult to judge, a series of small scale 

Ni2+-binding tests were undertaken using Ni-NTA resin (section 2.3.9.1).  These should 

allow even low amounts of protein in the soluble fraction to be isolated, as the Ni2+ 

selectively binds to the His-tagged protein, thereby concentrating it relative to E. coli 

proteins.  Small scale Ni2+-binding tests were undertaken with the soluble and insoluble 

fraction of samples from an induced 18ºC His-tagged Rv0989c expression culture, lysed in 

an EDTA-containing lysis buffer (50 mM Tris-HCl pH 8.0, 50 mM NaCl, 5 mM EDTA, 

3 mg/mL lysozyme).  As a control, the same procedure was also carried out on an 

uninduced sample of the same culture (Figure 5.6).  The EDTA, which interferes with the 

Ni2+ binding due to its ability to chelate divalent cations, was removed from the soluble 

fractions by buffer exchange into 50 mM NaH2PO4, pH 8.0, 300 mM NaCl, 10 mM 

imidazole.  SDS-PAGE analysis, after elution of the Ni2+-bound proteins revealed bands 

that were the expected size for His-tagged Rv0989c (37.8kDa) from both the insoluble and 

soluble (Figure 3.6) fractions of the induced culture.  A similar test was undertaken with a 

sample from the same induced and uninduced cultures, but lysed in a lysis buffer that did 

not contain EDTA (50 mM NaH2PO4, pH 8.0, 300mM, 10 mM imidazole containing 2 

mg/mL lysozyme).  In direct comparison, this showed that only in the insoluble fraction of 

the induced culture was there a band, bound to the Ni-NTA resin, that was the expected 

size for His-tagged Rv0989c (37.8kDa). 
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Figure 5.6: Ni2+ binding tests using soluble cell lysate from an 18ºC expression culture 

The gel is from SDS-PAGE and shows the Ni2+-binding tests undertaken on the soluble fraction 
of lysed uninduced and induced cell samples from a 18ºC His-tagged Rv0989c expression 
culture. The cells were lysed in 50 mM Tri-HCl, pH 7.5, 50 mM NaCl, 5 mM EDTA. There is a 
band running at the size expected for His-tagged Rv0989c in the eluted fractions of the induced 
sample. 

In light of the partial solubility from the EDTA-containing lysis buffer in the Ni-NTA 

binding studies, a scale-up 18ºC expression (section 2.3.5) and IMAC purification of the 

soluble fraction (section 2.3.9.2.1.1), using the same conditions, was undertaken.  SDS-

PAGE analysis from samples taken at each step did not show any protein of the expected 

size eluted from the column.  No further attempts at this were made. 

5.2.2.4 GST-fusion Rv0989c: Protein Expression and Solubility  

A single 18ºC expression and solubility test was undertaken using BL21 pRI cells 

containing the pET42a-rTEV-Rv0989c plasmid in a similar manner to the tests undertaken 

for the His-tagged protein.  The lysis buffer used was 50 mM HEPES pH 8.0, 200 mM 

NaCl and the test revealed a faint overexpressed protein band at the correct size for GST-
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fusion Rv0989c (62.9 kDa).  The level of expression was too low, however, to discern 

clearly if there was any soluble protein.  

5.2.2.5 His-tagged Rv0989c: Refolding 

Concurrently with the solubility tests, a refolding screen was undertaken on the insoluble 

fraction.  A 37ºC large scale expression of His-tagged Rv0989c was undertaken (section 

2.3.5), and the cells were lysed by sonication and suspended in a urea solution (8 M Urea, 

pH 8.0, 0.01 M Tris-HCl, 0.1 M NaH2PO4) (section 2.3.7).  The resulting denatured protein 

was purified by IMAC under denaturing conditions (section 2.3.9.2.2.2) and used in a 

refolding screen, with protein samples being dialysed against each of the modified 

Hampton refolding solutions at 18ºC for 5 days (sections 2.3.8.1 and 2.3.8.2) followed by 

dialysis into 50 mM Tris-HCl, 200 mM NaCl 1 mM EDTA for 24 h.  The most promising 

refolding solutions were numbers 3, 8, 12 and 15, in which no precipitate was observed.  

The common additive in these solutions was arginine and a further screen varying the 

arginine and sucrose concentration of solution 15 was undertaken.  The amount of sucrose 

did not appear to affect the amount of precipitate observed, and arginine concentrations as 

low as 100mM showed no precipitate. 

A medium scale refolding, using 4 mL of protein, was undertaken (section 2.3.8.3.1).  The 

protein was dialysed into a variant of solution 15 (50 mM MES, 10 mM NaCl, 0.4 mM 

KCl, 1 mM EDTA, 100 mM arginine, 100 mM sucrose) for 2 days at r.t., stored at 4ºC for 

72 h before being dialysed into 50 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA for a 

further 24 h.  The sample was spun down to remove the precipitate, concentrated and 

analysed by size exclusion chromatography using a Superdex 200 10/30 column.  The 

majority of this protein eluted from the column in the void volume suggesting a high 

molecular weight aggregate with a small peak eluting later.  SDS-PAGE analysis of the 

fractions showed that while there was protein of the correct size in the first fraction there 

was no discernable protein in the second fraction which was possibly DNA.  Dynamic light 

scattering on a concentrated sample of the first fraction showed it to be a high molecular 

weight aggregate of 8000-18000 kDa.  Native-PAGE analysis showed that the protein 

appeared as a band on the top of the well and was unable to run into the gel (section 
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3.2.6.3; Figure 3.3).  This supported the conclusion from size exclusion analysis, and 

suggested that the refolding protocol produced soluble aggregate. 

5.2.3 Discussion 

The presence of several non-conservative amino acid substitutions within motifs associated 

with catalytic activity (D2 to R in the first aspartate-rich motif and D1 to R in the second 

aspartate-rich motif) raises questions as to whether Rv0989c is a true isoprenyl diphosphate 

synthase.  It is possible that the structure of Rv0989c may be different enough from those 

characterised isoprenyl diphosphate synthases that these arginines are positioned 

differently.  Alternatively, it is also possible that Rv0989c acts via a different mechanism.  

Knowledge of the Rv0989c structure would be a very step towards resolving this question.   

Another intriguing option may be that Rv0989c forms a heterodimer with another protein 

such as Rv0562.  There is precedent for this, as all medium chain E-isoprenyl (heptaprenyl 

and hexaprenyl) diphosphate synthases isolated so far are heterodimers made up of two 

distinct components171.  However, Rv0562 and Rv0989c are not distinct, as they share 

significant sequence identity.  While most short and long chain E-polyprenyl diphosphate 

synthases isolated have been homodimers, one short chain geranylgeranyl diphosphate 

synthase isolated from peppermint was found to be a heterodimer comprising two subunits 

with significant sequence identity171.  Thus, it is plausible that the same could be true for 

other short and long chain all-E-polyprenyl diphosphate synthases.  The possibility that 

Rv0989c may have a protein binding partner needs to be investigated further, as co-

expression of the two proteins may result in a greater level of soluble expression for the 

complex of the two proteins.  

The question of whether Rv0989c is a short, medium or long chain isoprenyl diphosphate 

synthase was addressed by analysis of one of the significant regions just prior to the first 

aspartate-rich motif.  Rv0989c has a small amino acid (Gly) in the fifth position prior to 

this motif, as in the HeptaPP and OctaPP synthases from B. subtilis and E. coli, which also 

have a small amino acid (Ala) in this position, in contrast to the avian and E. coli FPP 

synthases which have a large hydrophobic group.  A small amino acid in this position is 
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associated with products whose chain length is longer than a least C20
171, so it is therefore 

likely that Rv0989c is a medium or long chain isoprenyl diphosphate synthase.  The exact 

chain length of the product cannot be predicted confidently based on sequence similarity 

alone, and other regions outside this defined region also play a role in product length171, so 

a structural knowledge of the binding pocket would be useful.  

The experimental work has demonstrated that in small scale 18ºC expression, low levels of 

soluble His-tagged Rv0989c can be produced, with the majority of the protein being 

insoluble.  This promising result requires much further work be undertaken with the His-

tagged construct, firstly to reproduce this result on a larger scale (which has been 

unsuccessful), and secondly to increase expression levels and the amount of soluble protein 

produced to levels useful for crystal screens.  Another issue to address is the possible 

intrinsic hydrophobicity of this protein, which is expected to produce a very hydrophobic 

product and may, like other medium to long chain isoprenyl diphosphate synthases be 

peripherally associated with the membrane170.  This last suggestion is supported in the case 

of Rv0989c by the fact that the small level of solubility observed appeared dependent on 

the presence of the chelating agent EDTA, which is known to be able to solubilise 

peripheral (but not integral) membrane proteins307.   

