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Abstract

The resurgenceof tuberculosis casesworld-wide over the last two decadeshas led to one
third of the population being infected and an ever increasing number of deaths (World
Health Organisation, 2006). Little is known about the pathogenicity of the infectious
agent, Tubercule bacillus, and resistance to the key chemotherapeutic drugs is
widespread. Increasing researcheffort aiming to curtail the spreadof this disease has
been aided by the work of Cole et al. (1998 and 2002), which provided genomic
annotationsof the H37Rv strain of Mycobacterium tuberculosis. Subsequentstructural
genomics projects have identified hundreds of potential targets for structure-baseddrug
design.

The researchpresented in this thesis focuses on the expression and characterisation of
targets from the Mycobacterium tuberculosis genome. Cell-free expressiontrials of 36
unique targetswere performed. Initial screeningresulted in soluble expressionfor 30 %
of the targets and inclusion of additives, such as molecular chaperonesor detergents,
increasedthis to 67 %. Milligram quantities of protein were obtained for eleven targets.
As a comparison, four targets were chosenfor expression trials using an E. coli in vivo
system. Similar results were obtained for three of the targets using the cell-free or in
vivo expression systems. However, significant quantities of soluble Rv3545c, a
cytochrome P450 125, were only produced using the in vivo method.
Proteins that were expressedin sufficient quantities were progressedinto crystallisation
trials, one of which yielded crystals suitable for X-ray diffraction. The crystal structure
of Rv3628, an inorganic pyrophosphatase(Mtb-PPase),was refined to 2.7 A resolution
in space group P3221.

Inorganic pyrophosphatases (PPases) are ubiquitous

metalloenzymeswhich belong to the phosphatasesuperfarnily, and play an essentialrole
in biosynthetic reactions (Teplyakov et aL, 1994). 'ne refined crystal structure of MtbPPasewas found to exhibit a similar overall fold and oligomeric form to existing type I
PPase structures. Comparison with two recent Mtb-PPase structures, both in space
group P6322 (Tammenkoski et al., 2005 and Benini and Wilson, to be published),
highlighted a possible pH-dependentrole of His93 within the active
site.

ii

The characterisationof Rv3545c, a predicted cytochrome P450 125 (Mtb-CYP125), is
also described in this thesis. Cytochrome P450s are a superfamily of haern-thiolate
proteins (50 to 60 kDa) which monooxygenatehydrophobic substratesas part of electron
transport chains (Nebert and Gonzalez, 1987 and Chapple, 1998). P450s have recently
beenimplicated asnovel antimycobacterial targets (Munro et al., 2003).
Spectroscopywas usedto confirm the cytochrome P450 annotationof Rv3545c, with the
ferrous enzyme exhibiting a Soret peak at 450 nm in the presenceof CO. A high-to-low
spin-shift was observedby UV/visible and EPR spectroscopy,upon imidazole-inhibition
of ferric Mtb-CYP125.

Secondary structural elements were determined by circular

dichroism (CD) to be - 33 % a-helix and - 14 % P-sheet. Finally, dark brown/red
crystals of Mtb-CYP125 were obtained, but it was not possible to collect a full data set.
This was primarily due to the crystals forrrfing clusters which were impossible to
separate. Despite this, weak diffraction data to 3 Aresolution were measured, and
further optimisation of the crystallisation conditions may prove successful.
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The

expression and characterisation of

metalloproteins from

the

pathogen

Mycobacterium tuberculosis are the focus of research presented in this thesis. The
expression of 36 targets was attempted using a bacterial cell-free protein expression
system. As a comparison, the expression of four targets was also attempted using an E.
coli in vivo system. The crystal structure of R0628, an inorganic pyrophosphatase,
which was successfully expressedusing the cell-free system, was refined to a resolution
of 2.7 A and is described in this thesis. Finally, a cytochrome P450 125 (Rv3545c),
expressedusing the in vivo system, was characterised by bioinformatics, UV/visible
spectroscopy,circular dichroism, and electron paramagneticresonance. Crystallisation
trials were also undertaken,yielding weakly-diffracting multiple crystals.

Ile

research presentedin this thesis was performed predominantly at CCLRC
DaresburyLaboratory All cell-free protein expressionstudieswere carriedout at the
.
Protein ResearchGroup of the RIKEN Yokohama Institute, Japan. Electron
paramagnetic
resonanceexperimentswere conductedat the EPSRCNationalCentrefor
EPRSpectroscopy,
Manchester.
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A theoreticaland experimentalbackgroundto the productionof proteins
andtheir subsequent
characterisation
usedthroughoutthis thesis

Chapter 3:

A review of the theoretical and experimental backgroundregarding
proteincrystallography
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Describes the expression trials of protein targets from Mycobacterium
tuberculosis using both E. coli-based cell-free and in vivo systems and
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Describes the crystallisation and structure determination of an inorganic
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resolution
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Describes the characterisation of cytochrome P450 125 (Rv3545c) from
Mycobacterium tuberculosis by bioinformatics, UV/visible spectroscopy,
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collection from weakly-diffracting multiple crystals
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Chapter I- Introduction

Chapter 1- Introduction

1.1Mycobacteriumtuberculosis
1.1.1 Tuberculosis

Tuberculosisis a chronic infectiousdiseasecausedby the pathogenTuberclebacillus,
which infects one in threepeopleand accountsfor more than two million deathseach
year. Due to the highly infectious, airbornenatureof the disease,the World Health
Organisation(VMO) predicts that by 2020 nearly a billion people will be infected,
leadingto two hundredmillion casesandthirty-five million deathsworldwide. In 1993,
as deathsfrom this single pathogentotalled more than thosefrom malaria, diarrhoea,
HIV/AIDS, andtropical diseasescombined(Evans,1998),the WHO declareda stateof
globalemergency.
Despite these devastating statistics, very little is known about the pathogenicity of this
mycobacterium. Until the late 1990s tuberculosis was widely regarded as a disease of
the poor (Evans, 1998). However, the sharp incline in HIV and AIDS cases in the
Western world has acceleratedthe spread of this disease(WHO, 2000). Although a
large proportion of the world's population is infected with TB, only 5- 10 % become ill,
due to the host's immune system attacking the mycobacterium and forcing it to remain
dormant. However, in immuno-suppressedhosts, rapid proliferation of the disease
occurs and is the leading causeof deathin HIV patients.
The Bacille Calmette-Guerin (BCG) vaccine has prevented the number of deaths from
tuberculosis rising further, conferring protection by inoculating the patient with a live
attenuated strain of Mycobacterium bovis.

This closely related species provides

immunological protection from Mycobacterium tuberculosis in the same way that
inoculation with cowpox preventsthe emergenceof smallpox (Evans, 1998).
Until recently, development of anti-mycobacterial compounds has been fairly stagnant,
medication instead relying upon five key chemotherapeuticdrugs- isoniazid, rifampicin,
pyrazinamide, ethambutol/streptomycin, and capriomycin. The use of these drugs as a
first line defence against tuberculosis has led to widespread
resistance, due in part to
I
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incorrect drug regimes. Despite the emergence of resistant tuberculosis strains, the
Direct Observation of Treatment (DOTs) schemehas a successrate of > 95 % and costs
just US$ 11 per 6 month supply in developing countries. The schemeencompassesnot
only drug therapy, but also encouragespolitical commitment, provides microbiology
detection services, and monitors drug administration to prevent further resistance
occurring. By 2015, the WHO aims to have reduced casesby 50 % compared with 1990
levels, with completeeradication by 2050 (WHO, 2006).
Over the last few years, tuberculosis research has come under the spotlight with the
completion of the M. tb genome sequence, strain H37Rv (Cole et al., 1998). The
information gained from the genome, together with subsequent structural genomics
projects, will improve our biological understanding of this pathogen and allow us to
designtailored anti-mycobacterial drugs.

1.1.2 The Mycobacterium tuberculosis genome
Our knowledge of Mycobacterium tuberculosis has been significantly advanced by the
work at the Wellcome Trust Sanger Institute in Cambridge, where the research group
headedby S. T. Cole, generated a significant amount of data regarding the pathogens
genome. This was achieved by a combination of systematic sequenceanalysis from
cosmids and BACS for large insert clones, together with random small-insert clones
from a whole genome shotgun library. They identified large areas of repetition within
the genome, together with many insertion sequences,more than fifty of which were
intergenic or non-coding and localised near to tRNA genes. They postulated that this
preventskey genesfrom being inactivated (Cole et al., 1998).

The completegenomesequence,publishedin 1998,was that of the most characterised
tuberculosisstrain,H37Rv(Cole et al., 1998). The genorne,unusuallyrich in guanidine
4,411,529
andcytosinebases(65.6% comparedwith 50.8 % for E coli), encompasses
basepairs and 3,974 genes,the secondlargest bacterial genomesequencecurrently
available. 3,924 genesencodefor peptidesand50 for stableRNA. The low abundance
of adenine& thymine residuesis reflectedin the organism'scodonbias, highlightedby
the abnormally high frequency with which GTG start codons are observed(35 %
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compared with only 9% in Bacillus subtilis).

Greenacre's correspondence analysis

showed a preferencefor G/C-rich amino acids such asalanine, glycine, proline, arginine,
and tryptophan, and this GC content has been shown to be fairly constant throughout the
genome(Cole et al., 1998).

This phenomenon
of codonbiasoccursdueto therebeing sixty-fourdifferentcodonsfor
only twenty amino acids. Thereforethereis no requirementfor all of the codons,all of
the time. The third position base is usually insignificant and can be interchanged
forming synonymousresidues.Suchresiduesarenot usedwith the samefrequencydue
to translationalselectionandmutationalbias.
Functional analysis of the tuberculosis genome allowed Cole's group to categorisemany
of the geneswith regardsto their assumedrole. The eleven categoriesfor which they
identified were I-

Virulence, detoxification, and adaption (91 genes); 2-

Lipid

metabolism (225 genes); 3- Information pathways (207 genes); 4- Cell-wall and cell
processes(516 genes); 5- Stable RNAs (50 genes); 6- Insertion sequencesand phages
(137 genes); 7- PE and PPE proteins (proteins with N-terminal Pro-Glu and Pro-ProGlu motifs, respectively) (167 genes); 8- Intermediate metabolism and respiration (877
genes); 9- Proteins of unknown functions (606 genes); 10 - Regulatory proteins (188
genes);and II- Conservedhypothetical proteins (910 genes).

This researchhas shown that a significantly large proportion of coding capacity from
this mycobacterium is taken up by the biosynthesis of lipogenesis and lipolysis enzymes,
including an extensive range of Cytochrome P450s. Two new families of glycine-rich
proteins, PE and PPE, containing repetitive sequenceswhich may represent antigenic
variation, were also encoded for.

An unpredicted observation of their work was a

potential mechanism which allows Mycobacterium tuberculosis to present the immune
system with a "moving target", by altering the expression pattern of a number of short
peptides,thus evading destruction(Cole et al., 1998).
Re-annotationsof the H37Rv genome (now 4,411,532 nucleotides) published in 2002,
identified twenty-two new protein-coding sequenceswith predicted functions, together
with a further sixty of unknown function (Cole et al., 2002). No new RNA geneswere
identified (table 1.1). The bioinformatics tools, BLASTP
and FASTA (Pearson and
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Lipman, 1988) were exploited to manually re-analyse the protein-coding sequences
within the original sequence.
During this re-analysis, the group detectednew sequencescontaining the appropriateGC
content, correlation scores, and codon usage found in coding sequences. Further
inspection employing the codon-usageprogram AMIGA (Automatic Microbial Genome
Annotation), identified potential frameshifts and coding sequences.Seetables 1.1 to 1.2
for a description of M. tb genomic annotations.

Table U:

Annotations of the MYcobacterium tuberculosis genome. Genes grouped by their proposed
function (Cole et a/., 1998 and 2002). 'Cole et al., 1998.2Cole et al., 2002.
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Table 1.2: Changes to the functional classification of Mycobacterium tuberculosis genes following reannotationby Cole et al. in 2002.

1.1.3 Identification of essential genes

1.1.3aVirulence, growth, and survival genes
The identification of genes essential for M. tb virulence, growth, or survival, during
infection will undoubtedly aid rational drug design in the fight against tuberculosis. A
key paper in the determination of genes essential for mycobacterial survival was
published in 2003 by Sassettiand Rubin (Sassettiand Rubin, 2003). This group created
a library of mutantsfrom the M. tb (H37Rv) genome,which were grown on agar plates
for several weeks (in vitro pools) and also used to infect mice (in vivo pools) for the
same period. Surviving bacteria were collected from the mice and re-plated onto agar,
before being compared with the in vitro pools using transposon site hybridisation
(TRASH). TRASH enabledthe identification of all mutated genespresentwithin the M.
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tb cells prior to, and after infection. Those which were not present in the in vivo pools
were deemedto be essentialfor M. tb survival. The results of this study are surnmarised
in table 1.3, together with those from previous work describing genes essential for in
vitro survival (Sassettiet al., 2001).

1.1.3bDrug resistancegenes
Understandingthe meansby which M. tb confersresistanceto chemotherapeutics,
will
enable the development of novel treatments. Resistanceoccurs frequently in
tuberculosisdueto thecompartmentalisation
of infection within the host,which prevents
from functioning simultaneously,thereby resulting in
multiple-chemotherapeutics
monotherapy(Gillespie, 2002). Dessenet al. (2005) describedthe threemechanisms
whereby such resistancecan occur: inactivation of the antibiotic by modification;
of key residues,resultingin modificationof the macromoleculartarget;and
mutagenesis
promotionof antibiotic efflux from the cell. The most commonly used antibacterials
target protein synthesis,nucleic acid replication and repair, and cell wall biosynthesis
(Dressenet al., 2005).
mechanisms
Resistanceto the antimycobacterialagent, streptomycin,was found to be due to
mutationswithin the 16S RNA or the S12 protein, both involved in protein synthesis
(Dressenet al., 2005). The identification of these proteins as drug targets was
determinedby the high resolution structureof the 30S ribosomal subunit,in complex
with streptomycin(Carteret aL, 2000).
Missense mutations within a conserved region of the rpoB gene, which encodes the 0subunit of RNA polymerase, account for 97 % of all rifampicin-resistant M. tb isolates,
asdetermined by RFLP analysis (Yuen et aL, 1999). Another mechanism by which M.
tb acquires resistance is via the inactivation of an enzyme required by the drug for
activity. The drug isoniazid requires catalasefor activation and mutations within this
gene,KatG, confer resistance(Gillespie, 2002). Finally, pyrazinamidase is the target for
the chemotherapeutic,pyrazinamide. Resistanceto this drug is due to mutations within
the enzymewhich prevent conversion of pyrazinamide to its active form, pyrazinoic acid
(Gillespie, 2002).
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Table 1.3: Genesfound to be essentialfor Mycobacterium tuberculosis survival in vivo' (Sassettiand
Rubin, 2003) and in Vitro2 (Sassettiet al., 200 1).

1.1.4 Structural biology consortia
Several research projects dedicated to elucidating the complex structure-function
relationships of the pathogen Mycobacterium tuberculosis are spread throughout the
world.

Consortia have been formed on varying scales to encourage the flow of

information and accelerate the discovery of new drugs. Such groups within North
America include the Tuberculosis Trials Consortium (TBTC); the Tuberculosis Results
Action Consortium (TRAC); and the Tuberculosis Epidemiological Studies Consortium
(TBESC).

Closer to home are the XMTB German Mycobacterium tuberculosis
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Structural Genomics project; the French PasteurInstitute; and the North West Structural
Genomics Consortium (NWSGC), of which Daresbury Laboratory is a key member,
together with the Universities of Manchester, Leeds, Liverpool, Liverpool John Moores,
Astra Zeneca, and Astex Therapeutics, Cambridge. This consortium alone has over
forty targets for structural characterisation.
International efforts include the Global Alliance for Tuberculosis which operatesin New
York, Brussels, and Cape Town and, the Tuberculosis Structural Genomics Consortium
(TBSGC).