In summary, some promising results with this protein, and the fact that the structure could 

help address important functional questions, suggest that this protein is still a good 

candidate for future work, and is still viable as a structural genomics target.  However, 

much work needs to be undertaken to improve the solubility of the protein, including the 

possibility that it may have an undefined binding partner.  

5.3 An Unknown: Rv0990c 

5.3.1 Introduction 

Rv0990c is a hypothetical gene of unknown function that, as of January 2004, only had 

two sequence matches detected by BLAST analysis better than the threshold E value of 

0.005.  These homologues are from the genomes of M. bovis, and Thermobifida fusca.  

Rv0990c is located in a gene cluster with Rv0989c (grcC2) discussed above, Rv0991c and 
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Rv0992c.  The two latter proteins being conserved hypotheticals of unknown function.  

The rationale behind the selection of Rv0990c was two-fold.  Firstly, as a gene of unknown 

function with very few detected homologues by BLAST search, the structure of Rv0990c 

could lead to information about its biochemical function through structural homologies not 

seen on a sequence level.  These clues could then be used as a starting point for functional 

assays and investigations into its biological function. Secondly, we had targeted all the 

genes in this cluster, in an attempt to investigate the possibility that they have related 

functions, as a potential operon.  

Subsequent to our undertaking work on this gene, a paper concerning Mycobacterium 

tuberculosis genes induced after heat shock131 shed new light on the potential significance 

of this gene.  Both Rv0991c and Rv0990c were upregulated (numbers 20 and 60 in the top 

100 upregulated genes respectively)131.  The gene Rv0991c was shown to be upregulated in 

a hrcA/hspR double mutant, compared to wild type, and to contain an HrcA binding site in 

the DNA upstream of its gene sequence implying a role for HrcA in regulation of this 

gene131.  While differential upregulation of Rv0990c was not detected in the double mutant 

it was suggested that Rv0990c and Rv0991c could be co-regulated131.  The proteins HspR 

and HrcA are regulators of the heat shock response in M. tuberculosis, acting as repressors 

of proteins involved in the heat shock response, with HrcA being involved in the regulation 

of the heat shock proteins of the Hsp60 (also known as GroE) regulon131.  Heat shock 

proteins generally function as molecular chaperones and are induced both by the host and 

the pathogen during infection, helping to maintain cell integrity and contributing to 

immune signalling131.  Recently it has been demonstrated that partial disruption of the heat 

shock response regulation in M. tuberculosis (an hspR mutant) had an important impact on 

the ability of the bacterium to establish a chronic infection131.  

Although the Rv0990c gene product has proved to be unexpressed or insoluble using the 

constructs chosen (see below), this information highlights the potential significance of this 

gene as a target, and suggests it warrants further studies with different constructs or 

methods. 



Chapter 5                                                                                                             Other Targets 
 
 
 

 
256 

5.3.2 Methods and Results 

5.3.2.1 Bioinformatics 

In 2000 no BLAST matches to this sequence (as judged by E value threshold) were found, 

and in 2004 just two matches were found.  These were an equivalent protein from 

Mycobacterium bovis (99% identity over the whole 218 residues of Rv0990c) and a protein 

from Thermobifida fusca which aligned over less than half of the Rv0990c protein 

sequence (residues 49-138) with 42% sequence identity.  This Thermobifida fusca protein 

was annotated as Flp pilus assembly protein CpaB and was linked to COG3745.  An 

investigation of COG3745 showed that proteins contained therein were annotated as 

uncharacterized proteins involved in type IV pili biogenesis.  Using PSI-BLAST, more 

conserved hypotheticals were identified as possible homologues including those from 

related organisms such as Corynebacterium efficiens, Corynebacterium glutamicum and 

Corynebacterium diphtheriae, as well as more putative pili biogenesis proteins associated 

with COG3745.  Matches to proteins annotated as flagellar basal body P-ring biosynthesis 

proteins also appeared and a conserved domain search at the NCBI showed that the 

Rv0990c sequence had a minor match (25.9% of the region aligned) to the FlgA domain 

(which is the flagellar basal body P-ring biosynthesis protein).  

5.3.2.2 Primer Design, PCR Amplification and Cloning 

The forward primer was designed to incorporate an NcoI site and the reverse a HindIII site.  

The PCR amplification, at an annealing temperature of 50ºC, produced several bands, with 

a major band between the 600 and 800bp markers in the DNA ladder matching the size 

expected for the amplified DNA fragment containing Rv0990c, at 716bp (Figure 5.3).   

The ligation and transformation into XL1 blue cells was successful for both pProEX Hta 

and pET42a-rTEV vectors.  Diagnostic digests of plasmid DNA isolated by DNA-miniprep 

confirmed the presence of insert of the correct sizes (716bp) in both vectors.  Sequencing 

of a pProEX Hta Rv0990c clone confirmed the presence of insert and revealed, after 

conversion to the protein sequence, that the first ~160 residues in the protein sequence 

matched the published Rv0990c protein sequence and the vector His-tag sequence. 
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5.3.2.3 pProEX Hta Rv0990c: Protein Expression and Solubility  

Several small scale expression tests were undertaken (section 2.3.4) at 37ºC and 18ºC using 

BL21 pRI cells transformed with the pProEX Hta Rv0990c plasmid, inducing expression 

with 1 mM IPTG.  No clear expression could be detected at the size expected for His-

tagged Rv0990c (25.7kDa), even immediately after fresh transformation with the plasmid.   

5.3.2.4 GST-Fusion Rv0990c: Protein Expression and Solubility  

One small scale expression and solubility test was undertaken (section 2.3.4) at 18ºC using 

BL21 pRI cells transformed with the pET42a-rTEV Rv0990c plasmid, inducing expression 

with 1 mM IPTG.  The lysis buffer was 50 mM HEPES pH 8.0, 200 mM NaCl.  A faint 

overexpressed band at the size expected for GST-fusion Rv0990c (50.7kDa) was observed 

which partitioned into the insoluble fraction (Figure 5.7). 

 
Figure 5.7: Expression and solubility tests of GST-fusion Rv0990c.  

The gel is from SDS-PAGE. There is a small band present in the induced whole cell pellet at 
about the expected size (50.7kDa) for GST-Fusion Rv0990c.  This band is also present in the 
insoluble fraction of the induced cell lysate 

5.3.3 Discussion  

Although when work was started in early 2000 little was known about this gene, advances 

in recent years give some suggestion of function.  BLAST and PSI-BLAST analysis results 

from this year show that the Rv0990c sequence has some similarity to two annotated 

proteins; CpaB and, to a lesser extent, FlpA.  The FlpA protein from Salmonella has been 

proposed to act as a periplasmic chaperone and interacts with FlgI, assisting in the 

polymerization reaction of this protein into the P ring which is part of the bacterial flagellar 
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motor308.  This is not inconsistent with the possible role for CpaB, as this uncharacterised 

protein is said to be involved in pilus assembly which, like the flagellar assembly involves 

the formation of large protein complexes.  Furthermore, pilus assembly is known to use 

chaperones which may assist with pilus subunit folding and stabilise the subunits during 

transport309,310.  Coupled with the fact that Rv0990c is upregulated under heat shock 

conditions, a common characteristic for chaperones131, this leads to the possibility that 

Rv0990c may be some sort of chaperone.  