The latter comprises more than 230 members from 31 organisations,

covering 13 countries, including the UK. To date, fifty crystal structures have been
posted on the consortium website. However, with the overall goal of characterising 400
potential drug targets, work is far from finished (Goulding et al., 2002). See table 1.4
for list of recent crystal structuresavailable in the Protein Data Bank.

PDB Code

Predicted function

PDB Code

Predicted function

2HH7

CSOR

2AQ8

Enoyl-ACP (coA) reductase

2HHl

MPT64

2A6P

Hypothetical protein (Rv3214)

2NYX

Hypothetical protein (Rv 1404)

2CDN

Adenylate kinase

2NQT

Hypothetical protein (Rv 1652)

IZEL

Hypothetical protein (Rv2827c)

2NTN

MabA

2CIG

Dihydroflorate reductase

2NV6

InhA

2GDN

P-lactamase

2EV I

1264N

2G2D

pdyO-type ATP cobalarnin
adenosyltransferase

IU5

CYP121

2BYO

Lipoprotein LPPX Rv2945c

2LXC

CY C5' carbohydrateepimersae

2G38

PE/PPEcomplex

rmcc
21TW

Shikimate kinase

2BIP

EPSP synthase

2844

Hypothetical protein (Rv2844)

IV5P

LigD ligation domain

2GKM

TrHbn

2FHG

Proteasome

2C21

Hypothetical protein (RvO130)

2A75

Acyl-coA carboxylaseACCDS

2DTF

Threonine synthase

IXXX

Dihydrodipicolinate synthase dapA
Rv2753c
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Table 1.4: Crystal structures from Mycobacterium tuberculosis published during 2006
(http://www.rcsb.org).

A paperby Terwilliger et al. in 2003highlighteda few of the recentsuccesses,
ranging
from a glyoxylate pathway protein, essential for bacterial survival within the
(Sacchettiniet al., 2000andSmith et al., 2003);to a P450which providesa
macrophage
goodmodelfor novel anti-TB drugs(Mowatet al., 2002);andan iron-metabolicenzyme
involvedin NAD biosynthesis(Bossiet al., 2003).
Clare Smith and James Sacchettini's research group from the Department of
BiochemistryandBiophysics,TexasA&M University, successfullycharacterisedtwo
key enzymesin the glyoxylateshuntpathway. Theseproteins,isocitratelyase,RvO467icl (Sacchettiniet al., 2000), and malatesynthase,Rvl837c-glcB (Smith et al., 2003),
becomeupregulatedwhen bacteriashift to preferentiallyutilising substratesgenerated
by 5-oxidation of fatty acids (Honer et al., 1999) and during macrophageinfection
(Grahamet al., 1999). Hence,theseenzymesare essentialfor bacterial survival and
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persistencewithin the activated macrophage(McKinney et al., 2000) and are extremely
attractivetargetsfor new anti-mycobacterials.

As previouslydescribed,the Mycobacteriumtuberculosisgenomeencodesa wide array
of lipid-metabolisingCytochromeP450s,which oxidise fatty acids,sterols,andsteroids
(Porterand Coon, 1991). Generallyprokaryotesencodefor only a few, if any, P450s
which led to Mowat et al. from the Universityof Edinburghpostulatingthat the number
to the importanceof lipid metabolismwithin the pathogen(Mowat
of P450scorresponds
they crystallisedthe mycobacterialCYP121(geneRv2276),
et al., 2002). Subsequently
which binds tightly to azole-basedantifungalssuch as miconazoleand clotrimazole.
Such drugs potently inhibit P450sin the nanomolarrange, and are hence obvious
candidatesfor anti-mycobacterialdrug development(Mowat et al., 2002). It was not
possibleto solvethe structureusingmolecularreplacement,despiteobtainingdiffraction
datato 1.06A, which representsa commonproblemassociatedwith P450sasthey tend
to lack sequencehomology between species. Instead, Multiple Isomorphous
Replacementwith AnomalousScattering(MIRAS) was successfullyused (Leys et al.,
2002).
An Italian researchgroupfrom the University of Pavia,working on proteinsthoughtto
be associated
with NAD biosynthesisandiron metabolism,haverecentlydeterminedthe
crystal structureof FprA (geneRv3lO6) in both its oxidised(at 1.05A reoslution)and
reduced(at 1.25A resolution)forms in complexwith NADP. FprA hasbeenclassified
as a mycobacterial oxidoreductasedue to its significant sequenceidentity with
mammalianandyeastadrenodoxinreductase.This highly structurallyconservedfamily
of enzymesplays a role in either iron metabolismor in CytochromeP450 reductase
activity, catalysingthe transfer of reducing equivalentsfrom NADPH to a protein
acceptor(Bossiet al., 2002).

1.1.5Other researchefforts
Followingon from Cole et al's genomesequencewhich highlightedthe largepercentage
(- 18 %) of coding capacitydedicatedto proteinsinvolved within the cell wall, muchof
today'sresearchrevolvesaroundsuchprocesses.It is well establishedthat the thick and
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waxy, hydrophobic cell envelope is formed of four types of polymers: peptidoglycan,
arabinogalactan,mycolic acids, and lipoarabinomannan(Evans et al., 1998). This forms
a permeability barrier around the mycobacterium protecting it from a number of
antibiotic drugs (Brennan, 1995). By targeting proteins which the pathogen relies upon
for

protection, such as those involved in cell

envelope synthesis or

drug

modifying/efflux enzymes, it may be possible to suppress the pathogenesis of this
organism.
A preliminary report of progress from the Centre of Proteomics and Genomics at the
University of California, Los Angeles, outlined their tuberculosis protein targets and
current status. The five classesfor which they are interested are: extracellular proteins
potentially involved in M. tb pathogenicity; iron-regulatory proteins essential for
pathophysiology; functionally related proteins of known anti-TB drugs; mycobacteriumspecific proteins likely to be involved in virulence and pathogenicity; and proteins
containing predicted novel folds (Goulding et aL, 2002).

A group at UCLA have obtaineda crystal structure(to 2.4 A) of one of their targets,
Rv2220,which encodesfor glutaminesynthase(Gil, et A, 1999). Previousresearchby
Harth (1999) and Tullius (2001) has shown this enzymeto be involved in the early
stagesof infection andthey concludethat this may play a role in the synthesisof unique
pathogeniccell-wall polymers.
Another successhasbeenachievedby a different group at UCLA, at the UCLA-DOE
Laboratoryof StructuralBiology and MolecularMedicine(Andersonet al., 2001). The
group solvedthe structureof a major secretaryprotein,mycolyl transferaseantigen85B,
which together with Antigen 85A and 85C (Sacchettiniet al., 2000) catalysesthe
transferof mycolic acids within the pathogen. Theseform major componentsof the
mycobacterium's
cell wall and are uniqueto mycobacteria,thus representingattractive
drug targets. Experimentsby Horwitz et al. in 1995 demonstratedthat vaccinationof
guinea pigs with purified M. tb Antigen 85B induces considerableimmunological
protectionagainstM. tb aerosolbacterium.Furthermore,inoculationwith a recombinant
form of the existingM. bovis BCG vaccine,expressingthe M. tb A85B protein,induces
a strongerimmunitythanthe existingvaccine(Horwitz, et al., 2000).
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1.2 Inorganic pyrophosphatases

1.2.1 Phosphatases

Phosphatases
catalysethe removal of phosphategroups, attachedto proteins by the
action of kinases. Such cycles of phosphorylationand dephosphorylationprovide a
reversibleregulationof many metabolicpathways,accordingto cellular requirement
(Hamesand Hooper,2000 and Busam et al., 2006). Regulationof pathwayssuch as
glycogen synthesis,occurs by reversible covalent modification of the enzyme by
attachmentof a phosphatemoleculeto a hydroxyl group, often in an ATP-dependent
manner. Suchphosphoryltransfer alters the enzyme'stertiary structure,resulting in
eitherup or down regulationof activity (HamesandHooper,2000). This is reversedby
the actionof phosphatases,
which cleavethe bondbetweenthe phosphateand enzyme,
thereby releasingfree phosphate. Some kinasesand phosphatases
act upon specific
residueswithin the enzyme,suchasthreonine,serine,tyrosine,andhistidine.
This ubiquitous family can be grouped dependentupon substrate specificities, catalytic
mechanisms, and amino acid sequences (Dombradi, 2002).

The four groups are:

phosphoprotein phosphatases; metal-ion-dependent proteins;

tyrosine

protein

phosphatases;and histidine protein phosphatases. The most characterised of all
phosphatases,tyrosine phosphatase,regulates the signal transduction pathways involving
tyrosine phosphorylation. These enzymes have been implicated in the development of
cancer, diabetes,rheumatoid arthritis and hypertension (Van Montfort et al., 2003). A
less well known member of this family is histidine acid phosphatase,which functions
optimally at low pH, to hydrolyse phosphate esters (Van Etten et al., 1991). Two
conserved catalytically important histidines, are thought to form a phosphohistidine
intermediate,and to act as a proton donor (INTERPRO).

1.2.2Inorganic pyrophosphatases
Inorganic pyrophosphatase,
PPase,(EC.3.6.1.1)belongs to the phosphatasefamily of
enzymesand catalysesthe hydrolysis of the high energy compound,pyrophosphate
(PPi),to orthophosphate
(Pi), seeequation 1.1 (Butler, 1971andMatthewset al., 2000):
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Equation 1.1:
P207 -4 + H20

10

2Hpo4-2

PPi formation occurs when ATP is hydrolysedto adenosinemonophosphate(AMP)
during many ATP-dependentbiosyntheticreactions(Voet et al., 1999). In addition to
bonds (Chen et al., 1990), PPasealso mediates
hydrolysingPPi phosphonanhydride
oxygenexchangebetweeninorganicphosphateandwater(Lahti, 1983). Theseenzymes
function as part of many biosyntheticreactions,such as protein/DNA/RNA synthesis
(Kankareet al., 1996)andtRNA charging(Liu et al., 2004),andmay alsobe involved
in the copying of DNA moleculesduring chromosomeduplication (Lahti, 1983 and
Salminenet al., 1995).
PPases are ubiquitous enzymes, having been identified in virtually every organism
(Teplyakov et al., 1994). They are soluble proteins, predominantly found in the cytosol.
Evolutionary analysis of PPase sequencesfrom different organisms identified two
distinct families: type I, which include most known PPases;and the less common type Il
family, which are found in Bacillus subtilus, Methanococcus jannaschii, and several
Streptococcus strains (Cooperman et al., 1992, Young et al., 1998 and Sivula et al.,
1999). The two families are evolutionarily distinct and hence share no sequence
homology (Tammenkoski et al., 2005).

Type I PPasesarewell characterised
andcanbe further divided into two groupswith the
prokaryotesforming hexamersof approximately120kDa, andthe eukaryotesexisting as
60 to 70 kDa homodimers.Identity betweenprokaryoticPPasesis reasonablyhigh (- 45
%), howeverbetweenthe two groupsis below 25 % (Teplyakovet al., 1994). A further
PPasesexist in plantsand somebacteria,which function as
groupof membrane-bound
reversible proton pumps, whilst hydrolysing and synthesisingPPi, and share no
homologywith the two familiespreviouslymentioned(Sivula et al., 1999).
sequence

1.23 Importance of inorganic pyrophosphatases
Nucleotide triphosphate-dependentbiosynthetic reactions such as nucleic acid
polymerisation,coenzymesynthesis,andamino acid activation,result in elevatedlevels
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of cellular PPi. High levels of PPi can result in cellular toxicity, thus PPaseplays an
essential role in controlling these potentially toxic levels (Butler, 1971). The cytosolic
PPase-dependentreaction shifts the equilibration constant towards biosynthesis
(Komberg, 1962) and has beenshown to be essentialfor E coli (Chen et al., 1990) and
S. cerevisiae(Lundin et al., 1991) viability.
An increasein expressionof PPasefrom Legionella pneumophila was found to occur in
responseto environmental stimuli during intracellular infection of macrophage-like cells
(Kwaik, 1998). Further experiments by Triccas and Gicquel (2001) attemptedto discern
whether such a connection existed during infection with Mycobacterium tuberculosis,
-howeverthey could find,no such link. This may be due to the differences in intracellular
environments which are encountered by the two pathogens (Kwak et al., 1999 and
Triccas and Gicquel, 2001)

Despite this, a recent review of the transcriptional response of Mycobacterium
tuberculosis to different drugs and growth-inhibitory conditions identified an upregulation of the PPase gene (Boshoff et al., 2004). Using microarray profiling, the
study identified clusters of genes which were co-ordinately regulated under various
stressconditions. The PPase gene belongs to the gene cluster (GC-71), implicated in
ribosomal architecture and translation, and was found to be induced in response to
inhibition of translation. This suggestsan important role of this enzyme, however a
further study by Sassettiand Rubin (2003) did not identify an essential requirement for
Mycobacterium tuberculosis PPaseduring in vivo infection in mice. This alone however
does not exclude the possibility of an important role for PPase in Mycobacterium
tuberculosis.

1.2.4The role of metalsin pyrophosphataseactivity
Coopermanand Chiu (1973) first identified the essentialrole of divalent metal cations in
PPasecatalysis, however the mechanism by which these metals exert activity has only
recently been outlined. Type I PPasesexhibit a preference for Me', decreasing in
efficiency with Zn2+,C02+,Mn 2+,and Cd2' at different pH's (Lahti and Kolakowski et
al., 1990), which bind with a micromolar affinity (Fabrichniy et al., 2004). Type 11
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enzymes however, prefer manganese or cobalt ions which bind with a greater,
nanomolaraffinity (Merckel et al., 2001 and Fabrichniy et al., 2004), with zinc acting as
both a partial activator and inhibitor (Zyryanov et al., 2004). Suggestions for these
differences are discussed further in section 1.2.8. Despite this preference for
magnesium,manganesebinds more tightly to the PPase(type 1) active site, subsequently
intensifying substrate/productbinding affinity (Cooperman, 1981). In the absence of
metal cations, only 5% of the catalytic sites are predicted to be occupied by PPi (Janson
et al., 1979). PPasesare also relatively thermostable, particularly when cations are
bound (Ichiba et al., 1998).
Significant contributions to the role of metals in PPasecatalysis were conducted in Yeast
and E. coli (Rapoport, 1973, Baykov, 1974, Cooperman, 1981, and Knight, 1984). This
demonstrated E-PPase's dependenceupon four metal ligands for activity, whilst the
larger Y-PPaseutilizes only three. Metal ions (such asmagnesium) activate the enzyme
and neutralise substratenet charge, thus forming part of the active substrateMgPPi, and
also stabilise the transition state (Cooperman, 1982 and Baykov, 1996, Samygina, 2001).
The rate of catalysis was found to be proportional to the concentration of MgPPi and
freeM '(Moe and Butler, 1972 and Rapoport etal., 1972).

1.2.5Mechanism
The mechanismby which PPasefunctions differs between type I and 11 enzymes
(Fabrichniyet al., 2004), as demonstratedby the varying affinity for metal cofactors
describedearlier. Little is known about the type 11mechanismandso the type I PPase
mechanismis discussedfurther here.
Initial understandingof the PPase catalytic mechanism resulted from work by
Coopermanet al. (1982),which predictedthat a generalbaseactivationof an attacking
nucleophilicwater moleculewithin the active site, togetherwith the activation of the
phosphorylleavinggroupthroughthe formationof a metalion complex,led to a general
acid catalysis. Further work by Baykov in 1992 identified two potential catalytic
pathways,with magnesiumacting as a cofactor (Baykov and Shestakov,1992). Two
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ions were found to bind primarily to the active site, followed by PPi,
and a third substratemetal ion. The fourth Mj2+ was found to bind loosely.

activating Me'

More recently, a detailed structure-basedmodel for PPase mechanism has been
describedin Yeast by Heikinheirno,et al. (1996), the resulting mechanisticmodel is
describedhereandshownin figure I. I. This wasproducedby dockinga transitionstate
model into the PPase-productstructure (PDB ID: IWGJ). As described before,
hydrolysisof the P207-Mn2substrateoccurs through attackby a potent nucleophile.
Through site-directedmutagenesisand extensivebiochemical characterisation,they
identifiedthe mostplausiblegeneralbasecandidatefor nucleophilicattackof PPi,to be
by the structureof
a hydroxideion (water 1, figure 1.1). This is further 'substantiated
fluoride-inhibitedY-PPasewhich alsopositionsthe hydroxideion in close contactwith
the phosphorylgroup, P2 (Heikinheimoet al., 2001). Stabilisationof this ion occurs
throughinteractionof its lone pairs with two active site metal ions (MnI and Mn2,
rigure 1.1), togetherwith a hydrogenbond betweenthe hydroxide's hydrogenand a
side-chain oxygen from Asp117 (Y-PPasenumbering). They proposed that the
negativelychargedhydroxideattacksthe electrophilicphosphorousgroup,P2, leadingto
its dissociationfrom the Mn3 metal. The suggestionthat P2 dissociatesbeforePI was
madedueto its lower binding affinity, togetherwith its closecontactswith the proposed
nucleophile (water 1, figure 1.1). This however, contradicts previous work by
Harutyunyanet al. (1996).
Finally, during the P-0-P hydrolysis step,they postulatethat a water (water 6, figure
1.1) coordinatedto Mn3, actsasa generalacid, donatinga proton to an oxygenon the
leaving phosphorousgroup (Pl, figure 1.1). The potential for the MO-coordinated
residues,Arg7g, Lys193, and Tyr192, to act as generalacids was disregardeddue to
retentionof activity in E-PPasecontainingmutationsin homologousresidues(Lahti and
Pobjanoksaet al., 1990).
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Figure I. I.: Schematic representation of the PPase (type 1) mechanism of catalysis, as proposed by
Heikinheimo et al. (1996) through computational docking of Y-PPase. Lines represent hydrogen
bonding (grey) and metal coordination (dashed), and arrows indicate the proposed flow of electrons.
Key residues are highlighted, as are the leaving (PI) and electrophilic (P2) phosphoryl groups of
pyrophosphate,and the metal groups (Mnl-4).

Seetext for a description of the mechanism.

17

ChapterI- Introduction
1.2.6 Inhibition

1.2.6a Calcium: A natural inhibitor
The role of calcium in cellular regulation is well established(Samygina et al., 2001) and
is known to act as a natural inhibitor of PPases,competing with the activating metals for
position within the active site, as demonstratedin Y-PPase (Ridlington and Butler, 1972
and Butler and Sperow et al., 1977) and E-PPase(Avaeva et al., 1998 and Samygina et
al., 2001). Two calcium ions were found to bind to E-PPasein the absenceof substrate
(at positions MnI and Mn2, figure 1.1), one of which could be'replaced by magnesium,
demonstrating the different binding affinities of these two sites (Avaeva et al., 1998).
The higher affinity calcium binding site was found to coincide with the lower affinity
magnesium/manganesesite (Mn2, figure 1.1). In the presence of pyrophosphate and
calcium, no activity was observed even at excessiveconcentrations of the ion (10 mM),
implying that calcium cannot function as a PPaseactivating metal.
Subsequent high resolution structures of E-PPase in complex with Ca2+ and CaPPi
(Samygina et al., 2001) located three calcium atoms within the active sites (Mnl Mn3,
flgure 1.1), coordinated to the same residues as described for magnesium/manganese
(section 1.2.5). All calcium ions were found to bind more strongly in the presence of
PPi, with the third calcium binding with very weak affinity in the absenceof substrate.
Calcium and magnesium/manganesewere also found to exhibit the same coordination
with PPi, as describedin section 1.25. Calcium inhibition was found to occur due to the
unhydrolysable CaPPi competing with MgPPi for position within the active site, and
also due to the inability of Ca2+at site Mn2 to activate an attacking nucleophile (water 1,
rigure 1.1), required for PPi hydrolysis (section 1.2.5).

1.2.6bOther inhibitors
A less common cellular inhibitor, fluoride, was found to reversibly inactivate PPasesat
millimolar concentrations (Smith, 1970 and Pinkse et al., 1999). Fluoride was found to
rapidly bind E-PPase in the presence of MgPPi, followed by a slow decline in the
inhibition rate (Baykov et al., 2000). Also, fluoride is known to bind
with higher
affinity in the presenceof substrate. In the presenceof I mM sodium fluoride, E-PPase
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activity was reduced to 9 %, with less then 0.01 % activity when the concentration was
increasedto 10 mM (Josse,1966). Extremely high concentrationsof guanidine-HCI was
also found to inhibit E-PPase,with activity reduced to 36 % and 3% at a concentration
of IM and 2 M, respectively (Josse,1966).

1.2.7Structure
As of November2006,36 unique type I and 6 type 11three-dimensionalstructuresof
inorganicpyrophosphatase
exist within the ProteinData Bank (PDB), with 16 E-PPase
and 11 Y-PPasestructuresavailable. Thesetwo enzymesarethe most characterisedof
Threestructuresexistfrom Helobacterpylori andBacillus subtilis
all pyrophosphatases.
(type11),two from Streptomyces
gordonii (type11)andMycobacteriumtuberculosis,and
oneeachfrom: Pyrococcusfuriosus,Pyrococcushorikoshii, Streptomyces
mutans(type
II), Sulfolobusacidocaldarius,and Thermusthermophilus. To date, no mammalian
PPasestructurehas been solved. See table 1.5 for examplesof PPasestructures
depositedin thePDB.
While no structuresexist with both magnesiumand phosphatebound, magnesium(phosphateanalog) (1174),manganese-phosphate
(IWGJ, IYPP,
manganese-sulphate
8PRK, IE6A, IE9G), manganese-sulphate
(IWPN, IK20), zinc-sulphate(IWPP),
(IM38), magnesium(IOBW, IEPW,IHUJ, lHUK, IQEZ) manganese
cobalt-phosphate
(IINO, IWGI, IK23), and sulphate-boundstructures(IJFD, IMJW, IMJX, IWPM,
2PRD)further developourknowledgeof the structuralbasisof PPasecatalysis.

1.2.7aPrimary structure
As describedpreviously,type I and II PPasesare evolutionarily distinct and shareno
sequencehomology,so will not be comparedhere. Basedon primary structurealone,
Sivula et al. (1999)dividedtype I PPases
into threesubfamilies:prokaryotic,with 191±
29 residues;plant, 214 ± 3; and animal/fungal,286 ± 6. Sequenceidentity between
prokaryoticPPasesrangesfrom as low as 23 % to a virtually indistinguishable99 %.
Conservationwithin the animal/fungalgroup is also diverse, with memberssharing
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between42 and 95 % identity. Plant PPaseson the other hand sharebetween 74 and 90
% identity, representingthe least divergent group.
PDB ID

Species

PPase

Reference

Res.

type
IWPM
I-F-AJ

Ligand

group

Bacillus

11

2.05

P21212,

S04

subtilis
Escherichia

Fabrichniyet
al., 2004

I

Kankareet al.,
1996

2.15

H32

None

I

Samyginaet
al., 2001

1.1.20

H32

1. Ca3PPi

coli
1.116T

Eschefichia

2.1N40

coli

ITWL

Pyrococcus

I

Zhouet al., to
be published

I

_FP-YP

Saccharonqces I

Ty--PP

cerevisiae
Saccharomyces I

juriosus
-DE
- FU

Space

Pyrococcus

2. Ca3

2.1.10
2.20

H32

None

Liu et al., 2004 2.66

P21212

None

Harutyunyanet 3.00
al., 1983

P1121

None

Harutyunyanet 2.40
al., 1996

P212121

(Mn2Pi)

Heikinheimoet

1.2.00

P212121 1. (MnPi) 2

al., 1996

2.2.20

Ahn et al.,

1.50

P212121

MnS04

2.70

P21

Mg

horikoshii

1. lWGJ

cerevisiae
Saccharomyces I

2. IWGI

cerevisiae

I K20

Streptomyces

-FQ-EZ

11

gordonii

2001

Sulfolobus

Leppanenet

acidocaldarius

al., 1999

2

2. Mn2

(PI 211)

Table 1.5: Examples of inorganic pyrophosphatasestructures available in the Protein Data Bank (PDB),
as of November 2006.

Plant and prokaryotic PPasesshare between 27 and 49 % sequenceidentity and exhibit
the same type of deletions. However, inter-group similarity between the plant and
animal/fungal groupsis below 29 %.
Several insertions exist within animal/fungal PPases which have been implicated in
weak membraneassociation(Vihinen and Lundin, 1992 and Sivula et al., 1999). These
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additional residues are located between residues Asp36-Arg37 (both conserved active
site residues),Met43-Ala44, Asp58-Asp59 (the beginning of a highly conservedregion),
and Glyll6-Alal2O

(all Mtb-PPase numbering). Insertions in these regions, with the

exception of Glyl 16-Alal2O, occur within Y-PPase (figure 5.12, section 5.8.4a) and the
Asp58-Asp59 insertion is also found in the prokaryotic Chlamydia trachomatis.
An alignment of 37 type I PPasesidentified 17 conserved residues (Sivula et al., 1999),
which were observed by X-ray crystallography to form the active site (Terzyan et al.,
1984). A number of structural (Harutyunyan et al., 1996 and Heikinheimo et al., 1996)
and biochemical (Lahti and Kolakowski et al., 1990 and Salminen et al., 1995) studies
have found 13 of these to be involved in metal/substratebinding (E15, K23, E25, R37,
Y49, D59, D61, D64, D91, D96, K98, Y133, and K134, Mtb-PPase numbering). Sitedirected mutagenesisstudies identified essential residues in E-PPase:Asp97 (Asp9l in
Mtb-PPase) and Glu97 (002),

to be important in maintaining the structural integrity of

the enzyme; and Asp 102 (Asp96) and Lys 104 (Lys98), to be essentialfor PPasecatalytic
activity (Lahti and Pohjanoksa et al., 1990, Efimova et al., 1999, and Hyytia et al.,
2001).

Residuesfound in a number of sequences,but which are not explicitly conserved,
include Tyr45, Pro62, Gly76, Phe130,and LysI40 (Sivula et al., 1999). Residues
involved in intersubunitinteractionsare also generally well conservedbetweenthe
subgroups.The inter-trimeric interactionswithin prokaryotic PPasesare often formed
from residueshomologousto His128,Hisl32, and Asp135(Mtb-PPasenumbering),as
found in 74,35, and44 % of the 23 alignedsequences,
respectively(Sivulaet al., 1999).
His132 and Asp135are substitutedwith a threonineand an alanine,respectivelyin TPPase,and an arginine and a glutamic acid in Pfu- and Pho-PPases.Asp135 is also
substitutedwith a glutamic acid in S-PPase.Hydrophobicinteractionswhich stabilise
the trimer however,are poorly conserved. Only three residuesinvolved in interface
interactionswithin the animallfungalgroupwerefound in all of the 9 sequences
aligned:
Arg5l, Trp52, and Trp279 (Y-PPasenumbering). Unsurprisingly, none of these
interfaceresiduesareconservedoutsideof the groupsfor which they belong.
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1.2.7b Overall fold of type I pyrophosphatases
Whilst prokaryotic PPases and Y-PPase differ in molecular weight and share low
sequenceidentity, the overall fold remains conserved (flgure 1.2). Y-PPase forms
extensions at either end of this core, with a 27-residue N-terminal and 59-residue Cterminal protrusions (Kankare et al., 1994 and Heikinheimo et al., 1996). PPasesare
predominantly P-structures,with the central core formed from five antiparallel P-strands
(01 and P4-7), which twist into a P-barrel (Teplyakov et al., 1994 and Heikinheimo et
al., 1996). The only two major a-helices, together with a long P-hairpin, flank either end
of the barrel. One of these helices, a2, forms a lid over the base of the P-barrel
(Teplyakov et al., 1994) and the secondhelix, al, forms an essential part of the active
site cavity wall (Kankare et al., 1996).

1.2.7cOHgomericstate of type I pyrophosphatases
All known type I prokaryotic PPasesform - 120 kDa hexarners(Teplyakov et al., 1994)
under physiological conditions. Leppanen et al. (1999) postulated S-PPase to be a
symmetric homohexamerin the resting state, however mutations of active site residues
which stabilise the hexamer, resulted in dissociation to a dimer of trimers (Salminen et
al., 1995).

IntTa-trimeT
interactionsare very tight, stabilisedby a parallel P-bridgebetweenstrands
P2-3 (Pho-PPase)/P6
(T-PPase)of one subunitand a P-hairpin(residuesGln7l-Val77)
of the other(Teplyakovet al., 1994andLiu et al., 2004),howeverspecificresiduesare
not generallyconservedwithin theseregions. Extensivehydrophobicinteractionsalso
form between the subunits, stabilising the trimeric structure even further. Intrahexameric contacts are predominantly formed by symmetry-relatedhelices, al
(Teplyakovet al., 1994). In E-PPase,stability arisesthroughhydrogenbonds between
threeal residuesfrom eachmonomer(Baykovet al., 1995andKankareet al., 1996).
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Figure 1.2: Superimposition of E-PPase 116T(Samygina el al., 2001) (olive green) with the central core
(residues 41-230) of Y-PPase lWGJ (Heikinheimo et al., 1996) (dark green). Figure generated using
PYMOL (DeLano Scientific).

The oligorneric state of Y-PPase differs from that described for prokaryotes, forming a
kapart (Harutyunyan
physiologically active homodimer, with the two active sites - 4o
et al., 1996). The two monomers are stabilised by the stacking of aromatic rings, with
two central histidines hydrogen-bonded to each other (Heikinheimo et al., 1996),
however these contacts are relatively loose (Harutyunyan et al., 1996). No active site
residuesparticipate in dimer stabilisation, unlike in E-PPase(Heikinheimo et al., 1996).
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1.2.7d Active site of type I pyrophosphatases
A cavity between the P-barrel and al forms the active site within PPasesand is lined
with polar residues, with a hydrophobic base (Harutyunyan et al., 1996). The 13
conserved residues mentioned in section 1.2.7a fill the active site and participate in
substrate/productand activating metal coordination. In the proposed scheme,described
in figure 1.3, four metal ions bind to the active site, together with the PPi substrate.
Five conserved,positively charged residues,directly participate in coordination with the
activating metals, namely four aspartic acids (Asp59,64,91,

and 96 Mtb-PPase

numbering) and a glutamic acid (Glu25) (Harutyunyan et al., 1996, Heikinheimo et al.,
1996, and Harutyunyan et al., 1997). Additional conserved residues indirectly interact
with the ions, via water molecules. These include two glutamic acids (Glu15 and 25)
and one aspartic acid (Asp6l). A number of polar and negatively charged residues,
which also form part of the active site, anchor substrate in the correct orientation for
hydrolysis. These are Lys23, Arg37, Tyr 133, and Lys 134 (Heikinheino et al., 1996 and
Samyginaet al., 2001).