Although Rv0990c is predicted to be non-essential for growth in normal conditions by 

transposon mutagenesis134 this protein is still a high priority target.  This is primarily 

because it has been linked to the heat shock response which in turn has been implicated in 

the ability of the bacterium to establish chronic infection131.  In terms of future work, more 

work could be done on the His-tagged Rv0990c gene construct to address the lack of 

expression, including investigating the possibility that the Rv0990c protein product may be 

toxic to the cell.  Concurrently with this, solubility tests with the GST-fusion protein, 

which does appear to express and whose solubility has not yet been fully investigated, 

could be undertaken. 
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5.4 MenA (Rv0534c) and MenC (Rv0553) 

 
Figure 5.8: Role of MenA and MenC in menaquinone biosynthesis 

Partial reaction scheme highlighting the role MenA and MenC play in menaquinone 
biosynthesis 

The genes menA (Rv0534c) and menC (Rv0553) were selected as targets based on their 

annotations as members of the menaquinone biosynthesis pathway (Figure 5.8).  No 

experimental work was undertaken on menA, as bioinformatics analysis predicted it to be a 

membrane protein with 6 transmembrane helices distributed evenly throughout the 

sequence.  A small amount of work was undertaken on menC, which was successfully 

amplified by PCR.  However, as subsequent cloning experiments were not successful and 

the structure of E. coli MenC was published in 2000155, the work was not continued.  
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5.5 MenD (Rv0555) 

5.5.1 Introduction 

Rv0555 has been annotated as MenD, the bifunctional enzyme catalysing the first 

committed step in the menaquinone biosynthesis pathway (Figure 5.9), based on sequence 

homology to other MenD proteins.  MenD converts the substrates �-ketoglutarate and 

isochorismate to 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate (SHCHC) in a 

two step process requiring thiamine pyrophosphate (TPP)97,143,149,150,152.  In the first step, a 

succinic semialdehyde thiamine pyrophosphate anion (TPP anion) is generated from �-

ketoglutarate and TPP with an associated loss of CO2, an activity like that catalysed by the 

first enzyme in the �-ketoglutarate dehydrogenase complex from the citric acid cycle97,149.  

In the second step the TPP anion reacts with isochorismate, resulting in the formation of 

SHCHC and pyruvate97,149.  A significant amount of genetic and biochemical evidence, 

including mutant complementation experiments and co-purification of enzyme activities 

that link both of these activities to the single MenD protein97,113,149,150.  Analysis of the E. 

coli MenD protein sequence showed it to contain a TPP binding motif near its C-terminus, 

resembling motifs in other TPP-dependent proteins150.  Examination of the protein 

sequence alignment of Rv0555 with the E. coli enzyme shows the presence, in Rv0555, of 

the same conserved residues at its C-terminus. 
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Figure 5.9: Scheme highlighting the role of MenD in menaquinone biosynthesis 

5.5.2 Methods and Results  

5.5.2.1 Bioinformatics Analysis 

In BLAST and PSI-BLAST alignments, some protein sequences were found to align to the 

first 250 residues of the 550-residue Rv0555 (MenD), some to the last 200 residues, and 

some to the whole protein.  This is consistent with what might be expected of a 

bifunctional protein.  In BLAST analysis undertaken in 2004, showed that Rv0555 aligned 

to over 100 protein sequences including the experimentally annotated B. subtilis MenD 

(alignment over residues 1-547 of the 554 residue Rv0555, with 33% sequence identity) 

and to the E. coli MenD protein sequence (over residues 8-499, with 30% sequence 
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identity).  No significant matches were detected when searching PROSITE.  Manual 

comparison of the aligned E. coli MenD and Rv0555 protein sequences showed that the 

suggested TPP binding motif detected in the C-terminal of E. coli MenD by Palaniappan et 

al. in 1992150 is also present near the C-terminus of Rv0555.  

BLAST analysis of the Rv0555 sequence in 2004 returned one matching sequence 

represented by a structure in the PDB, and this was acetohydroxy acid synthase from yeast 

with PDB code 1N0H311, which aligned only to the N terminal region of Rv0555 (residues 

6-197 with 23% sequence identity).  

5.5.2.2 Primer Design, PCR Amplification and Cloning 

For menD, two sets of primers were designed.  Both sets incorporated an EcoRI restriction 

enzyme site into the forward primer and Hind III restriction enzyme site into the reverse 

primer.  PCR experiments were carried out with both primer sets individually and with a 

mixture of set 1 and set 2 primers.  The PCR amplification using the first set of primers at a 

range of annealing temperatures (40ºC-60ºC) produced a major band running just above 

the 2000bp marker in the DNA ladder, which did not match the size expected for the 

amplified fragment containing menD (1776bp).  Gradient PCR experiments varying the 

annealing temperature between 40-60ºC, with the second set of primers produced a major 

band, running between the 1600 and 2000bp markers, at the size expected for the amplified 

fragment containing menD (~1700bp) (Figure 5.10).  The best and most selective 

amplification of the desired product was achieved with the set 2 primers at an annealing 

temperature of 50.8ºC.  
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Figure 5.10: PCR amplification of menD using set two primers (1% Agarose Gel).  

N1 to N6 were reactions undertaken using a range of annealing Temperatures (40ºC to 60ºC).  
The major product in lane N3 (annealing temperature 50.8ºC), which runs near the size expected 
for menD (1776bp) was purified and used in subsequent cloning steps.  At the higher 
temperatures (lanes N4, N5 and N6) there is another predominant band which runs above the 
2000bp marker.  This band is the major PCR product when using set 1 primers at all 
temperatures. 

After digestion with restriction enzymes, the amplified menD DNA was ligated into pre-

digested pProEX Hta and transformed into XL1 blue cells.  This was successful, with 

diagnostic digests of the resulting plasmid DNA isolated by DNA-miniprep confirming the 

presence of insert of the expected size (1700 bp).   

5.5.2.3 His-tagged MenD: Protein Expression and Solubility  

Several sets of small scale expression and solubility tests (section 2.3.4) were undertaken at 

37ºC and 18ºC using BL21 pRI cells transformed with the pProEX Hta menD plasmid.  

Various lysis buffers including, 50 mM HEPES pH 8.0, 200 mM NaCl and the general 

lysis buffer screen (section 2.3.4.2.2), were used.  In all tests there was an overexpressed 

band observed at the size expected for His-tagged MenD protein (61.2 kDa).  However, in 

all the conditions tested this overexpressed protein proved to be insoluble (Figure 5.11).   
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Figure 5.11: A solubility and expression test for His-tagged MenD at 18ºC. 

The lysis buffer used in this test was 50 mM HEPES, pH 8.0, 200 mM NaCl.  The gel is from 
SDS-PAGE. There is a band at about the size expected for His-tagged MenD (61kDa) present in 
the induced whole cell pellet. This band is also present in the insoluble fraction of the induced 
cell lysate.  

5.5.2.4 His-tagged MenD: Refolding  

A 37ºC large scale expression (1 L) of His-tagged MenD was undertaken (section 2.3.5), 

the cells harvested by centrifugation and the cell pellet was raised up in a urea solution 

(8 M Urea, pH 8.0, 0.01 M Tris-HCl, 0.1 M NaH2PO4) and left to lyse and denature at 

18ºC for 2 days (section 2.3.7).  After centrifugation, the supernatant containing denatured 

protein was purified by IMAC under denaturing conditions (section 2.3.9.2.2.3).  Small 

samples of the resulting partially purified, denatured His-tagged MenD were placed into 

microdialysis buttons and then dialysed against each of the modified Hampton refolding 

solutions (sections 2.3.8.1 and 2.3.8.2) at 18ºC overnight before being dialysed into a 

storage buffer (50 mM Tris-HCl, pH 8.0, 50 mM NaCl 1 mM EDTA) for another night at 

18ºC.  After dialysis into storage buffer only the protein that had been dialysed into 

solutions 8, 12 and 15 remained entirely precipitate free.  Native-PAGE analysis of the 

resulting soluble protein harvested from each button showed that refolding solutions 2, 7, 

9, 13, and 14 produced no soluble protein, and the soluble protein harvested from solutions 

1, 3, 4, 8, 11, 12, 15, and 16 ran as two bands (Figure 5.12).  The first band did not run into 

the gel at all and the second band ran through the stacking buffer but not into the main 
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body of the gel.  These results suggested that the soluble protein harvested was present as 

at least several species at very high molecular weight and hence probably aggregated. 

 
Figure 5.12: Refolding experiments for His-tagged MenD.  

The gel is from Native-PAGE. There are two bands observed, neither of which is able to run into 
the gel. One band remains in the well while the other traverses the stacking gel only. 

A slightly larger scale test using a 200 µL dialysis button was set up into refolding solution 

15 and treated as above.  The soluble protein was harvested from this button, filtered and 

analysed by size exclusion chromatography on a Superdex 200 10/30 column (section 

2.3.8.3.1).  No protein was eluted from the column and native-PAGE analysis of the pre- 

and post-filtration samples showed that all the protein was lost upon filtration.  This result 

supports the idea that the protein produced is a high molecular weight aggregate. 

5.5.3 Discussion 

Despite the presence of a sequence homologue in the Protein Data Bank, Rv0555 (MenD) 

still represents a viable target.  The PDB sequence homologue aligns to less than half of the 

Rv0555 (MenD) protein sequence and is not involved in menaquinone biosynthesis, so 

would provide little information the MenD family of enzymes.  Rv0555 has been identified 

in transposon mutagenesis experiments as essential to growth of M. tuberculosis134, which 

also makes it an attractive target.  Lastly, there are still many relatively simple options left 

to pursue in exploring the solubility of this protein.  