The activatingmetalbinding site designatedMnI (figure 1.1), binds with the highest
affinity via interactionswith oxygensfrom threeof the asparticacids (Asp59,64, and
96), togetherwith two water molecules,onebeing the nucleophilichydroxide (section
1.2.5),anda P2 oxygen(Harutyunyanet al., 1996andHeikinheimoet al., 1996). The
associationof activatingmetalsite 2, Mn2, is muchweaker,with the only direct enzyme
ligand being Asp64,togetherwith four water ligands. Binding of the last two metals,
Mn3-4, arereasonablysimilar. Mn3 interactswith the protein throughcontactswith a
Glu25 oxygen and forms additional bonds with three water molecules and two
phosphoryloxygens(P1 and P2). Mn4 makestwo contactswith two asparticacids
oxygens,Asp9l and Asp96. This is further stabilisedby two watermoleculesandtwo
phosphoryloxygens(PI and P2) (Harutyunyanet al., 1996 and Heikinheimo et al.,
1996).
Of the two phosphorylgroups,PI, representsthe highestaffinity site with its threefree
oxygens directly coordinatedto three PPaseresidues:Arg37, Tyr133, and Lys134
(Heikinehimoet al., 1996). PI is further stabilisedby two watermoleculesand a direct
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attachmentto Mn3. P2 on the other hand, is only directly coordinated with one protein
residue, Lys23, but interacts with all metal ions, although Mn2 is coordinated via the
nucleophilic water molecule. P2 is also bound to an additional two water molecules.

1.2.8Structure of type 11pyrophosphatases
Relatively little structural information is known about type 11PPases,however of the six
structures solved to date (section 5.8.5), all exhibit a similar fold (Fabrichniy et al.,
2004). The structurally characterisedPPasesfrom Streptococcus mutans (Sm-PPase),
Streptococcus gordonii (Sg-PPase), and Bacillus subtilis (Bs-PPase), are 310 ±I
residuesin length, with a monomeric structure formed of two domains (flgure 1.3). The
N-terminal domain is the largest of the two, comprised of residues I- 189 in Sm-PPase,
with the smaller C-terminal domain (residues 196 - 309) connected via a linker
sequence(residues 190 - 195) (Merckel et al., 2001). The N-terminal domain is formed
from a five-stranded parallel ý-sheet and seven a-helices, with one helix (aG)
immediately preceding the linker sequencewhich enters the C-terminal, via a further
helix (aH). The C-terminal domain is formed of a five-stranded mixed P-sheet,together
with three a-helices (Merckel et al., 2001). Type U PPasesform physiological dimers,
with the interface formed by residues99 - 115 in Sm-PPase.
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Figure 1.3: Cartoon representationof the type 11PPasefrom Streptococcusmutans 1174(Merckel et al.,
2001). The N-terminal domain is shown in dark blue linked (deep pink) to the smaller C-terminal domain,
representedin light blue. Figure generatedusing PYMOL (DeLano Scientific).

The type 11 active site is located within the domain interface and sequence identity
within this region is understandablyhigh (Merckel et al., 2001 and Fabrichniy et al.,
2004). Nine of the 36 residues explicitly conserved within the type 11family appear to
directly participate in metal ion and substrate binding (Merckel et al., 2001), and are
describedfurther here. Within the Sm-PPasestructure, two manganeseions (M 1-2) and
one magnesium(M3) were modelled, together with two sulphate molecules (Merckel et
al., 2001). Coordination of the two manganeseions occurs via four aspartic acids
(Aspl2,14,75, and 149) and two histidines (His8 and 97). The magnesium does not
coordinate directly with any protein residue, highlighting the preference for manganese
over magnesium in type 11 enzymes. This preference is thought to be due to the
presenceof histidines within the active site, which are generally not found within type I
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PPases. Whilst magnesium binds almost exclusively to oxygen ligands, manganeseis
able to bind to the side-chain nitrogens of histidine (Merckel et A, 2001). The two
sulphatemolecules (SI-2) in Sm-PPaseare bound to the positively charged side chains
of Lys205 and Arg295 and SI is also coordinatedto His98.
Despite the complete lack of sequencehomology between types I and 11 PPases,the
arrangementof active site residues and their interactions with the metal ions/substrate
are surprisingly similar, suggesting an analogous mechanism resultant of convergent
evolution (Merckel et al., 2001). The Sm-PPasestructure identified a water molecule
bridging the two metal sites (MI-2), which they propose acts as the nucleophilic
hydroxide due to analogy with Y-PPase (Heikinheimo et al., 1996 and 2001 and
Merckel et al., 2001).

1.3 CytochromeP450s

1.3.1Haemproteins and cytochromes
Haern proteins perform a vast array of functions across all species,ranging from
catalysis(catalases,
cytochrorneP450s,peroxidases),to electrontransfer(cytochromes),
oxygen transport and storage (globins), and nitric oxide transport (nitrophorin)
(http://metallo.scripps.edu/promise/HAEMMAIN.
htm).
Of the catalytic haerncontaining enzymes, catalase converts hydrogen peroxide, a toxic product of
metabolism,to waterandoxygenandis implicatedin ethanolmetabolism,inflammation,
apoptosis,ageing,and cancer(Putnamet al., 2000). It has one of the highestturnover
ratesof all known enzymes,with a conversionrate of 83,000 moleculesper second.
Haern proteins with no enzymatic function include vertebrate myoglobin and
haemoglobin,which store (myoglobin) and transport (haemoglobin)oxygen within
muscleand blood cells, respectively(Voet et al., 1999). Cytochromesare ubiquitous
proteins,presentin virtually every organism,with the exception of a few obligate
(Voet et al., 1999). Theseproteinsexploit their ability to alternatebetween
anaerobes
haem iron oxidation states (reduced,Fe2' and oxidised, Fe3+), to enable electron
transport.
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Each haernoproteinrequires a prosthetic haem group, of which nine exist (a - d, di, o,
P460, and sirohaem), which coordinate to the protein via a central iron atom. Haem
type-a exists within cytochrome c oxidases, whilst the b-type is found within b-type
cytochromes,cytochrome P450s, and some globins and catalases. This type of haern (b)
is known as a protoporphyrin IX, and is shown in figure 1.6. Type-a haems differ from
protoporphyrin IX in that they contain a long, hydrophobic tail of isopreneunits (Voet et
al., 1999). Proteins such as c-type cytochromes, contain a haern group with cysteine
sulfhydryls, which form thioether linkages to the protein.

As well asthe haemgroupwith which they bind, cytochromescan alsobe classifiedby
their haem iron coordination. In type-a and -b cytochromes,the haerniron is sixthcoordinatedto the four porphyrin nitrogens,togetherwith two histidine residues. In
type-ccytochromes,onehistidineis substitutedwith the sulphuratomfrom methionine.
P450, one axial ligand is providedby a deprotonatedsulphur
Finally, in cytochromes,
from a cysteineresidue,with the final position ableto bind to a numberof compounds,
suchaswater,dioxygen,carbondioxide,andotherinhibitors.

1.3.2CytochromeP450s
CytochromeP450sare a superfamilyof haern-thiolateproteins that are involved in
"phase F' metabolism, whereby a wide array of hydrophobic substrates are
(equation 1.2) (NebertandGonzalez,1987). Suchprocessesusually
monooxygenated
produceunstableproductswhich arethen further metabolised.P450sgenerallyfunction
aspart of electrontransportchains,actingas terminaloxidasesduring processessuchas
steroidmetabolism,drug deactivation,procarcinogenactivation,fatty acid metabolism,
xenobiotic detoxification,and catabolismof exogenouscompounds(Hasemannet al.,
1995).
Equation 1.2:
SH + 02 + NAD(P)H +

10 SOH + NAD(P)+ + H20

Where SH is the substrateand SOH is the monooxygenatedproduct.

28

Chamer I- Introduction

P450s are so namedbecausein the presenceof CO, ferrous enzymes exhibit an intense
Soret peak at 450 nm (see section 1.3.8) (Omura and Sato, 1964). These ubiquitous
enzymeshave been identified in bacteria, fungi, plants, insects, and vertebrates (Nelson
et al., 1996). As of 20h October 2006,6,422 unique P450 geneshave been identified
within 708 families. Of these families, 99 are from animals (2,279 genes), 94 from
plants (2,311 genes),282 from fungi (1,001 genes), 177 from bacteria (621 genes), 51
from

protists

(210

genes),

and

5

from

archaea

(8

genes)

(http://dmelson.utmem.edu/CytochromeP450.html). New sequencesare added regularly
due to ongoing genomeprojects.

Classificationof P450sdependson the electrontransfer systemutilised, with class I
proteinsrequiring an FAD-containingNAD(P)H ferredoxinreductase,togetherwith an
iron-sulphur(redoxin) protein which mediateselectrontransferbetweenthe reductase
and the P450 (Shimizu et al., 2000 andLi, 2001). In contrast,class11P450srequire
only one redox partner,an FAD/FMN-containingNADPH flavoprotein. Class III
endoperoxideor hydroperoxide
enzymesobtainan electronsourcefrom an endogenous
encodedby the samepolypeptide,while classIV enzymesreceive electronsdirectly
from NAD(P)H (Shimizu et al., 2000). Most bacterialand mitochondrialP450sbelong
to class1,whilst somebacterial,togetherwith microsomalandfungal P450s,belongto
classII.
Plant P450s can be further categorisedby their reaction mechanisms:A-type are
involvedpurelyin plant-specificbiochemicalpathways;andB-type reactions,which are
morecloselyrelatedto non-plantP450s(Durst andNelson, 1995). Theseenzymesare
thought to be involved in highly conservedreactions such as sterol biosynthesis
(Morikawaet al., 2006).

13.3 Nomenclature
The current nomenclature system for P450s was developed by Nebert and Nelson et al.
(Nebert and Nelson, 1991, Nebert et al., 1991, and Nelson et al., 1993 and 1996).
Cytochrome P450 is representedas "CYV' and is followed by an Arabic number which
denotesthe family name. When more than one subfamily exists, this is followed by a
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letter, and finally by an Arabic numeral which representsthe individual gene (such as
CYP3A4). Where a family has only one member, a subfamily letter and gene number
are not always included (such as CYP125). The criteria grouping P450s into families is
generally sequencedependent, with those that share > 40 % amino acid sequence
identity belonging to the same family. If sequenceidentity is > 55 %, P450s belong to
the samesubfamily. However there are some exceptions, as is the case for a number of
plant P450s which are classified differently due to gene duplications and shuffling
(Werck-Reichart et al., Nielsen and Moller, 2005).

T'henomenclaturesystemis organisedsuchthat: CYPI throughto CYP69 andCYP301500 representanimal P450s;CYP71-99 and CYP701-772representplants; CYPIOI281, bacteria;and CYP501-699,lower eukaryotes. CYP5001onwardshas also been
allocated for newly identified animal, fungal, and lower eukaryotic P450s
(http://dmelson.utmem.edu/CytochromeP450.
html).

1.3.4The importance of cytochrome P450s
The myriad of metabolicroles performedby theseenzymeshas generatedsignificant
interestworldwide, particularlyconcernedwith the role P450splay during humandrug
metabolism.Many potentialdrugsarediscardeddueto interactionswith theseenzymes,
either they are metabolisedtoo rapidly thus exerting no beneficial effect, or can
themselvesup or down regulatea P450,thereby affecting the metabolismof another
compound(known as drug-drug interactions). Human P450s also function in the
oxidation of xenobiotics such as carcinogens,pesticides, steroids, and vitamins
(Guengerich, 1995), and can even promote carcinogenesis(Werck-Reichhartand
Feyereisen,2000).
In pathogenicorganisms,identification of P450swhich are essentialfor virulence or
survival during infection may facilitate novel drug design. A review by Munro et al.
(2003) proposedthe potentialof P450sas novel antimycobacterialtargets. Twenty-two
uniqueP450shavebeenidentified within the pathogen'sgenome,the highestnumber
found in any bacterium,suggestingan importantrole within the organism.Furthermore,
elevatedlevels of P450 have been identified in a number of drug-resistantorganisms
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including Mycobacterium tuberculosis (Rarnachandran and Gurumurthy, 2002).
Specifically, a two-fold increase in P450 content was observed in isoniazid-resistant
bacteria, compared with that of the non-resistant strain.

They suggest that the

importance of certain P450s in the metabolism of two key chemotherapeutics,isoniazid
and rifarnpicin, made increasedexpression of these enzymes an evolutionary advantage
in the presenceof thesetoxic drugs.

CytochromeP450saccountfor the largestgroup of proteinswithin plants andcatalyse
the complex regio- and stereospecific-biosynthetic
reactionsyielding productswhich
enablecommunication,attractpollinators,anddeterpathogensandherbivores(Morant,
et al., 2003). They executecritical oxidation stepswithin plant secondarymetabolism,
via hydroxylations,dealkylations,dehydrations,and carbon-carbonbond cleavages
(Durst andNelson,1995). Pathwaysfor which plant P450splay a metabolicrole include
the phenylpropanoid,terpenoid, and alkaloid pathways, which produce lignins,
isoflavonoids,and anthocyanins(Chapple, 1998). These natural products are an
attractivetargetfor improving the healthand nutritional value of commercialcropsand
plants, by engineeringherbicideresistanceor introducing new functions (Feldmann,
2001). A further applicationof plant P450 studiesis in pharmaceuticals,
as 25 % of
modemmedicinesarederivedfrom plantsandsecondarymetabolitescontributeto many
syntheticdrugs(Morantet al., 2003).
1.3.5Mechanism
The cycle begins with an oxidised substrate-freeP450 in a low-spin state, with water as
the sixth axial iron position (Sligar and Gunsalus, 1976). This is known as the resting
state(step 1, figure 1.4). Although substrate does not interact directly with the iron (or
the haem), its binding does dislodge the Oh axial water (step 2). This dehydration not
only causesa spin-shift of the haern iron to a high-spin state (Li, 2001) but has also been
shown to increase the redox potential from -300 rnV to -170 mV in P450cam (Sligar,
1976). This prevents electron flow from the redox partner (iron-sulphur protein, redox
potential approximately -200 rnV) to the haern iron in substrate-freesystems,by making
it thermodynamically unfavourable, thus avoiding unnecessary wastage of reducing
equivalents (Mueller et al., 1995 and Li, 2001). The access of water to the Oh axial
position has been proven to regulate the haern iron spin state of P450s, alternating
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betweenthe ferric S= 5/2 (5-coordinated, high-spin system) and S= 1/2 (6-coordinated,
low-spin system)(Harris and Lowe, 1993).

In step 3, an electrontransferredfrom the redox partner,reducesthe haerniron to the
ferrousform (Li, 2001),allowing dioxygento bind to the 6thposition (step4), forming a
LS "oxy-P450"ferric-superoxidespecies(Tysonet al., 1972andSligar et al., 1974). In
step5, a secondelectronreducesthe haemiron to a ferric-dioxo species,which provides
a goodLewis base,undergoingprotonationto yield a ferric peroxidecomplex (step6)
(Shaik and De Visser, 2005). Solventmoleculeswithin the active site are thought to
provide this source of protons (Poulos and Johnson,2005), however a conserved
threonine residue (Thr252 P450cam numbering) also plays an important role in
protonation for some P450s (Shaik and De Visser, 2005). The haem-iron then
undergoesa secondprotonationforming a reactive,high-valentiron-oxo complex,which
releaseswater(step7). Finally, the distal oxygenis transferredto the substrateandthe
productis released.Anotherwatercoordinatesto the e axial ligand,bringing the cycle
backto stepI (ShaikandDe Visser,2005).
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FIgure 1A The catalyticmechanismfor cytochromeP450s(Shaikand De Visser, 2005). Seetext for
descriptionsof stages.The proximalcysteinateligand is abbreviatedas "C" and thick black lines denote
theporphyrin. Thesubstrate,SH, is monooxygenated
to the product,SOH.

1.3.6Inhibition
Many compoundsinteractwith P450sand prevent catalysis at various points of the
monooxygenationpathway. A review by Correia and Ortiz de Montellano (2005)
describedthe mechanismsemployedby a numberof commoninhibitors, which either
bind reversiblyto the activesite, or (quasi)-iffeversiblyafter the oxidation step (step4,
figure 1A). The latter can often be categorisedas "suicide" or mechanism-based
inhibitors,wherebya compoundonly becomesinhibitory afterpartial or full catalysisby
the target enzyme (Voet et al., 1999). Inhibition by mechanism-based
methodsare
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highly specific due to the following requirements:the inhibitor must bind to the enzyme
initially, then be recognisedas a substrateto enable catalytic activation, and finally the
reactive speciesproduced must be able to irreversibly alter the enzyme and so stop the
cycle (Ortiz de Montellano and Correia, 1995). Knowledge of which compounds inhibit
particular P450s and their subsequentmechanism will undoubtedly aid in future drug
design.

1.3.6aReversibleinhibition
Compoundswhich bind to the hydrophobicdomain, coordinateto the haern iron, or
interact with active site residuescan reversibly inhibit P450s (Correia and Ortiz de
Montellano, 2005). Different P450 substratescan competitively competewith each
other,by bindingto the liphophilic regionsof the activesite. This methodof inhibition
is not aseffective asinhibitors which coordinateto the e haerniron position of ferric
P450s,via their heteroatomiclone pair electrons. Thesecompoundsnot only prevent
dioxygenbinding,but alsochangethe redox potentialsufficiently enoughto discourage
reduction by the P450 reductasepartner. Examplesof such inhibitors are cyanide
(Kitadaet al., 1977),NO (Wink et al., 1993),andotherhydrophobicnitrogen-containing
compoundsincluding pyridine andimidazolederivatives(TestaandJenner,1981). The
lattertwo derivativesarepotentinhibitors of P450due to additionalstronginteractions
with liphophilic activesite residues.
The importanceof theseazole-basedinhibitors in drug design is well recognizedand
innumerablepublicationsrelatingto this field are available. Zhanget al. (2002) studied
the interactionsbetweenvariousazole-basedantifungalagentsand humanP450swith
the aim of predictingpotentialdrug-druginteractions. Of interest,all of the five drugs
tested(clotrimazole,miconazole,sulconazole,tioconazole,andketaconazole)exhibited
non-selectiveinhibition towardsthe eight P450sstudied(CYPIA2, CYP2A6, CYP2C9,
CYP2CI9, CYP2D6, CYP2B6, CYP2EI, and CYP3A4). Furthermore,anotherstudy
identified azolecompoundsas potent inhibitors of mycobacterialP450s(McLean and
Marshallet al., 2002).
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A number of inhibitors, most notably CO, bind to the 6th axial haem iron position of
ferrous P450s. The CO carbon donateselectronsto the iron via a a-bond, in addition to
a back-donation of electrons from the occupied iron d-orbitals to the empty antibonding
ic-orbitals of CO (Hanson et al., 1976 and Correia and Ortiz de Montellano, 2005). COinduced inhibition is relatively weak.

1.3.6bQuasi-iffeversible and irreversible inhibition
Mechanism-basedinhibition is both highly specific and irreversible, and can affect the
P450 in a number of ways. Some sulphur (Dalvi, 1987) and halogenated(Halpert and
Neal, 1980)compounds,together with terminal alkyl/aryl olefins and acetylenes(Gan et
al., 1984 and Roberts et al., 1993) are catalytically activated by P450 to form a reactive
specieswhich covalently binds to the protein (Correia and Ortiz de Montellano, 2005).
In some casesthey induce an autoimmune responsein humans, resulting in destruction
of the P450 (Fontana et al., 2005). Terminal olefins and acetylenesalso inhibit P450sby
covalent bonding, but to the haern.group rather than the polypeptide itself (Helvig et al.,
1997 and Zhou et al., 2005). In some cases these compounds modify the catalytic
activity (Raner et al., 2002).

Another form of mechanism-based
inhibition involvesthe oxidisedinhibitor modifying
the P450 haem,resulting in an inactive enzymecovalentlylinked to a degradedhaem.
group (Correia and Ortiz de Montellano, 2005). Compoundswhich result in such
changes include tetrachloromethane(Davies et al., 1986) and spironolactone,a
(OsawaandPohl, 1989).
medicationusedto treathypeTaldosteronism
Finally, methylenedioxy compounds, amines, and 1,1-disubstituted- and acylhydrazines,can tightly coordinateto the haem group and inhibit P450s (Ortiz de
MontellanoandCorreia). Suchinhibitors aretermedquasi-iffeversibledueto the ability
to dislodgethemexperimentally,for exampleusing lipophilic compoundsasin the case
for 3,4-methylenedioxyphenylI -propene(isosafrole)(Dickins et al., 1979).
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1.3.7 Structure
Whilst more than 6,000 P450 geneshave now been sequenced(section 1.3.2), only 169
three-dimensionalstructures have been deposited within the Protein Data Bank. Table
1.6 provides examples of P450 structures deposited, as of November 2006. This is
predominantly due to complications encountereddur-ing the overexpression of soluble
protein and during crystalli sation, and is particularly evident for eukaryotic P450s which
tend to be associatedwith endoplasmic reticulum or the inner mitochondrial membrane
(Wachenfeldt and Johnson, 1995). The first mammalian P450 crystalline structure was
determined after the enzyme was engineered to exclude the single N-terminal
transmembranedomain (Williams et al., 2000).
Despite these problems, extensive characterisation of P450carn from Pseudomonas
putida, spanning more than 30 years, drastically improved our knowledge of P450s and
the rapid increase in the number of structures being released will further advance this
areaof research.
PDB ID

P450

Species

Reference

Res.

Space

Substrate (S)

group

Inhibitor (1)
Mutant (M)

I LGF

IT2B
IEHG
IOG5

P450
oxyB

Amycolatopsis Zerbeet al.,
2002
orientalis

P450

Citrobacter

cin

braakii

P450

Fusarium

nor

oxysporum
Homosapiens

CYP
2C9

IWOE

CYP

2.20

C2

None

(C121)

Meharennaet 1.70
al., 2004

P21

1,8-cineole(S)

Shimizuet
al., 2000

1.70

P212121 None

Williams et

2.55

P321

S-Warfarin(S)

2.80

1222

None

1.2.21

P212121 1.Flucanazole(1)

(P1211)

al., 2003
Homosapiens

Williams et

3A4

I. IEAI
2.1 E9X
3. IU13

al., 2004
CYP51 Mycobacterium Podustet al.,
tuberculosis

2001

2.2.10

2.4-Phenyl-

3.2.01

in-tidazole(1)
3. C37UC15IT/
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C442A (M)
1. IH5z

CYP51

2. lX8V

Mycobacterium

Podust et al.,

1.2.05

tuberculosis

2004

2.1.55

1. IN40

CYP

Mycobacterium

Leys et al.,

1.1.06

2. IN4G

121

tuberculosis

2003

2.1.80

P212121

1. None
2. Estriol (S)

P6522

1. None
2. lodopyrazole
(I)

1.21J5

CYP

Mycobacterium

Seward et al.,

1.1.60

2.2U7

121

tuberculosis

to be

2.1.90

P212121

1. None
2. Flucanazole (1)

published
IDT6

10yr

IZ80

CYP

Oryctolagus

Williams et

2C5

cuniculus

al., 2000

P450

Pseudomonas

Hasemannet

terp

SP.

al., 1994

P450

Saccharo-

Nagano et

eryF

polyspora

al., 2005

3.00

1222

None

2.30

P6122

None

1.70

P212121

6-Deoxyerythronolide B
(S)

erythraea
2DOE

CYP

Streptomyces

Zhao et al.,

158A2

coelicolor

2005

2.15

P212121

2-Hydroxynaphtho-quinone
(S)

2C7X

1109

P450

Streptomyces

Shermanet

pikC

venezuelae

al., 2006

CYP

Sulfolobus

Park et al.,

119

solfataricus

2000

1.75

P212121

Narbomycin (S)

2.00

P43212

None

Table 1.6: Examplesof cytochromeP450structuresavailablein the Protein Data Bank (PDB), as of
November2006. Structuresof two MycobacteriumtuberculosisP450sandtheir complexesareincluded.

1.3.7aPrimary structure and sequencehomology
Of the known P450s,all have molecularweights in the region of 50 to 60 kDa, and
compriseof 400 to 530 residues(Chapple, 1998). As describedin section 1.3.3,
sequenceidentity betweenfamilies is extremelylow, at lessthan 15 %. Until recently,
threeresidueswerebelievedto be explicitly conservedthroughoutthe P450 superfamily:
Cys357(P450camnumbering)which providesthe proximal thiolateligand to the haem
iron; andGlu287 and Arg290,which form the EXXR motif in the K helix (seesection
1.3.7f). This motif was thought to be essentialduring tertiary folding, however the
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identification of a new family of P450s, CYP157, that contain a QXXW motif in place
of the standardEXXR appearsto contradict this (Rupasingheet al., 2006).

The identification of this novel enzyme demonstratesP450sexplicit requirementfor
only one conservedresidue,the proximal cysteinateligand. Mutations to this residue
have been shown to prevent haem incorporation,resulting in a catalytically inactive
enzyme(Shimizu et al., 1988). Furthermore,loss of the cysteinateproximal ligand is
responsiblefor the formation of the inactive cytochromeP420 (Pereraet al., 2003).
P450camwasinactivatedby mutatingthis residueto a histidine,the proximal ligand for
anotherhaem-containingprotein, cytochromec-type (Yoshioka et al., 2001). In the
presenceof CO, theP450camC357Hmutantexhibiteda discreteSoretmaximumat 420
nm, indicatingfull conversionto its inactiveform, P420 (figure 1.5). This was further
by the lack of catalyticactivity in the presenceof camphor.
substantiated
Although not explicitly

conserved, residues homologous to Thr252 (P450carn

numbering) are often found in P450s, forming half of the (E/D)T pair which has been
implicated in the mediation of dioxygen activation (Aikens and Sligar, 1994, Tosha et
al., 2003, and Nagano et al., 2005). Studies suggest this residue plays a role in oxyferrous stabilisation via hydrogen bonds with dioxygen (Gerber and Sligar, 1994).
P450s which lack this residue, such as P450eryF which contains an alanine instead, are
thought to utilise a water molecule in place of the OH group provided by Thr252 to
stabilise the oxy-ferryl (Cupp-Vickery and Poulos, 1995 and Poulos et al., 1995). The
crystal structure of CYP121 from Mycobacterium tuberculosis identified a serine in
place of the standardthreonine residue,providing evidence of a second alternate proton
delivery pathway. Another important residue found in all P450s which are required to
activate molecular oxygen, Phe350 (P450cam.numbering), controls the reaction between
the haem iron and molecular oxygen (Ost, et al., 2001).

38

Chapter I- Introduction

Figure 1.5: Carbon monoxide-complexes of dithionite-reduced P450cam: native (sold line); and C357H
mutation of the proximal cysteinate haem-iron ligand (broken line). Figure taken from Yoshioka et al.,
2001.

1.3.7b Haem iron coordination
P450s belong to the haern-thiolate group of enzymes and so contain a b-type haem
(figure 1.6) anchored to the protein via the 5th haern iron coordination site and the
deprotonated-S- group of an explicitly conserved cysteinate residue (Mueller et al.,
1995). The iron is held within the haem by the four porphyrin nitrogen atoms and has
the potential to alternatebetween a pentacoordinatedand a hexacoordinated system by
allowing water, CO, NO, or azole compounds to bind to the 6th axial position (figure
1.6). This ligand sits in a trans position to that of the proximal position (Mueller et al.,
1995).

Figure 1.6: Haem structure and iron coordination. (A) b-type haem (protoporphyrin IX), (B)
pentacoordinatedhaern-thiolate geometry with a cysteinate group as the 5th proximal ligand, & (C)
hexacoordinated haern-thiolate geometry with dioxygen as the Oh distal ligand. Figures taken from
http://metallo. scripps.edu/proniise/HAEM-THIOLATE. htn-d.
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1.3.7cConservedstructural core
Despite the low

sequence identity

observed between P450 families,

X-ray

crystallography has enabledthe identification of a common overall fold (figure 1.7) (Li,
2001) which to date, remains unique to the P450 superfamily (Poulos and Johnson,
2005). With the distal substratebinding-side of haern facing forwards, and with the Nterminus on the "Ieft" side, P450s resemble a triangular-shaped molecule (Poulos et al.,
1995 and Li, 2001). In this orientation the P450 structure can be divided into two
regions: a predominantly O-sheetcontaining domain on the left; and a helical-rich region
on the right, with the majority of helices in plane with the haern.(rigure 1.7).

Two long helices(I andL) flank the haerngroup andform an inner core, surroundedby
additionalhelicesfrom the N-terminal region. Finally, the antiparallelP-sheetsform
part of the proteinssurface(Pouloset al., 1995).
Especially conserved "core" regions are those which surround the haem, comprising of
six helices (the D, E, 1, &L bundle and helices J& K), together with two sets of 0sheets,and a region known as the 'meander' which forms between the K-helix and the
Cys-loop (Graham and Peterson,1999 and Werck-Reichhart and Feyereisen,2000).

1.3.7dThe Cys-loop
The region containingthe proximal thiolate cysteineresidueretains a high sequence
identity throughoutthe P450 superfamilyand unsurprisinglyis also one of the most
structurallyconserved(Pouloset al., 1995,Werck-ReichhartandFeyereisen,2000, and
Li, 2001). This regioncomprisesPhe350to Cys357(P450camnumbering)andforms a
D-bulge,similar to an antiparallelP-pair,providing a hydrophobicenvironmentfor the
cysteine(Hasemannet al., 1995). This arrangementprotects the cysteinateligand,
possiblyby shieldingit from reducingagentswithin the solvent (Beale and Feinstein,
1976),and also enablesit to acceptH-bonds from peptide NH groups (Poulos and
Johnson,2005).
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COOH

C

D
NH2

Figure 1.7: Structural comparisons of the overall fold of four cytochrome P450s. (A) P450cam 2CPP
(Poulos et al., 1987), (B) P450eryF IJIN (Cupp-Vickery

et al., 2001), (C) CYP51 lEAI

2001), and (D) CYP2C5 IDT6 (Williams

See text for a generalised description of P450

et al., 2000).

(Podust et al.,

structure. A number of (x-helices, including the I and K helices, are annotated for P450cam (A), however
the Cys-loop is not visible from this angle.

1.3.7e I-helix
Another structurally conserved region of P450s is the long I-helix which spans the
length of the molecule and helps to form an inner core (figure 1.7). This region has
beenproposed asthe central catalytic site (Hasemannet al., 1995) and the (E/D)T motif,
conservedin many of theseenzymes(see section 1.3.7a),residesin a "kink" which often
forms within the I-helix of P450 (Meharennaet al., 2004). This kink occurs due to the
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donation of a H-bond from the conserved threonine to a carbonyl oxygen within the
protein, thus interrupting the helical fold (Poulos and Johnson, 2005). This arrangement
is implicated in proton delivery to the oxy-ferryl group in step 7 (rigure 1A) (Poulos et
al., 1987, Hasemannet al., 1995, and Poulos and Johnson,2005).