Due to the extra time spent in the PCR amplification stage with this gene, menD was only 

cloned into the His-tag vector pProEX.  The His-tagged construct of MenD overexpressed 

but showed no solubility in any of the solubility experiments undertaken.  The refolding 

tests undertaken for this construct benefited greatly from previous experience with the 
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other proteins both unsuccessful (Rv0989c and UbiE) and successful (MenG), and native 

gels were therefore utilised extensively to analyse for likely refolded protein.  Although no 

refolded protein was found in those experiments, the solubility testing for the His-tagged 

construct was by no means exhaustive, and future work on this protein should involve 

more extensive solubility tests such as pH or detergent lysis buffer screens.  Addition of 

co-factors or substrates like TPP or isochorismate to the lysis buffer or culture medium 

should also be tried.  If none of these approaches is successful in obtaining soluble protein 

the gene could be cloned into a GST or MBP vector and expressed as a fusion protein.  In 

addition to these conventional approaches MenD is a current target for the M. tuberculosis 

Structural Genomics Consortium facilities directed evolution project which aims to 

improve protein solubility. 

5.6 MenE (Rv0542c) 

5.6.1 Introduction  

Rv0542c has been annotated as MenE (O-succinylbenzoate-CoA ligase) based on sequence 

similarity.  MenE is the enzyme in the menaquinone biosynthesis pathway that converts O-

succinyl benzoic acid to an O-succinyl benzoyl coenzyme A ester in a process that is 

dependent upon ATP, a divalent cation (normally Mg2+) and coenzyme A 

(Figure 5.13)97,141,148,312.  Studies undertaken comparing MenE enzymes from a plant 

(Galium mollugo) and a bacterium (Mycobacterium phlei) have shown that for the bacterial 

MenE AMP is produced, whereas ADP is produced in the plant enzyme141.  Initial work 

suggested that MenE produced a CoA ester in which the CoA group was placed on the 

aromatic carboxyl of OSB113,135,136, but it was later shown to be located on the aliphatic 

carboxyl97,157,158.  Protein sequence analysis of E. coli MenE identified an AMP binding 

signature at residues 139-149, and a putative nucleotide-binding signature (walker A motif: 

GXXXXGK) at residues 338-344 (exact sequence GEMHNGK)148,313.  Mutagenesis 

studies indicated that a residue within this region, His341 is potentially important for 

activity possibly interacting with ATP313.  Interestingly, comparison of this region with the 

B. subtilis and M. tuberculosis sequences show that this ATP binding motif and His341 are 

not conserved.   
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Figure 5.13: Partial reaction scheme showing the role of MenE in menaquinone biosynthesis 

5.6.2 Methods and Results  

5.6.2.1 Bioinformatics Analysis 

Over 500 matches were found in the 2004 BLAST analysis of the Rv0542c protein 

sequence.  Many of these sequence homologues have no definite annotation with a large 

number of those with the lowest E values being annotated as putative CoA ligases, long-

chain-fatty-acid-CoA ligases and a few other O-succinylbenzoate-CoA ligases.  The 

alignment to experimentally validated MenEs from E. coli148 and B. subtilis120,164 showed 

29% sequence identity (over residues 39-309 of Rv0542c) and 30% sequence identity 

(over residues 31-359 of Rv0542c) respectively.  There were several sequence homologues 

of Rv0542c represented in the PDB in 2000, and 2004.  Those from 2004 that meet the E 

value threshold included: firefly luciferase PDB code 1LCI314 (with 25% identity over 
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residues 30-307); DhbE an aryl acid activating domain of modular nonribosomal peptide 

synthetase from B. subtilis, PDB code 1MDB315 (34% identity over the C-terminal residues 

227-352 of Rv0542c); the phenylalanine activating domain Of gramicidin synthetase I 

from B. brevis, PDB code 1AMU316 (with 23% identity over residues 30-352); and acetyl-

CoA synthetase from Salmonella enterica, PDB code 1PG3317 (with 29% sequence identity 

over the C-terminal residues 245-359 of Rv0542c).  

Consistent with the expectation that, as a bacterial MenE, the enzyme should produce 

AMP, a search of PROSITE using the Rv0542c protein sequence revealed that it contains 

an AMP binding motif (PS00455) common to a number of prokaryotic and eukaryotic 

enzymes.    

5.6.2.2 Primer Design, PCR Amplification and Cloning  

The forward primer was designed to incorporate an NcoI site and the reverse a HindIII site.  

PCR amplification, at an annealing temperature of 66.7ºC, produced a major band which 

ran between the 1000 and 1600 bp marker, matching the size expected for the amplified 

fragment containing MenE (1134 bp).  

Cloning into the pProEX Hta vector was successful.  The diagnostic digests of the plasmid 

DNA isolated from these ligation/transformation experiments confirmed the presence of an 

insert of the correct size (1134bp).  DNA sequencing confirmed the presence of insert and, 

after conversion to a protein sequence, showed that the first ~160 residues of the protein 

sequence matched the published MenE protein sequence and the vector His-tag sequence.  

Initial cloning for pET42a-rTEV was unsuccessful.  However a subsequent ligation and 

transformation was successful with diagnostic digests of the resulting plasmid DNA 

showing inserts of the expected size (1134bp).  In this later case the DNA fragment 

containing menE used in ligation had been isolated (by digestion) and purified from the 

pProEX Hta-menE plasmid.  
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5.6.2.3 His-tagged MenE: Protein Expression and Solubility  

A large range of small scale expression and solubility tests were undertaken using BL21 

pRI cells transformed with the pProEX Hta-menE plasmid, inducing expression with 0.8 

mM IPTG.  Tests were undertaken at 37ºC, 25ºC, 24ºC and 18ºC and a range of lysis 

buffers were tested including 50 mM HEPES pH 8.0, 150 mM NaCl, 1 mg/mL lysozyme, 

the general lysis buffer screen, the pH lysis buffer screen 2 and the zwittergent and 

menadione screen (section 2.3.4.2).  In all tests, there was an overexpressed band of the 

size expected for His-tagged MenE (39.7 kDa).  The amount of overexpressed protein seen 

was less in the lower temperature expressions than it was at 37ºC.  In all conditions tested 

this overexpressed protein was insoluble.  

5.6.2.4 GST-fusion MenE: Protein Expression and Solubility  

5.6.2.4.1 Small Scale Expression and Solubility Tests 

A large range of small scale expression and solubility tests were undertaken using BL21 

pRI cells transformed with the pET42a-rTEV-menE plasmid.  These tests are detailed in 

Table 5.3 with those conditions producing some soluble protein highlighted in blue.  

Temperature Buffer Conditions 
37ºC 50 mM Tris, pH 8.0, 150 mM NaCl,  
24ºC 50 mM Tris, pH 8.0, 150 mM NaCl (Refer to Figure 5.14) 
18ºC 50 mM Tris, pH 8.0, 150 mM NaCl, 

50 mM NaAcetate, pH 5.0, 50 mM NaCl, 1 mg/mL lysozyme  
50 mM MES, pH 6.0, 50 mM NaCl, 1 mg/mL lysozyme 
50 mM Tris, pH 7, 50 mM NaCl, 1 mg/mL lysozyme 
50 mM Tris, pH 8, 50 mM NaCl, 1 mg/mL lysozyme 

18ºCa 

 
 

50 mM Tris, pH 9, 50 mM NaCl, 1 mg/mL lysozyme 
50 mM Tris, pH 8.0, 150 mM NaCl 
50 mM Tris, 50 mM NaCl, 5 mM EDTA, 1 mg/mL lysozyme 
50 mM Tris, pH 7.5, 2 M NaCl, 5 mM EDTA, 1 mg/mL lysozyme 
50 mM Tris, pH 7.5, 50 mM NaCl, 0.5 M Urea , 5 mM EDTA,   
1 mg/mL lysozyme 

18ºCa 

50 mM Tris, pH 7.5, 50 mM NaCl, 5 mM EDTA, 0.2% (v/v) NP40,  
1 mg/mL lysozyme 

aEach set of the lysis buffer tests sharing the same temperature row used a sample of the same culture  
Table 5.3: Solubility tests undertaken for GST-fusion MenE 
Conditions giving soluble protein are shown in blue and the final IPTG concentration used for 
induction of protein expression was 0.8 mM in all cases.   
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The initial expression and solubility tests at 37º showed an overexpressed protein of the 

expected size for GST-fusion MenE (64.7 kDa) that was fully insoluble.  Expression and 

solubility tests undertaken at lower temperatures (24ºC and 18ºC), however, showed a 

modest amount of soluble, overexpressed protein (Figure 5.14).  In all the lysis buffers 

tested at the lower temperatures, at least ~50% of the overexpressed protein was in the 

soluble fraction.  Buffers containing 50 mM Tris-HCl, 150 mM NaCl at pH 7.0, 8.0 or 9.0 

were the most promising.   