1.3.7fK-helix and the 'meander'
A region known as the 'meander' was first identified in the haernoprotein domain of
P450BM-3 (Ravichandranet al., 1993). This region of about 20 residues was so named
due to its apparentlack of organized structure, which meanderedbetween the K' helix
and the Cys-pocket. Further investigation found near-identical regions in the structures
of other P450s, all of which form a specific structure via a hydrogen-bond network
betweena conservedArg, His, or Asn residue from the meander,and a highly conserved
EXXR motif in the K-helix (Hasemannet al., 1995 and Petersonand Graham-Lorence,
1995). This region has been implicated in the correct binding of haern to P450, and
mutations to the K-helix glutamate or arginine have resulted in inactive protein
formation (Yoshikawa and Go, 1992and Hasemannet al., 1995).

1.3.7gHaemcoordination
The haem groupof P450 is buried within the interior of the enzyme,surroundedby a
numberof secondarystructuralelements,namely:the I helix andthe N-terminalL helix;
the P6-1 andPI-4 strands;the B'-C turn; and the Cys-pocket(Hasemannet al., 1995).
Three residueswere found to be involved in hydrogen-bondingwith the D-ring
propionateoxygensvia side chain nitrogensin P450terp(Hasemannet al., 1994), and
similar configurations have been identified in other P450s including P450cam
(Hasemannet al., 1995):His124andArg 128(P450terpnumbering)arelocatedat the Nterminal of the C helix; and His375 is found within the Cys-pocket. Theseresidues
provide the polar and/or chargedside chains necessaryfor propionatecoordination
within the hydrophobicP450 core (Hasemannet al., 1995). A further six residues
participatein an extendedhydrogen-bondingnetwork with propionate-boundwater
moleculesin P450terp(Asn72, Phe317and Arg319, Tyr342, His375, and Trp372),
howeverthis configurationis lesswell conservedwithin P450s.
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1.3.7h Substrate binding region
In contrast to the regions surrounding the haern group, residues involved in substrate
recognition are poorly conservedthroughout P450s. This reflects the ability of P450s,to
catalyse a wide range of substrates. The regions involved in substrate binding include
helices F and G, which form the substrateaccesschannel entrancein P450BM-3 (Li and
Poulos, 2004), and the B' helix which covers the substrate binding pocket (Li, 2001).
Modifications to the length of helices F and G, together with alterations in the length of
loops flanking the B' helix, enable various substratesto be accommodated within the
active sites of different P450s. Such differences are demonstrated by a-

90 ' shift

between the orientations of the B' helix within the P450carn and P450eryF structures
(Poulos and Johnson,2005).

Characterisation
of P450carnidentified an eight-fold increasein substrate(camphor)
binding in the presenceof certain cations (Peterson,1971 and Mueller et al., 1995).
Potassiumwas later found to bind with the highestaffinity (Deprez et al., 1994 and
Mueller et al., 1995)and subsequentcrystallographicdata identified a potential cation
binding site at residues Gly93, Glu94, Tyr96, and Glu98 (P450cam numbering)
(Peterson,1971,Pouloset al., 1987,andMueller et al., 1995),howeverthis hasyet to be
identifiedin anyotherP450(Li, 2001).

1.3.7iMembrane-binding domainsof eukaryotic P450s
Some eukaryotic P450s include a hydrophobic N-terminal helix which anchors to the
cytosolic face of the endoplasmic reticulum, co-translationally inserting the enzyme into
the membrane. Further signals which target the endoplasmic:reticulum have been
identified by Szczesna-Skorupaet al. (1995), which help to maintain the enzyme's
position within the membrane. A number of basic residues also interact with the
organelle's membrane lipids, which in vivo allows the enzymes to localise where
needed. This, together with the N-terminal helix can causedifficulties when attempting
to purify and crystallise in vitro. Finally, a proline-rich region immediately after the Nterminal helix forms a hinge-like structure, and deletions in this area have been found to
disrupt protein structure sufficiently enough to prevent haern incorporation (Szczesna-
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Skorupa, et al., 1993 and Yamazaki, et al., 1993). A strategy for the crystallisation of
membrane-boundP450sis describedby Williams et al., 2000 (see section 1.3.7).

1.3.8Spectroscopiccharacterisation
Spectroscopicmethodsare frequently used to characterisecytochrome P450s. As
mentionedin section1.3.2,theseenzymeswerenameddueto their intenseabsorptionat
450nm in the presenceof CO, whenin a reducedstate(figures 1.8- 1.9). CO binds to
the eh co-ordinationsite of the haerniron, throughelectrondonationfrom the carbonto
form a a-bond,competitivelyinhibiting oxygenbinding and thus preventingcatalysis
(seesection1.3.6afor inhibition mechanism).Suchabsorptionshifts areonly observed
in haem-thiolateproteinswhere the thiolate ligand is trans to the carbon monoxide
molecule(CollmanandSorrell,1975).

Figure 1.8: Carbonmonoxidedifferencespectraof liver microsornes,
takenfrom OmuraandSato (1964).
Spectrafrom microsomes
in the absence
data. Curve Aof CO weresubtractedfrom the microsomes-CO
anaerobicdithionite-reducedmicrosomes. Curve B: aerobicmicrosornes,in the absenceof dithionite.
Both curveswererecordedin thepresenceof carbonmonoxide.
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Figure 1.9: A standardUV/visible spectraof P450BM-3 in different redox/spin states. The wavelength
region of 500 to 700 nm has been magnified to illustrate the smaller ccand P peaks,to an absorbancerange
of -0.1 to 0.1. Figure taken from Li et al., 200 1.

All P450sexhibit similar absorptionspectra,with a Soretpeakat approximately418nm,
with smallera- and 0- bandsat - 536 and - 570 nm, respectively,in the ferric state
(figure 1.9) (Li, 2001). This Soretbandshifts to - 408 nm upon reductionof the haem.
iron. Binding of substratesoften inducesa blue type-I shift to - 390 nm due to
displacementof the water from the distal haem-ironposition, resulting in a five coordinatedsystem(Sligar, 1976,Mueller et al., 1995,1995andLi, 2001). Suchchanges
effect the distribution of the outer shell electronswithin the haerniron, changingits
electronicconfigurationfrom S= 1/2in the low-spinstateto S= 5/2 in the high spin.
P450 spin-shifts have also been characterisedby electron paramagneticresonance
(EPR). P450carnexhibits g-values,of- 2.45 (&), 2.26 (gy), and 1.91 (g,,), for the
substrate-free
enzyme,which is characteristicof a low-spin haem iron (figure 1.10A)
(Tsai, et al., 1970 and Lipscomb, 1980). Similar results were also obtained for
ferric P450BM-3:2.42,2.26,1.96 (Miles et al., 1992);andCYP121from
substrate-free
Mycobacteriumtuberculosis:2.48,2.25,1.90 (McLean et al., 2005). Upon substrate
binding,the systemshifts to a predominantlyhigh-spin,with g-valuesof: 7.95,3.97,and
1.78 (figure 1.10B). Conversely,an EPR spectrumcharacteristicof a high-spinhaem
systemwas obtainedfor substrate-freeHPL (hydroperoxidelyase, CYP74C3) from
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Medicago truncatula, with g-values of: 8.03,3.51,1.68

(Hughes et al., 2006). This

shifted to a low-spin system upon addition of its substrate, 13-HPOTE (13- SSome
hydroperoxyoctadeca-9Z), with corresponding g-values of: 2.39,2.24,1.93.
inhibitors which bind strongly to the Oh axial haern iron position, such as azole
compounds (section 1.3.6a),were found to induce a type-11red shift to approximately
425 - 435 nrn (Jefcoate, 1978). This occurs due to the haern-iron adopting a 6coordination, low-spin configuration.

Figure 1.10: EPR spectraof P450carn(1.1 mM) at 15*K: (A) substrate-free,
typical of a low-spin haem
iron and(B) in thepresenceof 1.5mM D-camphor,characterstic
of a predominantlyhigh-spinsystem.gvaluesareshown.Figuremodifiedfrom Tsaiet al., 1970.

Spectroscopic
methodshavealsobeenexploitedto determinesecondarystructurewithin
P450s,throughthe useof circular dichroism(CD). CD measurements
of Mtb-CYP121
andthe haem-domainof P450BM-3(both 3 gm), recordedin the far-UV region (190 260 nin), identified greaterthan 50 % a-helical contentin both enzymes,figure 1.11
(McLeanandCheesman
et al., 2002).
A study by Yun et al. (1996) identified a proportional relationship between
salt
concentrationand helix contentof rabbit CYPIA2, measurableby CD (rigure 1.12).
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The helical content was increased from - 30 % (in 80 mM potassium phosphate, pH
7.4), to - 36 % in the presenceof 0.05 M NaCl, and - 49 % in 0.1 M NaCl. However,
further work by the same group, using rat CYP2BI, did not identify such dramatic
changes,with a-helical content increasingby just 5% in the presenceof 0.1 M NaCl (in
50mM potassiumphosphate,pH 7.4) to - 58 % (Yun et al., 1998).
20
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Figure 1.11: CD spectrafor Mtb-CYP121 and the haem-domainof P450BM-3 (both 3gm) in the far-UV
region (190 to 260 run). Mtb-CYP121 is representedas a solid line and P450BM-3 (baem-dornain) as a
broken line. Figure modified from McLean and Cheesmanet al., 2002.

FIgure 1.12: Effect of ionic strengthon the a-helix contentof CYPlA2 from Oryctolaguscuniculus
(rabbit)(Yun et al., 1996). Dataweremeasuredin the far-UV region (190 to 260 nm) at a concentration
of I pm. Figuremodifiedfrom Yun et al., 1996.
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Chapter 2- Theoretical and experimental backaround to Protein production and
characterisation
2.1 In vivo protein expression

2.1.1Introduedon
A number of possibilities exist for the production of heterologous proteins in vivo, such
as the prokaryotic (Escherichia coli and Bacillus subtilis) and eukaryotic
(Saccharomyces cerevisiae, immortalised mammalian cell lines, and Spodoptera
fi, ugiperda Sf21 cell line) systems. Whilst all have their advantages,bacterial expression
systems,and in particular those which use E. coli as a host strain, are the most common
(Pouwels, 1992 and Sorensenand Mortensen, 2005). Inexpensive cultures can be easily
grown overnight and genetic manipulation protocols are well established. Unless the
protein of interest is toxic within the host cell, foreign proteins are generally welltolerated in E. coli. Lack of post-translational modification can however be problematic
in bacterial systems, for example when expressing eukaryotic proteins which require
glycosylation. Another consideration is the possibility of the recombinant protein being
expressedas an inclusion body, however this can sometimesbe overcome by denaturing
the insoluble protein in high salt (such as 6M guanidine hydrochloride), and then slowly
refolding by decreasing the ionic concentration (Whittington, 1989).

Recombinant

proteins with non-E coli codon usage (such as CGG for arginine and AUA for
isoleucine) can successfullybe expressedin modified strains such as Rosetta 2 (DE3) by
Novagen.

A commonE. coli procedure,which wasusedto expressrecombinantproteinsin section
4.3, is describedfurther in this chapter(figure 2.1). This prokaryotic systeminvolves
the isolationof targetDNA from a genomicsourceusing PCR, which is subsequently
insertedinto a bacterial plasmid vector containing an antibiotic resistancegene. The
constructis transformedinto an expressionstrainandpositivetransformants,selectedfor
by antibioticresistancescreening,aregrown in culture mediumcontainingisopropyl-pD-thiogalactopyranoside
(IPTG). This inducestranscriptionof T7 RNA polymerase
from the host chromosomewhich, in turn, transcribestargetgenesfrom the recombinant
plasmid.
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Cloning
1. Amplification of target gene by PCR
I
2. Analysis by agarosegel electrophoresisand extraction of DNA from gel (if not using TA-cloning or
similar system,digest fragment with restriction endonucleasesbefore proceeding to step 3)
I
3. Insert fragment into a cloning vector and transform into a host lacking a chromosomal T7 RNA
polymerasegene (alternatively, fragment can be digested with restriction enzymes and inserted directly into
a suitable expressionvector)
I
4. Selectpositive colonies

I
5. Purify plasmids from overnight culture
I
6. Digest plasmid with restriction enzymesand separateinsert from plasmid by agarosegel electrophoresis
I
7. Ligate fragment into an expressionvector (digestedwith the samerestriction enzymes) and transform
into an E. coh host containing an IPTG-inducible chromosomalT7 RNA polymerase gene
I
8. Purify plasmids from overnight culture

I

9. DNA sequencingof plasmids to identify positive clones (alternatively this can be performed after step 5)

Protein Expression
10. Culture a positive clone overnight. Dilute in fresh medium and allow to grow to an 0.13 600 - 0.6
I
11. Induce expressionwith IPTG and incubatecultures on a rocking platform

Extraction of Soluble Protein
12.Pellet cells and resuspendin buffer

I

13. Lyse cells by mechanical,chemical, or enzymatic methods
I
14. Pellet insoluble fraction and check expressionby SDS-PAGE
I
15. Where applicable, purify soluble fraction by chromatography and determine purity by SDS-PAGE

Figure 2.1: Schematic representation of a common procedure used for the expression of recombinant
proteins in a T7 bacterial (E coli) in vivo system. This system was used to expressproteins in section 4.3.
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2.1.2 Polymerase chain reaction (PCR)
Amplification of target genes(step 1, figure 2.1) can be performed using the polymerase
chain reaction (PCR), first conceived by Kary Mullis in the 1980s (Saiki et al., 1985).
This method enables the highly sensitive synthesis of regions of DNA from larger
fragments. Target DNA is amplified a million-fold in a matter of hours, without the
needfor cellular cloning.
A known part of the DNA sequenceis used to design two synthetic oligonucleotides
(primers), at eachend of the region to be amplified. Primers are designedsuch that each
is complementaryto one strand of DNA only ("forward" and "reverse" strand primers).
Additional sequencesmay also be added to either end of the final PCR product by
engineeringthe primers with complementary sequences. Such additional elements may
include restriction sites,linker sequences,signal peptides,or purification tags.
is combined with these oligonucleotide primers, together with a
thermostable bacterial DNA polymerase, free deoxy-nucteotides, and a polymerase

Target DNA

reaction buffer containing M902. The reaction is first heatedto above 94 'C to denature
the double stranded DNA, resulting in two single strands, and then cooled to
approximately 40 to 60 T. This allows the hybridisation of oligonucleotide primers to
complementary sequenceson the target DNA and is known as the annealing step.
Precise temperatures for this step require optimisation and are dependent upon the
melting point of the primers used.

During theextensionperiod,reactionsareheatedto approximately74 T andthe regions
of DNA downstreamfrom the syntheticprimers are synthesisedby DNA polymerase
usingfree dNTPs includedin the reaction.
As the cycle is repeated20 to 40 times,the newly synthesisedfragments,togetherwith
the primers,act astemplatesresultingin the rapid synthesisof a single speciesof DNA
fragments. Correctly sized PCR fragments can be identified by agarose gel
electrophoresis.
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2.1.3 Restriction digestion
Restriction digestion refers to the highly specific cleavage of DNA molecules by
endonucleases,resulting in discrete fragments which can be re-ligated to complementary
sequencesby DNA ligase (Brown, 1992). Such cleavage is necessarywhen inserting
genefragments into certain vectors (steps2 and 6, figure 2.1). Both the plasmid and the
fragment to be inserted are digested with the same enzymes to create complementary
ends.