 
Figure 5.14: Solubility and expression test for GST-fusion MenE at 24ºC.  

The lysis buffer used in this test was 50 mM Tris-HCl, pH 8.0, 150 mM NaCl.  The gel is from 
SDS-PAGE. There is a band in the induced whole cell pellet about the size expected for GST-
Fusion MenE (64.7kDa). This band is also present in both the soluble and insoluble fractions of 
the induced cell lysate.  Note that the intensity of protein in these fractions should be 
approximately comparable as in this experiment.  

5.6.2.4.2 Medium Scale GST purification trial  

A medium scale expression of GST-fusion MenE (100 mL) was undertaken at 23ºC, with 

expression being induced with 0.8 mM IPTG (section 2.3.5).  After centrifugation, the cell 

pellet was lysed in 5 mL of lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1 mM 

EDTA) to which lysozyme (1 mg), RNase A (0.1 mg), DNase I (0.2 mg) and one half of a 

EDTA free COMPLETE protease inhibitor tablet had been added.  The cells were lysed 

and the supernatant was harvested by centrifugation.  A batch GST purification, in which 

the crude GST-fusion MenE was bound to GST resin and washed, was followed by direct 

rTEV cleavage of the GST-fusion MenE while it was bound to the resin.  An IMAC 
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purification step was then undertaken on the supernatant of the cleavage step (theoretically 

containing cleaved MenE and rTEV), to remove the rTEV (which contains a His-tag).  

Refer to section 2.3.10.1 for further experimental details.    

Results from the SDS-PAGE analysis of the GST purification step and following rTEV 

cleavage looked promising (Figure 5.15).  A significant portion of GST-fusion MenE was 

present in the soluble fraction and although some of this protein remained in the 

supernatant (unbound) after loading onto the GST-resin, implying the need to optimise this 

procedure, there was a band from the rTEV cleavage step, just above the 37 kDa marker, at 

the size expected for cleaved MenE (36.7 kDa) (Figure 5.15).  The other bands from the 

rTEV cleavage step are about the size expected for GST-fusion MenE (64.7 kDa), rTEV 

(29 kDa) and the cleaved GST (28 kDa) (Figure 5.15).  The SDS-PAGE analysis of the 

following IMAC purification step was less promising as nothing appeared to elute from 

this column.  Analysis of the supernatant and resin revealed that the proteins had remained 

associated with the resin and virtually no protein was present in the supernatant.  Repetition 

of optimisation of this purification should help to clarify the situation. 
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Figure 5.15: Medium scale GST purification of GST-fusion MenE. 

The gel is from SDS-PAGE and is the analysis of the GST purification and rTEV cleavage steps.   
There is a band at this size expected for GST fusion MenE in the insoluble and soluble fractions 
of the induced cell lysate (Ins and Sol), in the supernatant (non bound) fraction after GST 
binding (F), and in the GST resin and supernatant after washing and cleavage with rTEV (CvR 
and CvS).  The cleavage bands also have a band at the size expected for cleaved MenE. Note: 
that the intensity of the protein bands in Ins and Sol are not comparable, the insoluble fraction 
being five times more concentrated.   

5.6.3 Discussion 

Of all the genes discussed in this chapter MenE (Rv0542c) is the most promising candidate 

for future work.  This gene has been shown to be essential for growth by transposon 

mutagenesis134 and although several sequence homologues are represented in the PDB, 

these homologues are not predicted to carry out the same catalytic functions.  This means 

that important new information on substrate binding and catalytic mechanisms could be 

obtained from the structure and structure-substrate complexes.  The success thus far is 

encouraging.  Although His-tagged MenE protein proved to be insoluble in the wide range 

of conditions tried, the GST-fusion MenE protein proved to be at least 50% soluble, on 

expression at both 18ºC and 24ºC, in a range of lysis buffers, with moderate but acceptable 

levels of expression.  While an initial medium scale purification did not give any purified 

protein, this was only tried once, and the expression and purification should be optimised.  
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Further investigations, adding substrates and co-factors to the lysis buffer, should also be 

undertaken.  

5.7 UbiE (Rv0558) 

5.7.1 Introduction 

Rv0558 was initially annotated as ubiE based on sequence similarity with other UbiE 

proteins.  UbiE is supposed to carry out the last methylation step in ubiquinone 

biosynthesis and is expected to be a SAM-dependent methyltransferase97.  Investigation of 

the protein sequence for Rv0558 reveals that it does indeed have the motifs characteristic 

of SAM-dependent methyltransferases.  However, gram positive M. tuberculosis is 

supposed to contain menaquinone as its sole quinone98 and no sequence homologues of any 

other ubiquinone biosynthesis genes have been identified in M. tuberculosis.  A similar 

methylation reaction, also requiring a SAM-methyltransferase, forms the last step of 

menaquinone biosynthesis, and because the substrates are similar it was possible that 

Rv0558 was the enzyme for this reaction instead (Figure 5.16).  As described in Chapter 3, 

however, another gene (Rv3853) had already been proposed as carrying out this reaction, 

and annotated as MenG, based on sequence similarity to an E. coli menG gene.  The 

annotation for this E. coli gene was based on a putative SAM-binding motif (in it’s amino 

acid sequence) and it’s location on the E. coli chromosome next to menA113.   

The E. coli ubiE gene was then later demonstrated (by mutagenesis and plasmid rescue 

studies) to be responsible for the C-methylation step in both ubiquinone and menaquinone 

biosynthesis159.  Around this time, other information was published identifying a gene 

called menG whose gene product catalysed the C-methylation step in menaquinone 

biosynthesis from Bacillus stearothermophillus161.  This MenG protein also contained 

SAM-dependent methyl transferase motifs and showed 37% amino acid sequence identity 

to UbiE in E. coli161, but no homology to the proposed E. coli MenG.  Other menG genes 

(including that from B. subtilis) have also been experimentally characterised, whose gene 

products catalyse this reaction and bear homology to UbiE163,318.  Confusingly, an 

investigation of the B. subtilis MenG protein sequences at SWISSPROT shows this protein 
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is interchangeably known as GerCB, GerC2, UbiE, MenG or MenH 

(http://us.expasy.org/cgi-bin/niceprot.pl?P31113).  With the publication of the Rv3853 

structure (Chapter 3), as well as functional and structural information on the E. coli MenG 

protein245,246, the Rv0558 gene has been reannotated as menH (refer Tuberculist, 

SWISSPROT and M. tuberculosis SGC website).  In order to avoid confusion with the 

potential thioesterase menH, Rv0558 will be referred to as ubiE (UbiE for the protein) or 

Rv0558 throughout this thesis.  

 
Figure 5.16: Scheme showing the likely role of UbiE in menaquinone biosynthesis 
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5.7.2 Methods and Results  

5.7.2.1 Bioinformatics Analysis 

BLAST analysis undertaken in 2004 revealed over 400 protein sequence alignments better 

than the E value threshold of 0.005, with most of the alignments to UbiE protein sequences 

or SAM-dependent methyltransferases.  The alignment with the experimentally annotated 

E. coli UbiE protein sequence showed 43% sequence identity (residues 13-227 of the 234 

residue Rv0558) while the alignment to the B. subtilis GrcC2/MenG protein sequence 

showed 34% identity (over residues 7-227 of Rv0558).  The PDB in 2004 contains one 

sequence homologue, annotated as a methyltransferase, whose E value borders on the cut-

off threshold E value and several other homologues with E values slightly worse than the 

threshold.  These homologues aligned with around 25-30% sequence identity, to either the 

N-terminal ~100 residues (in the case of the methyltransferase structures), or to the C-

terminal ~100 residues (in case of an alpha-amylase structure) of the Rv0558 protein 

sequence.  A scan of the Rv0558 sequence against PROSITE revealed the presence of 

SAM binding, methyltransferase and UbiE-methyltransferase motifs.   