Severalhundredof theseenzymeshavebeenisolatedfrom prokaryoticsourcesand are
commerciallyavailable,allowing for the manipulationof DNA moleculeswithin the
laboratory. In situ, restriction endonucleases
protect bacteria and someviruses from
foreign DNA moleculesby cleaving them at specific recognition sequences. These
enzymes are usually coupled with a modification enzyme, such as DNAwhich protectsthe cells own DNA from cleavageat thesesites. A
methyltransferase
methyl group is addedto one base pair of the recognition sequenceon each strand,
preventingcleavageby the endonuclease.Suchrestriction-modificationsystemsmay be
formed of two separateproteinsor by two domainsin a multi-subunitcomplex. The
type 11enzymesusedfor laboratorypurposescleavewithin their recognitionsequence.
Most of theserecognisesymmetricalDNA sequences
andbind ashomodimers,however
a few bind asheterodimersto asymmetricalsequences.The efficiency of cleavagecan
be visualisedby agarosegel electrophoresis.
2.1.4Agarosegel electrophoresis
Agarosegel electrophoresis
is a methodusedto separateDNA molecules,predominantly
as a function of DNA size and conformation. In the expressionprotocol describedin
figure 2.1, agarosegel electrophoresisis usedto identify PCR productsof correct size
(step2) andto separatefragmentsfrom restrictiondigestion(step6). When agarose,a
linear polymer derivedfrom seaweed,is heatedin buffer and subsequentlycooled, it
forms a matrix whose densityis proportionalto the percentageof agarose. Ethidium
bromide,which fluorescesunderultra violet light, intercalatesbetweenthe basesof the
doublestrandedhelix, andis commonlyusedto stain the gel (Andrews, 1992). Linear
moleculesbecomesaturatedwith ethidium bromide, whilst supercoiledbind to a finite
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number of dye molecules due to the introduction of superhelical turns. This results in
linear fragments appearing brighter under UN light than for supercoiled DNA of the
sameconcentration.
DNA samplesare applied to the gel in wells formed by adding a comb to the gel tray
before cooling. The negatively charged DNA migrates towards the cathode when an
electrical field is applied acrossthe gel. Linear fragments migrate through the gel matrix
at a rate inversely proportional to the logio of the number of base pairs (Helling et al.,
1974). Linear, super-coiled, and nicked circular DNA of the same molecular weight
migrate at different rates through an agarose matrix, however the rate of migration is
determinedby the running buffer and electrical current used (Thome, 1966).
2.1.4a Extraction of DNA from agarose gels
DNA molecules visualised by agarosegel electrophoresis can easily be extracted using
commercially available kits, such as the QlAquick@ gel extraction kit from Qiagen
which incorporatesspin columns containing a silica membrane. Gel slices are dissolved
in buffer at 55 'C and then applied to the spin column. DNA binds to the membrane in
high salt concentrationsby adsorption and enzymes,buffers, and other contaminants are
removedby washing the column with buffer containing ethanol. Finally, DNA is eluted
with water or a low salt buffer.

2.1.5Cloning of target DNA
Beforeexpressionof recombinantproteincanproceed,PCR-amplifiedtargetDNA must
first be insertedinto a plasmidvectorandtransformedinto an E. coli host lacking the U
RNA polyrnerasegene(step3, rigure 2.1). This allows for the stableestablishmentof
positive clones(step 4, flgure 2.1), without expressionof recombinantprotein. PCR
if such recognition
productscan either be digestedwith restriction endonucleases,
sequences
areintroducedby primers,andligatedinto a vectorwith complementaryends,
or directly inserted into a suitable vector (such as TA-cloning, see section 2.1-5a)
without the needfor such enzymes. Positive clones can be identified by antibiotic
screening,blue/whitecolony screening,restrictiondigestion,or DNA sequencing.
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2.1.5a Cloning vectors

TA-cloning is a commonsystemused to clone recombinantgenes,and is described
further here. PCR productssynthesisedwith Taq DNA polymeraseproducefragments
overhangs,which canbe ligated into a linear vector with
with 3' singledeoxyadenosine
corresponding3' terminal thymidines. This reactionis performedby T4 DNA ligase,
bondsbetween
isolatedfrom E. coli, which catalyzesthe formation of phosphodiester
neighbouringY-hydroxyl and 5'-phosphateends in double-strandedDNA. As these
vectorscontainrestrictionsitesin their cloning regions,the introductionof suchsitesby
PCR is not essential.It is sometimesnecessaryhoweverwhen specific restrictionsites
are not presentin both the cloning and expressionvectors. Restriction sites are not
aspart of the targetgeneasthe startcodonis placeddownstreamof the 5' site
expressed
anda terminationcodonis includedbeforethe 3' site.
The pGEMO-T Vector System from Promega enablesPCR products to be inserted into
the plasmid via TA cloning (figure 2.2). Following cleavage of pGEM'8,-5Zf(+) with
EcoR V, 3' terminal thymidines are added,preventing recircularisation. Taq polymerase
synthesisedDNA fragments are ligated into the linearised plasmid by T4 DNA ligase.
The multiple cloning region of pGEMO-T exists within an a-peptide coding region for 0galactosidase(lacZ), allowing for blue/white colony screening of positive transformants,
when plated onto LB agar containing IPTG (Isopropyl-o-D-thiogalactopyranoside) and
X-gal (5-bromo-4-chloro-3-indolyl-o-D-galacto-pyranoside) (step 4, figure 2.1). IPTG
induces transcription of the IacZ gene, producing O-galactosidasewhich metabolises Xgal to a blue product, resulting in blue colonies. When genesare cloned in-frame into
this region, insertional inactivation preventsthe transcription of the lacZ gene and so Xgal, and the colonies, remains colourless.
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Figure 2.2: Promega's pGem@-Tvector, a commonly used vector for the TA-cloning of genes. Figure
reproducedwith permission from Promega Corporation.

2.1.5b Cloning hosts
E coli cells which lack the XDE3 lysogen are suitable for initial cloning as they lack a
chromosomal copy of the T`7 RNA polymerase gene. A number of commercially
available cloning hosts are deficient in both genomic and episomal copies of the lacZ.
These cells are thus suitable for blue/white screening of positive clones, when
transformed with plasmids containing an ct-peptide coding region for P-galactosidase.
This is in addition to the standardantibioti c-resistance screening used to select positive
transformants(step 4, rigure 2.1).

An example of a host routinely used for initial cloning stepsis Novagen's NovaBlue@
cells, which exhibit a high transformation efficiency and are suitable for blue/white
colony screening.

They confer tetracycline resistance, allowing for additional

confirmation of positive colonies.

2.1.5c Transformation of host cells with recombinant plasmids
Whilst a number of proceduresexist for the transformation of competent host cells with
recombinant plasmids, the heat-shockmethod first described by Cohen et al. in 1972 is
both economical and easy to perform. Cells are made competent during the early log
phase of growth by washing in ice-cold 0.1 M calcium chloride, however the precise
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mechanism remains unknown. Supercoiled plasmid DNA is added to the cells on ice
and heat-shockedin a water bath at 42 'C before replacing on ice. Cells are grown in an
antibiotic-free nutrient rich media, such as SOC, to allow the cells to recover and express
the antibiotic resistancegene from the recombinant plasmid. Cells are then plated onto
LB agar containing the specific antibiotic, to select for positive transformants.

2.1.5dPurification of plasmid DNA
To enable detectionof positive clonesby restriction digestion and DNA sequencing,it is
first necessaryto purify the recombinant plasmid from cell cultures (step 5, rigure 2.1).
Overnight cultures, grown from single transformation colonies, are centrifuged to obtain
cell pellets. A commonly used protocol performs an alkaline lysis step to break the
cells, and the cleared lysate, obtained by centrifugation, is applied to a silica membrane
within a spin column. Plasmid DNA is adsorbedonto the membrane in a high salt buffer
and contaminants are removed by washing with buffer containing ethanol. DNA is
eluted with a low salt buffer or water. Many commercially available kits are designed
for the purification of plasmid DNA, such as Wizard@ Plus Miniprep (Promega) and
QIAprep@ Spin Miniprep (Qiagen).

2.1.5eExpressionvectors
Target DNA is cleavedfrom the cloning vector using restriction enzymesand ligated
into the multiplecloning site of a vector suitablefor expression(steps6-7, figure 2.1).
Alternately, oligonucleotideprimers may be designedto include restriction sites,
enablingPCR fragmentsto be directly insertedinto an expressionvector. The well
establishedpET system(Plasmidsfor Expressionby T7 RNA polymerase),developed
by Studier et al. in 1986, provides an efficient construct for the expressionof
recombinantproteins in E. coli hosts under strong control of the bacteriophage77
promoter.Suchsystemscandirect mostof the cellsresourcesto the expressionof target
protein.
The pET expressionsystemuseshost cells which are lysogensof XDE3 and therefore
contain a chromosomalcopy of T7 RNA polymerasewithin a lac operon,under the
control of a IacUV5 promoter. This polymerasedirectsthe transcriptionof targetgenes
at theT7 promotersiteon the recombinantplasmid.
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Preventing destabilisation of the system, particularly when toxic gene products are
incorporated,is controlled with a mechanismbasedupon lactose operon regulation in E
coli. Transcription of T7 RNA polymerase is naturally inhibited by the expression of a
lac repressorprotein, encoded by a chromosomal copy of the lacl gene, which binds
reversibly to the lac operator. This inhibits subsequenttranscription of target geneson
the recombinant plasmid, although some basal transcription often remains. Such
transcription can be reduced further by the addition of a lacl gene upstream from the
plasmid T7 promoter which preventsthe polyrnerasefrom synthesisingthe RNA chain.

Whilst this systemprovidesa highly efficient mechanismfor repression,it does not
interferewith target genetranscriptionupon induction with IPTG. IPTG relievesthe
inhibition by binding to an allosteric site on the repressor protein, causing a
conformationalchangeandso decreasingits affinity for the lac operator. IPTG is used
preferentiallyover the naturalinducerlactoseas it cannotbe broken down within the
cells andsothe concentrationremainsconstant.Furthercontrol canbe achievedby the
inclusionof '17 lysozymewhich naturallyinhibits T7 RNA polyrneraseactivity.
Two commerciallyavailable pET vectors, which were used to expressrecombinant
proteinsin section4.3, are briefly describedhere (figure 2.3). The pET-17b vector
(Novagen)contains an N-terminal Ilaa T7*Tae sequencefollowed by a multiple
cloning region. Histidinetags are not included in the vector but canbe addedto target
DNA during PCR. pET-28a vectors (Novagen)carry an N-terminal His-Tage in
addition to a thrombin cleavagesite and a T7*Taglo. An optional C-terminal His-Tag
can be removedfrom resulting target protein by the addition of a termination codon
sequence.
2.1.5fExpressionhosts
Expressionplasmidsare transformedinto E. coli hosts suitablefor protein production
and culturedovernightto enablethe purification of plasmids(steps7-8, figure 2.1).
Plasmidsarethen sequenced
(step9, figure 2.1), howeverthis can performedafter the
initial cloning stepinstead(after step5, figure 2.1).
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Figure 2.3: Examplesof Novagen'spET systemexpressionvectors, pET17b and pFr28a. Figures
reproduced
with permissionfrom Merck ChemicalsLtd.
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The E. coli strain BL21 (DE3), is one of the most common general purpose expression
hosts used in laboratories worldwide.

Whilst being deficient in both ompT and ion

proteases,the DE3 lysogenic strain contains a chromosomal T7 RNA polymerase gene
under control of the IacUV5 promoter (Novagen, 2006).
However, for expressingrecombinant geneswhich exhibit usageof a high percentageof
non-E. coli codons (AGA, AGG, AUA, CCC, CGA, CGG, CUA, GGA, and UUA) the
BL21 derivative, Rosetta 2 (DE3), can be used to provide a universal translation system
(Brinkmann et al., 1989, Seidel et al., 1992, Del Tito et al., 1995, and Rosenburg, 1996).
These Novagen cells contain a chloramphenicol-resistant pRARE plasmid which
encodes tRNAs for these unusual amino acid codons, under control of their native
promoters (Novy et al., 2001). This improves the successrate of expression of such
ORFs (open reading frames). Another E. coli expression strain, HMS174 (DE3),
includes a recA mutation in a K-12 background, which can stabilize certain target genes
whoseproducts causethe loss of the DE3 prophage(Novagen, 2006).

2.1.6DNA sequencing
Determiningthe precisenucleotidesequenceof a clonedfragmentis an essentialstepin
molecularcloning (step9, figure 2.1). If the targetgeneis alreadyknown, sequencing
verifies that the correct fragment has been synthesisedand identifies any mutations
which may have arisen during arnplification. The method also distinguishesgenes
which are correctly cloned in-frame with the start codon from those which are not.
Recombinantplasmidsaretransformedinto an E. coli host andgrown overnight in LB
media. Plasmidsare purified as outlined in section 2.1.5d, in preparationfor the
sequencingreaction.
A numberof sequencingmethodshavebeendevelopedover the last 40 years,the most
popularbeingthe chain terminationproceduredescribedby Sangerin 1977 (Sangeret
al., 1977). A variationof this method,dye terminatorsequencing,is widely usedand
will be describedhere. The reactionincludestemplateDNA, oligonucleotideprimers
complementaryto a region of the template DNA which form the start point of
amplification,DNA polymerase,the four deoxynucleotidebases(dATP, dGTP, dCTP,
anddTTP),anda low concentrationof four dideoxynucleotidechain-terminators.In the
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case of molecular cloning, the primers flank either side of the gene of interest and it is
commonplace to use "universal" primers for regions contained on the plasmid vector
such asthe T7 promoter and T7 terminator sequences. Dideoxynucleotides lack the YOH group essential for chain extension and are each labelled with dyes which fluoresce
at different wavelengths. As the DNA chain is replicated, the dideoxynucleotides are
incorporated at random, thereby terminating the sequenceand resulting in many related
DNA fragments of varying length. Fragments are separatedby size on a polyacrylamide
gel and fluorescence at different wavelengths is detected. The autoradiogram output
showspeaks of different colours, each representinga different dideoxynucleotide. From
this, the nucleotide sequencecan be inferred by the largest peak at each point (figure
2.4).

Figure 2.4: Output file from Sanger dye terminator sequencing. Each colour represents a different
dideoxynucleotide, the order of which

represent the DNA

sequence.

Figure taken from

www. wikipedia.org.

2.1.7 Expression of recombinant protein
Positive transformants of an expression vector, selected for by antibiotic resistance
screening, restriction digestion and DNA sequencing,are grown on a small scale in a
suitable medium overnight. Luria-Bertani broth (LB) is a standard media used for this
purpose(see appendix2) (step 10, figure 2.1).
Overnight culture is diluted in fresh medium and allowed to grow at 37 T until the
optical density at 600 nm reaches 0.6 - 0.8 (mid-log phase) and then expression of
recombinant protein is induced by the addition of ITPG (step 11, figure 2.1).

If

extended incubations, above 24 hours, are required for expression, it is necessaryto use
a nutrient-rich media such asterrific broth (TB) (see appendix 2).

60

Chapter2- Theoretical and experimentalbackground to protein production and characterisation

Small-scale cultures are performed initially

to determine the optimum incubation

parameterssuch as temperature, time, and inducer concentrations, before scaling up.
Multiple litres of culture may be grown from several millilitres of overnight culture, and
can result in milligram quantities of recombinant protein being produced.