5.7.2.2 Primer Design, PCR Amplification and Cloning  

The forward primer design introduced an NcoI site and the reverse primer a HindIII site.  

The PCR amplification, at an annealing temperature of 50ºC, produced a major band that 

ran between the 650 and 850bp markers, matching the size expected for the amplified 

fragment containing ubiE (746 bp) (Figure 5.3).  

The ligation and transformation into XL1 blue cells for both pProEX Hta and pET42a-

rTEV vectors was successful, with diagnostic digests of the isolated plasmid DNA 

confirming the presence of insert of the expected size (746bp).  Sequencing of pProEX 

Hta-ubiE plasmid DNA in the forward direction confirmed the presence of the insert.  This 

also showed, after conversion to a protein sequence, the first ~160 residues in the protein 

sequence matched the published UbiE protein sequence and the vector His-tag sequence, 

with the exception of an additional Met and Ala, introduced by the NcoI site, prior to the 

start of the UbiE portion of the sequence.  
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5.7.2.3 His-tagged UbiE: Protein Expression and Solubility  

Small scale expression and solubility tests were undertaken using BL21 pRI cells 

containing the pProEX Hta-ubiE plasmid, with expression induced with either 0.8 or 1 mM 

IPTG.  A range of temperatures (37ºC, 28ºC, and 18ºC) and lysis buffers (50 mM HEPES 

pH 8.0, 200 mM NaCl, the general lysis buffer screen, the pH lysis buffer screens 1 and 2 

and the zwittergent and menadione lysis buffer screen; all detailed in section 2.3.4.2) were 

tested.  In all 37ºC and 28ºC tests an overexpressed band was observed at the size expected 

for the His-tagged UbiE protein (28 kDa), but this was present only in the insoluble 

fraction.  The 18ºC expression tests showed quite low levels of expression, and again the 

protein appeared to be insoluble.  

5.7.2.4 GST-fusion UbiE: Protein and Solubility  

5.7.2.4.1 Small Scale Expression and Solubility Tests 

Small scale expression and solubility tests were undertaken using BL21 pRI cells 

containing pET 42a rTEV-ubiE plasmid DNA with an inducing IPTG concentration 0.9 or 

1.0 mM. A range of temperatures (37ºC, 24ºC, and 18ºC) and lysis buffers (50 mM HEPES 

pH 8.0, 200 mM NaCl and the general lysis buffer screen detailed in section 2.3.4.2) were 

tested.  In all 37ºC and 24ºC tests an overexpressed band was observed at the size expected 

for the GST-fusion UbiE protein (53.7 kDa), but only in the insoluble fraction.  The initial 

18ºC expression test in 50 M HEPES pH 8.0, 200 mM NaCl showed faint levels of a 

protein band at the correct size for GST-fusion UbiE which appeared to be present (very 

faintly) in both in the soluble and insoluble fractions (Figure 5.17).  In subsequent 

expression tests at 18ºC no overexpressed band of the correct size for GST-fusion UbiE 

was observed.   
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Figure 5.17: Expression and solubility test for GST-fusion UbiE at 18ºC.   

The lysis buffer is 50 mM HEPES, pH 8.0, 200 mM NaCl. The gel is from SDS-PAGE. There is 
a faint band in the induced cell pellet about the size expected for GST Fusion UbiE (53.7 kDa).  
This band appears very faintly in the soluble and insoluble fractions of the induced cell lysate. 

5.7.2.5 His-tagged UbiE: Refolding  

The denatured His-tagged UbiE eluted at pH 4.5 from the IMAC column and was used for 

a refolding screen with the 16 modified Hampton refolding solution.  The only solution in 

which no precipitate formed in the button was buffer 2.  A medium scale refolding was 

undertaken, by dialysis into buffer 2 (50 mM MES, pH 6.4, 2 mM MgCl2, 2 mM CaCl2, 

10 mM NaCl, 0.4 mM KCL, 0.01% v/v Triton X, guanidine HCL 500mM, 0.1 mM GSSG, 

1mM GSH) at 18ºC for 2 days.  A light to medium precipitate formed in the dialysis tubing 

immediately.  When dialysis from buffer 2 into the storage buffer (50 mM Tris, PH 7.0, 

500 mM NaCl) commenced, this precipitate became very heavy and the experiment was 

then taken no further.  

5.7.3 Discussion 

Rv0558 may be a candidate for the future work, as it been identified as essential for growth 

by transposon mutagenesis134and has no sequence homologues in the PDB that align well 

over its full length.  However, a lot of work would be required to address the expression 

and solubility problems which may be further complicated by the possibility that this could 

be a membrane-associated protein.  Although the consortium website does not predict any 
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transmembrane helices for this protein, a review by Meganathan suggests that these 

proteins are likely to be membrane bound97.  It is indeed true that the substrate for UbiE is 

very hydrophobic, probably because of its polyisoprenyl tail, and is not soluble97.  It is 

interesting to note that, unlike Rv0989c, a potential peripheral membrane protein, EDTA 

does not appear to affect the solubility of Rv0558. 

Many solubility tests have been carried out on Rv0558 as a His-tagged fusion protein, with 

results varying from insoluble expression to unsuccessful refolding.  If any future work is 

to be undertaken with this construct, it should investigate the use of a detergent lysis buffer 

screen.  In the case of the GST-fusion protein, where a small amount of soluble protein was 

detected on one occasion at 18ºC, future work would need to address the lack of expression 

at 18ºC in subsequent tests.   

5.8 The Solubility Bottleneck 

In each step of the structural genomics pipeline from gene to structure the number of 

targets that progress is reduced, so while projects start with many gene targets, only a few 

structures are obtained.  Each stage where there are losses is commonly referred to as a 

“bottleneck”.  In this project, as emphasised in this chapter, the main “bottleneck:” was 

protein solubility.  Of the seven genes successfully expressed, five were not able to be 

obtained soluble in a large enough amount for crystallisation trials to be undertaken.  This 

step and crystallisation appear to be the major bottlenecks in many structural genomics 

projects43,319.  A lot of effort has been undertaken to address the protein solubility 

bottleneck and, at this stage, as for all stages of the pipeline, there are a range of 

approaches that can be taken to minimize or overcome losses.  Although it has been 

suggested that solubility testing will be difficult to automate due to the need for individual 

handling and analysis of each protein for what is often a large number of experiments43,320.  

Some of the common approaches to improving protein solubility are summarised in Table 

5.4.  A number of these techniques have been used during the solubility testing stage in this 

thesis (for example, refolding, use of His-tags and GST-fusion constructs lowering the 

expression temperature and lysis buffer screens) while the other techniques (for example, 
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use of MBP-fusion constructs and directed evolution) are likely to be the focus of future 

work.   

 

Common Methods Used to Improve Protein Solubility 
Choice of Expression Host 

• E. coli is common as an expression host43 however for eukaryotic proteins with post 
translational modifications a eukaryotic expression host such as yeast, mammalian or 
insect cells are often preferred321,322.  

• In the M. tuberculosis Structural Genomics Consortium use of M. smegmatis, which is 
more closely related to M. tuberculosis, as an expression host has produced soluble 
protein where E. coli expression of the same protein was insoluble43.   

• Cell free protein synthesis techniques are developing rapidly and are being more 
commonly used42,322. This can avoid the issue of expressing proteins toxic to the 
cell322. 

Co-expression of Chaperones 
• Chaperones can assist a protein to fold correctly and some success has been reported 

in obtaining soluble protein by co-expressing the chaperones GroEL and GroES with 
the protein of interest43.   

Use of Affinity Tags 
• Affinity tags give ease of purification and include the hexahistidine tag, as well as 

GST (glutathione-s-transferase) and MBP (maltose binding protein) fusion 
proteins43,322.  The latter two have been known to enhance a proteins solubility and 
stability42,43,322. 

• Affinity tags have the potential to disrupt protein folding, quaternary structure and 
crystallisation and the larger affinity tags need to be removed prior to crystallisation43 
which may result in loss of protein stability and solubility42,320. 

Varying the Lysis Buffer 
• Lysis buffer screens are undertaken with the aim of keeping the number of additives to 

a minimum while allowing the protein to be folded and soluble43.  The best buffer will 
vary for each protein and identifying it involves systematic screening of many 
different buffers for variables such as pH, detergents, and various stabilising additives 
such as EDTA, glycerol, proline, trehalose, ions, salts, chaotropes (such as urea), 
predicted cofactors5,43. 

Lower the Temperature for Expression  
• Lowering the temperature slows the protein expression process down and is a common 

way to improve solubility. Temperatures between 16°C and 25ºC are commonly 
used43.  
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Common Methods Used to Improve Protein Solubility Continued 
Protein Refolding 

• Involves isolation of the overexpressed insoluble protein, solubilisation via 
denaturation using denaturants such as urea or guanidine hydrochloride, and then 
renaturation to form correctly folded soluble protein321 

• In the renaturation (refolding) step the denaturant is removed from the denatured 
protein while introducing compounds that serve to aid the refolding process, such as: 
sugars (e.g. sucrose), detergents (e.g. lauryl maltoside and triton X-100), polymers 
(e.g. PEG)323.  In addition, pH, temperature, ionic strength, protein concentration, 
divalent cations, chelating agents, chaotropes, polar additives and, reducing/oxidising 
agents have an effect on the success of refolding324. 

Directed Evolution 
• Directed evolution involves engineering the target protein to improve its intrinsic 

stability and solubility.  It is thought that this method might be easier to automate320.  
• In directed evolution, libraries of protein variants are generated and the expressed gene 

products are screened (either by in vitro or in vivo techniques) for enhanced solubility 
320.  

• Solubility screening methods can be divided into three main types; the uses of reporter 
genes such as green fluorescent protein (GFP), in vivo stress-reporter methods where a 
reporter gene is activated by the host cell response to a misfolded protein and direct 
methods where the soluble and insoluble fractions are separated and the amount of 
soluble protein quantified by immuno-blotting320.  

Table 5.4: Common methods used to improve protein solubility  
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C h a p t e r  6  

CONCLUDING DISCUSSION 

Structural genomics is a relatively new field and much of the work has been aimed at 

exploring its feasibility and developing the technology needed to overcome bottlenecks and 

to facilitate high-throughput structure determination9,20,22,319,325.  There have been criticisms 

of this approach in terms of the success rate of structures produced thus far, compared to 

the number of genes targeted319,326.  Conversely it has been argued that, as a young field, 

structural genomics is still very much a work in progress, and that the success rates being 

reported do not reflect the reality because many as yet “unsuccessful” targets are still the 

focus of current work319,325,326.  The latter statement is reflected by the work in this thesis 

where many of the “other targets” discussed in chapter 5 are still works in progress and 

may yet yield structures. 

In this research, as part of the Mycobacterium tuberculosis Structural Genomics 

Consortium nine genes from M. tuberculosis were targeted for structural studies.  Seven of 

the genes, (Rv0534c (menA); Rv0548c (menB); Rv0553 (menC); Rv0555 (menD); 

Rv0542c (menE); Rv3853 (menG); and Rv0558 (ubiE)) were annotated as belonging to the 

menaquinone biosynthesis pathway, while a further one was annotated with a function 

related to menaquinone biosynthesis, (Rv0989c, (grcC2) and the last (Rv0990c) was of 

unknown function.  The research was based on the premise that structural information for 

the gene products of these target genes would provide, for those proteins of unknown or 

uncertain function, clues to the biochemical function, which could be tested by further 

experimentation.  For those enzymes with known function, structural information was 

expected to provide a better understanding of function.  Furthermore, as many of these 

targets had homologues in other bacteria, and those of the menaquinone biosynthesis 

pathway were potential drug targets, structural information was expected to have potential 

applications in homology modelling and in drug design. 

The experimental approach taken in this research was to follow a non-automated structural 

genomics pipeline approach, starting from the genomic DNA containing the target genes, 
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and ending with protein structures.  In this pipeline from gene sequence to structure, it was 

expected that target genes would be lost at each step (Figure 1.1 Chapter 1).  Of the nine 

genes targeted one, menA, was lost at the first step, where bioinformatics analysis predicted 

that it was a transmembrane protein.  A second gene, menC, was not successfully cloned, 

and as the structure of the gene product of the E. coli MenC homologue had been published 

in 2000155 no further work was undertaken on it.  Of the seven remaining targets, five did 

not progress beyond the solubility testing stage while the other two were successfully 

structurally characterised.  Table 6.1 summarises the fate of the nine targets in this study. 

Method Successful/ Tested Name of Successful Targets 

Target Analysis 8 /9 MenB, MenC, MenD, MenE, 
Rv3853, UbiE, Rv0989c, 
Rv0990c 

Cloning  7/8 MenB, MenD, MenE, Rv3853, 
UbiE, Rv0989c, Rv0990c 

Expression  7/7 MenB, MenD, MenE, Rv3853, 
UbiE, Rv0989c, Rv0990c 

Solubilitya  2-3/7 MenB, MenE,  
Rv0989c (questionable) 

Refolding 1/4 Rv3853 

Purification 2/3 MenB, Rv3853 

Crystallisation 2/2 MenB, Rv3853 

X-ray Data Collected 2/2 MenB, Rv3853 

Phasing, Model Built, Refined 
and Deposited  

2/2 MenB, Rv3853 

aSolubility optimisation tests undertaken prior to purification; with success defined by at least partial 
solubility at reasonable expression levels that is reproducible 
Table 6.1: Output summary from this study 

These results are comparable, in terms of number of structures produced per number of 

genes targeted, to the output summary from the Mycobacterium tuberculosis Structural 

Genomics Consortium (http://www.doe-mbi.ucla.edu/TB) as of January 2004 (Table 6.2).  

This summary includes the combined results from the individual laboratories, who will 

have implemented high throughput methodologies to various degrees, and the consortium 

facilities that have a more complete implementation of high throughput, automated, 

methods.     
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Stage No. of ORFsa ORFs worked on by Facilities 
Targeted 1471 555 
Cloned  1211 452 
Cloned II (Expression Vector) 1121 429 
Expressed 858 330 
Solubility Ib 536 101  
Purified  311 73  
Solubility IIc 240 51  
In Crystal Trials 222  51  
Crystallized 121  36  
Diffracting Crystal 85  17  
Data Collected 77  15  
Phased  60  4  
Model Built 60  4  
Refined 44  3  
Deposited 28  3  
aORF = Open Reading Frame  = Gene 
bSolubility optimisation experiments prior to protein purification 
cSolubility optimisation experiments undertaken on purified protein  
Table 6.2: Output summary from the M. tuberculosis Structural Genomics Consortium  

Although it is clear that there are losses at all steps in the pipeline, two of the major 

“bottlenecks” have been identified as protein solubility and crystallisation43,319.  From this 

sample, protein solubility clearly emerged as the major bottleneck.  At the completion of 

this study, four (UbiE, Rv0989c, MenD and Rv0990c) out of the nine target proteins 

remained insoluble despite the many solubility tests undertaken (use of the GST fusion 

protein constructs, lowering of the expression temperature, protein refolding and lysis 

buffer screening).  Of these four proteins, MenD is the most promising candidate for future 

work although Rv0989c and Rv0990c remain good candidates also.  Another protein, 

MenE, has proved, in small scale lower temperature expression tests, to be reproducibly 

soluble as a GST-fusion construct but pure samples have not yet been obtained in large 

enough quantities for crystallisation trials to be undertaken.  This protein remains a very 

good candidate for future work.  For those proteins that are still insoluble, further lowering 

the temperature of expression and lysis buffer tests can be undertaken (as the options have 

not yet been exhausted) and future work could also include making MBP constructs or 

undertaking directed evolution.  Crystallisation techniques have recently been automated 
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and will allow for faster, more extensive screening, with less protein, which will provide an 

opportunity for these proteins should they be obtained in soluble form. 

An important decision that needs to be made in a structural genomics project is when work 

on a particular target should cease.  This decision varies widely from laboratory to 

laboratory with some groups choosing to invest more time and resources on more 

“difficult” targets than others326.  This means the definition of taking a high-throughput 

approach can vary.  Although the method used in this thesis is a structural genomics 

approach and it was expected that there would be losses, a reasonable amount of effort was 

expended on each target, even those that proved challenging.  In general the further along 

the pipeline a protein was, especially once crystals were produced, the more investment of 

time and resource was justified.  The first gene target to be dropped was menA.  Little 

resource had been invested in menA which was predicted to be a membrane protein with 

six transmembrane helices spread throughout its entire length and as such was likely to be 

difficult to purify and crystallise.  The second gene target to be lost was menC, which 

despite being an essential gene in M. tuberculosis134, had shown little success at an early 

stage and had a homolog in the PDB with the same function by mid 2000.  The decision to 

drop a target became harder once more time and effort has been invested in it, as was the 

case with those target proteins that were successfully overexpressed.  In this case more 

effort was generally invested in trying to solublise the protein and a number of the 

currently insoluble targets are still viable candidates for further work.  Although this may 

be a significant investment of time and resources for no guaranteed return a significant 

amount of solubility testing, using a range of approaches, needs to be undertaken before a 

protein target is deemed irretrievably insoluble.  Support for this comes from the 

experience in this study where both proteins for which structures were obtained were 

insoluble in initial solubility and expression tests.  In fact considerable effort was invested 

in obtaining soluble protein by refolding for the first structure solved, Rv3853 (MenG).  

Less effort was expended on the other protein which yielded a structure, MenB, which 

proved to be soluble upon expression at lower temperatures.  Ironically however this 

second protein proved to be more challenging at later stages of the pipeline and it took a 

significant amount of effort to grow reproducibly diffracting crystals.  Structural genomics, 
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like any high-throughput approach, will encounter bottlenecks, and determining the 

investment of effort to drive individual targets through each bottleneck can prove a 

challenging problem in the context of a large-scale effort such as the Mycobacterium 

tuberculosis Structural Genomics Consortium 

The purification of MenB provides an interesting comparison of automated versus un-

automated approaches, as it has unusual behaviour upon IMAC purification and elutes in a 

high imidazole concentration.  This is the possible explanation as to why the His-tagged 

protein could be purified in our laboratory but not in the automated consortium facilities.  

The structure of MenB confirmed this protein, as predicted, was a member of the crotonase 

superfamily.  Furthermore, the structure enabled a better understanding of the function of 

this protein through identification of the substrate binding/active sites and candidates for 

catalytic residues.  Analysis of the structure and comparison of the various structural 

models built also revealed flexible regions around the active site.  It is interesting to 

speculate that these regions may perhaps play some role in regulation of this enzyme and 

future work could be undertaken to test this hypothesis.   

Conversely the structure of Rv3853, confirmed that this protein had most likely been 

misannotated as MenG and was most likely not a member of the menaquinone biosynthesis 

pathway.  This protein highlights several issues which are pertinent to structural genomics 

efforts.  The first is the issue of misannotation.  Many genome sequences are functionally 

annotated automatically based on sequence homology327-330.  It is not certain how reliable 

these functional assignments actually are331, although one study computationally estimated 

that possibly up to 30% of detailed assignments of enzymatic function may be in error327.  

What is known for certain, however, are that there are a significant number of erroneous 

annotations327-333.  Some of these arise, as was the case for Rv3853, by annotation of a 

function based on sequence similarity to a gene that has itself been incorrectly 

annotated330,334.  Once one sequence in a family is misannotated and available in public 

sequence databases the erroneous annotation can propagate as other members in the family 

are annotated based on the first (or subsequent) misannotated sequences328-331,335.  This can 

have significance to structural genomics in several ways.  Firstly, in the process of target 
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selection the annotation given to the potential target needs to be researched to check its 

validity.  If this is not done and the target gene is misannotated and selected for study based 

on that misannotation (say as a protein of medical significance) then time and resources 

may be wasted on a target that does not have the required properties for the study in hand.  

On the other hand structural genomics can prove useful as structures may help to identify, 

as was the case for Rv3853, erroneous annotations which can then be corrected for the 

entire sequence family. 

Another issue raised by the Rv3853 structure is one of using structure to derive information 

about biochemical function.  Initially in the case of Rv3853, the structure enabled the 

location of functionally significant regions of the protein by analysis of the shape and 

surface properties of the Rv3853 structure, the sites where several bound ligands were 

observed and by the mapping of conserved sequence to the structure.  Subsequently a 

function was discovered, based on experimental information245,246, for the E. coli homolog 

of Rv3853, which is now known as RraA.  As this protein and Rv3853 share significant 

structural similarity, Rv3853 has been reannotated, in databases such as Tuberculist, as 

RraA.  The reannotation may have occurred without structural information, as the two 

sequences share significant sequence identity; however the structural similarity of the two 

proteins adds confidence to this reannotation.  The information provided by the Rv3853 

structure, was also extremely useful in correcting the initial functional misannotation and 

highlighting the need for reannotation in the first place.  Furthermore, the new functional 

annotation combined with the other information obtained from the Rv3853 structure will 

be useful in directing future biochemical experimentation on this protein in an effort to 

elucidate the mechanism of action.  In this manner Rv3853 reflects what was expected as 

an outcome of structural genomics, that structural homology would prove useful in 

assigning protein function2,4,6,8,20 and structural information (including structural homology 

as well as things like active/binding site locations and properties) would provide a useful 

basis to direct future experimentation into function20,25. 

The use of a structure obtained from a structural genomics project in this manner to assign 

biochemical function, in particular the strength of using structural homology in functional 
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annotation, can be further illustrated by a recent example.  The structure of PAE2754 from 

Pyrobaculum aerophilum has recently been published to 2.5 Å resolution336.  The protein 

was selected due to the wide distribution of its orthologues in nature (including 

M. tuberculosis) and was subsequently annotated as a PIN domain336.  PIN domains do not 

have a clear functional role and were initially suggested to play a role in signalling 

although a more recent sequence analysis of conserved residues has linked them to possible 

exonuclease function336.  In this case the PAE2754 structure revealed a distant structural 

homology to several nucleotide binding proteins and several exonucleases including T4 

phage RNase H strengthening this tentative link to exonuclease function336.  Furthermore, 

mapping of four conserved acidic residues shared with the exonucleases onto the structure 

revealed they resided near to each other in the same pocket, identifying the likely active 

site336.  This information led to the hypothesis that the biochemical function of PAE2754 

was as an Mg2+-dependent exonuclease336.  This biochemical function was subsequently 

confirmed by in vitro biochemical experimentation336.  A possible cellular function for 

PAE2754 as playing a role in DNA repair has been proposed based on this information and 

on other a recent analysis linking PIN domains to gene clusters involved in DNA 

manipulation336. 

One of the goals of many structural genomics projects is to provide structures that will be 

useful for structure-based drug design7,11,37.  Many of the genes targeted in this study were 

selected due to the possibility their gene products would make potential drug targets.  

Subsequently, the likelihood that four of the menaquinone biosynthesis proteins (MenC, 

MenD, MenE, UbiE) are potential drug targets has been strengthened.  The recent work of 

Sassetti et al. has identified those genes, along with others in a genome wide analysis, as 

essential to survival in defined growth conditions134.  This fits quite well with a vision of 

the Mycobacterium tuberculosis Structural Genomics Consortium, which is to aid the 

speed of the drug discovery process by having structural information already available for 

use in structure-based drug design by the time key drug targets are identified, by genetic 

means or high throughput screening11.  A recent perspective on structural genomics by Yon 

and Jhoti (2003) suggests that the main impact of structural genomics so far on drug 

discovery has been in terms of the development of new high throughput technologies that 
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are then adopted by more traditional structural biology laboratories including those 

working on structure based drug design337.  With high-throughput crystallography enabling 

structures to be produced fast enough to be used for lead discovery along with the more 

traditional use in lead optimisation337.  They also predict that structural genomics will 

increase the availability of structures of potential drug targets, especially as structures 

emerge from projects focusing on human targets where much of the interest lies337.  

Although it does need to be noted that obtaining a successful, commercially viable drug, 

even using structural information for the drug target, is a long and involved process 338.  

One last aspect relevant to structural genomics is raised by the MenB structures.  

Concurrently with the solution of the MenB structure in this laboratory the same structure 

from the same organism was solved by another laboratory.  While it is quite common for 

this to happen in research, in the course of a structural genomics initiative, which is 

focused on producing a representative, variety of structures, it is not a productive use of 

resources.  It is therefore important, to avoid duplications in effort, that, where possible, 

collaborations are set up between groups with similar interests and that members of a 

consortium communicate which genes they have targeted for study.  The M. tuberculosis 

Structural Genomics Consortium has an online database set up for this purpose in which 

groups indicate what genes they have targeted and what progress has been made 

(http://www.doe-mbi.ucla.edu/TB).  

To summarise, the results of this study which took a structural genomics approach to 

studying proteins from M. tuberculosis produced two structures from the nine genes 

targeted.  This is comparable to the results reported as of January 2004 from the 

M. tuberculosis Structural Genomics Consortium as a whole.  The two structures output 

from the pipeline approach undertaken in this study contributed significant information to 

better understanding the function of the proteins involved.  Further work on those proteins 

stuck at the solubility “bottleneck” and applications of new technologies developed over 

recent years (such as automated-crystallisation) may further improve the success rate. 
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