2.1.8Extraction of protein
Cells are pelleted by centrifugation and resuspendedin buffer before lysis using
mechanical,chemical,or enzymaticmeans. French pressurecells mechanicallylyse
cells by forcing crude slurriesthrougha tight spaceat very high pressuresof around 10,
000 psi (poundsper squareinch). The suddenreleaseof pressureas the sampleis
releasedcausesthe cells to burst open(Salusbury,1992). Anothermechanicalmethod,
sonication,appliesfrequenciesof over 20 kHz to the sample,resultingin the production
of gasbubbles. When thesecollapse,shock waves are formed which lyse the cells
(Salusbury,1992).
Chemicallysis generallyincorporatesthe use of detergentsand may include solvents
which stimulateautolysis(Goodwin, 1992). A commerciallyavailablechemicallysis
methodis the BugBuster@ProteinExtractionReagent(Novagen)which gently disrupts
E. coli cells through a combinationof detergents. Enzymatic disruption is generally
gentlerthanthe mechanicalor chemicalmethodsmentionedpreviously. Enzymessuch
astrypsin,lysozyme,andotherproteasesdisruptthe cell wall, with full lysis completed
by osmoticshockor gentlemechanicaltreatment(Goodwin,1992).
The Frenchpressurecell methodis generallyvery successfulat lysing bacterialcells and
so was predominantlyused throughout the work describedin this thesis. Soluble
fractionsare obtainedby centrifugationand the extent of expressionis determinedby
SDS-PAGE. When sufficient target protein exists within the solublefraction, soluble
proteinextractscanthen be purified by a numberof chromatographicsteps. Expression
conditions can be further optimisedto obtain greateryields of soluble protein. A
numberof techniquesexist to overcomethe productionof target protein as inclusion
bodies,oneof which is describedin section2.1.1.
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2.1.9 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins can be separated,as a function of size, using sodium dodecyl sulphate
(SDS-PAGE)asfirst describedby Laemmli in 1970.
polyacrylamidegel electrophoresis
In the presenceof an electrical field, protein molecules negatively chargedby the
binding of SDS, reducedby 2-mercaptoethanol,and denaturedat 100 OC, migrate
towardsthe positively chargedanode. Anionic SDS detergentbinds to the polypeptide
backboneat a constantmolecularratio of 1.4 g of SDS :Ig of protein (Reynoldsand
Tanford,1970),conferringa net negativechargeto the molecule. The reducingagent,2is addedto reducedisulphidebridgesallowing the protein to adopt a
mercaptoethanol,
random-coilconfiguration.
The discontinuous system, developed by Laemmli (1970) based upon work by Ornstein
and Davis (both 1964), consists of a large-pore gel which stacks and concentrates
samplesbefore they progress into a secondmore-restrictive resolving gel. This greatly
improves the resolution at which proteins are separatedcompared with continuous buffer
systems.

2.2 Cell-free protein expression
2.2.1A brief history
Cell-freeexpressionsystemswere developedas an alternativeto the traditional in vivo
methodsand to overcomeproblems associatedwith the use of living cells. Cell-free
systemsoffer advantages
over in vivo methods,suchasthe ability to expresshost-toxic
proteinsandthe high-throughputmannerin which expressioncanbe performed(Katzen
et al., 2005).
Early cell-free systemsfor protein synthesiswere based on cytoplasmicanimal cell
extractsfree from mitochondria(Littlefield et at., 1955)andlater, from bacterialextracts
(Schachtschabel
and Zillig, 1959;Lamborg and Zarnecnik,1960; and Tissidres,et al.,
1960),both of which expressedendogenous
mRNA's only. The first bacterialsystemto
allow for the translationof exogenousmRNA's was developedin 1961by Nirenberg
and Matthaei. EndogenousmRNA's were removed by incubating the cell extract at
physiological temperature, allowing ribosomes to accept exogenous templates.
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Eukaryotic cell-free systemswere developed to allow for the translation of exogenous
mRNA by treating rabbit teiculocytes with micrococcal Ca2'-dependentRNase (Pelham
and Jackson, 1976). Wheat germ extracts could be used directly for translation due to
low level endogenousmRNA (Roberts and Paterson, 1973 and Marcus et al., 1974).
The bacterial cell-free systemwas further developed to allow for a coupled transcriptiontranslation reaction, whereby translation occurs whilst mRNA is synthesised from
templateDNA by an endogenousRNA polymerase(Lederman and Zubay, 1967).

2.2.2Compositionof cell-free systems
Modem bacterialcell-freereactionsolutionscontainall of the componentsrequiredfor
transcriptionandtranslationof targetproteins. Whilst the compositionof such systems
often require optimisation,dependentupon individual protein characteristics,they are
usuallybasedupononeof two crudecell extractsincluding: 1.ribosomesandall soluble
enzymes,translation factors, and tRNAs, known as an E. coli S30 extract; 2. a
combinationof ribosome-freeextract(S100extract)plus isolatedribosomes.In the case
of codon bias or unusualcodon usage,the compositionof individual tRNAs can be
adjusted(Chumpolkulwonget al., 2006). Nucleotidetri-phosphates(NTPs)provide an
essentialenergysourcefor cell-freetranslation,howevertheir role is finite dueto NTPdependentmetabolicreactionsandthepresenceof NTPasesin the bacterialextract.
Continuouscell-freeexpressionsystemsovercamethis problemby providinga continual
supply of essentialcomponentssuch as amino acids and NTPs whilst simultaneously
removingreactionwasteproducts(Baranovet al., 1989and 2002). This was achieved
by dialysingthe cell-free reactionagainsta larger feedingsolution,acrossa membrane
with a molecularweight lower thanthat of the targetproteinandthe protein-synthesising
machinery (figure 2.5). Further optimisation of the dialysis system has allowed
membersof the ProteinResearchGroupat the RIKEN YokohamaInstituteto achieveup
to 8 mg of targetproteinpermillilitre of cell-freereactionsolution(Kigawa et al., 1999,
2002,and2004andYokoyama,2003).
Briefly, target genesare amplified by PCR (see section 2.1.2), ligated into cloning
vectorsandtransformedinto a host cell lacking a chromosomalcopy of the T7 RNA
polymerasegene(seesection2.1.5c). Plasmidsarepurified from the cultureasoutlined
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in section 2.1.5d. Once positive clones have been identified by DNA sequencing (see
section 2.1.6), they are included directly in the cell-free reaction solution as the DNA
templatefor transcription (figure 2.6).

Figure 2.5: A representationof the E. coli cell-free system used to expressrecombinant proteins in section
4.2. All componentsessentialfor transcription, translation, and ATP regeneration,together with the target
DNA template, are included within the internal "reaction" solution. A dialysis membranesimultaneously
filters out waste products and supplies fresh components from an external "feeding" solution. Figure
obtained by personalcommunication from Matsuda et al. (RIKEN Yokohama Institute).

2.2.3 Cloning of target DNA
The first step of cell-free systems is the preparation of target DNA suitable for use as a
template for transcription. A common method begins with the amplification of target
DNA by PCR (described in section 2.1.2) to produce discrete fragments which are then
insertedinto a cloning vector (seesections 2.1.5a - 2.1.5d) and sequenced(section 2.1.6)
(steps I-6,

figure 2.6). An example of this procedure, and the one used to clone target

DNA in section 4.2, is describedin the following section.
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Cloning
1. Amplification of target gene by PCR

it
2. Analysis by agarose
gel electrophoresisand extraction of DNA from gel
C,

I

3. Directly clone fragment into a suitable vector, such as the TA-compatible vector, and transform into an
E. coli host lacking chromosomal T7 RNA polymerase gene

I
Ifrom

4. Select positive colonies

5. Purify plasmids
I

ovemight culture

6. DNA sequencingof plasmids

Protein Expression
7. Add plasmid DNA to cell-free components in a dialysis membrane

it

8. Incubate on a rocking platform

Extraction of Soluble Protein
9. Separatetotal and soluble fractions by centrifugation
I
10.Check expression by SDS-PAGE
I
11. Purify soluble fraction by chromatography and determine purity by SDS-PAGE

Figure 2.6: Schematic representationof a common procedure used for the expression of recombinant
proteins using a bacterial (E coli) in vitro system. This system was used to expressproteins in section 4.2.

2.2.3a PCR

PCR is performedas describedin section2.1.2, however severaladditionalsequences
areincludedwithin the primers,resultingin a final PCR productwhich includesnot only
the target sequence,but also componentsessentialfor transcription and translation.
Suchcomponentsinclude a ribosomebinding site, a T7 promoter and terminator,and
stop codon sequences,if required. Tags to aid solubility or purification may also be
engineeredat this stage.
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2.2.3b Invitrogen TOP040TA cloning system
The resulting PCR fragment, purified by agarosegel electrophoresis,is then ligated into
a suitable cloning vector. An example is the TOPW' TA Cloning System (figure 2.7)
which exploits the dual restriction enzyme/ligase activity of toposiorneraseI (Vaccinia
virus) (Shuman, 1994). The enzyme cleaves a single strand of the plasmid at 5'(C/T)CCTT-3' and remains covalently bound to the phosphate group of the 3'
thymidine. Re-ligation of the vector, and releaseof the enzyme, occurs upon addition of
target DNA synthesisedwith single 3' adenosineoverhangs.

Figure 2.7: The modified pCR@2.I -TOPO@cloning vector used as a template for the cell-free expression
of proteins in section 4.2. Components essential for translation were introduced during PCR, see section
2.2.3a. An explanation of the additional componentsflanking the open reading frame (ORF) is also given
in section 4.2.2a. Modified figure reproduced with permission from Invitrogen Ltd.
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2.2.3c Cloning host

A host suitable for establishing recombinant plasmids in preparation for cell-free protein
expression,is DH5aTm from Invitrogen. They support blue/white colony screening for
the selection of positive transformants, and have a high transformation efficiency,
required for initial cloning. Insert stability is also improved by mutations in the recAl
and endAl.

2.2A Optimisation of the cell-free reaction
The major benefit of cell-free expressionsystemsis the ability to incorporateany
to test their effect upon total
numberof additives,cofactors,or molecularchaperones,
expressionor solubility, on a very small scale(Betton, 2003 andMurthy et al., 2004).
Similarexperimentsin an in vivo systemwould be extremelytime-consumingdueto the
largervolumesneededto obtain detectablequantitiesof targetprotein, togetherwith the
requirementfor cell lysis. In vitro, this can easily be performedin a 96-well dialysisplateformatin a matterof hours. A commonexternalreactionsolutionis providedto all
of the wells, with eachwell containingan individual combinationof additives and/or
proteins. Detectablequantitiesof proteincanbe synthesisedin an hour, when reactions
areplacedin a shakingincubator. Scalingup the reactionrequiresthe useof individual
dialysis cups or dialysis membranes,encasedin a plastic box containingan external
reactionsolution.
Inclusion of non-ionic detergents, above their critical micelle concentration (CMC), in
the cell-free reaction may help to solubilise proteins with transmembrane domains.
These regions are incorporated into the hydrophobic core of the micelle, shielding the
hydrophobic domains from solvent (Marston and Hartley, 1990). Detergents may also
prevent aggregation and precipitation of proteins which do not contain transmembrane
domains,by protecting hydrophobic domains from the solvent.
Molecular chaperonescan be included in cell-free reactions to promote solubility and
correct folding, by recognising hydrophobic residues or regions of unstructured
backbone (Hard and Hayer-Hartl, 2002).

The groE system (groEL and groES)
compartmentalises individual polypeptide chains, allowing them to fold correctly in
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isolation from one another, thus preventing aggregation (Wang and Boisvert, 2003),
whilst the Hsp70 system (dnaK, the Hsp4O dnaJ, and the nucleotide exchange factor
grpE, in E. coli) promotes folding through numerous cycles of ATP-dependent substrate
binding and release(Hartl andHayer-Hartl, 2002).

As with anyexpressionsystem,the inclusion of certainadditivessuchas detergentsand
molecularchaperonesmay adverselyaffect downstreamapplications,and so are only
used when absolutelynecessary. Problemsmay occur when attemptingto separate
additivesfrom the solubilisedprotein,particularlywhenthey shieldhydrophobicregions
from solvent. Somedetergents,especiallythose with high CMC values,can often be
removedby dialysis. Alternatively, detergentswhich form small micelles may be
removedby gel filtration chromatographyif the target protein's molecular weight is
greater(Hjelmeland,1990). Some detergentshowever,either cannot be completely
removed from the system, or their removal causestarget protein aggregationor
precipitation.
Removal of molecular chaperonescan sometimes be performed by chromatographic
stepsalone,however invariably this is unsuccessful. Incubating a protein-groE complex
with ATP can induce a conformational change within the chaperones,which in turn may
releasethe protein. Similarly ATP can liberate bound protein from Hsp70 complexes in
two stages: firstly, ATP binds to dnaK and relieves dnaJ of the bound protein; and
secondly, grpE catalyses the hydrolysis of AT? to ADP, inducing a conformational.
changein dnaK significant enough to release the protein (Hard and Hayer-Hartl, 2002).
As with detergents,removal of chaperonesmay result in the unfolding or aggregation of
targetprotein.

The cell-free system can also be used to produce labelled proteins, such as
in preparationfor MAD-phasing, during crystallography
selenornethionine-labelling
(Kigawaet al., 2002).
As with the in vivo system,it is necessaryto optimise incubationparametersto obtain
the maximumlevel of solubleprotein. A typical large scalereactionrequires9 ml of
internaland90 ml of externalsolutionandfavourable,conditionscanproducemilligram
quantitiesof recombinantproteinin severalhours(steps7-8, figure 2.6).
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2.2.5 Extraction of protein
Soluble fractions can easily be obtained without the use of mechanical or chemical lysis
due to the lack of whole cells within the reaction. Reaction solutions are transferred to a
96-well plate or a Falcon tube and centrifuged. The extent of expression is deterinined
by SDS-PAGE (see section 2.1.9) and the soluble fraction can be purified by
chromatographicmethods. Purification tags such as histidine-tags are often incorporated
during PCR, by the inclusion of such sequenceswithin the oligonucleotide primers
(section 2.1.2), and can provide a simple and generally highly effective first-stage
purification (steps9- 11,figure 2.6).

2.3 Protein purification
2.3.1Chromatography
Chromatographywas first discoveredin 1903 by Mikhail Tswett as a method for
separatingmoleculesthrough their specific interactions with porous solid matrices.
Moleculessolubilisedin a mobile phaseare passedthrough a column packedwith a
porousresin (the stationaryphase). The propertiesof a moleculeaffect its interaction
determineits rateof migrationthroughthe column.
with theresinandsubsequently
For simpleseparations,
it is possibleto performchromatography
manuallyon the bench,
by using an air-filled syringeor a small pump to force the mobile phasethrough the
matrix. Ilis is particularly useful when purifying coloured proteins from a crude
extract,asthey maybe identifiedvisually.
Complex purifications are more conveniently performed using fast-protein liquid
chromatography(FPLC), an automatedsystem which precisely pumps samples at
controlledflow ratesthroughthe matrix. Glassor plasticbeads,3- 300 Rmin diameter,
coatedwith chromatographicmedia arepackedinto a column andattachedto a system
which incorporatesan ultravioletlight sourceto measurethe absorptionspectraof eluted
proteins. For purification of protein molecules, it is commonplaceto measure
absorbance
at 280nm, andpeakscontainingthe protein of interestmay be identifiedby
SDS-PAGE.
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Developments in FPLC technology have produced many commercially available, high
specification systemswhich increasethroughput and require less user intervention. The
AKTATm Explorer systems from Amersharn Biosciences provides an automated
platform for the purification of proteins through a series of chromatographic columns,
from user-definedprotocols.

2.3.1aImmobilised metal ion adsorption chromatography (EVIAC)
Metal chelate affinity chromatography (IMAQ provides a simple first step purification
of recombinant proteins engineeredwith an exposed polyhistidine tag at one end of the
polypeptide chain. Ligands, such as Ni2+' CU2+,or Zn2+ions, which specifically bind to
polyhistidine regions, are covalently bound to an inert matrix. As natural proteins do not
generally bind with high affinity to these charged matrices, they are removed from the
column in a low salt buffer. A competitive chelating reagent such as imidazole is added
to the column to elute the non-covalently bound target protein. When polybistidine tags
are engineeredwell, the majority of contaminating proteins can be removed in just one
step.

An exampleof commerciallyavailablemetalchelatemedia,is the nickel-seph
aroseresin
availablefrom AmershamBiosciences.This consistsof a chelatinggroup,pre-charged
with Ni2+ions, coupledto highly cross-linkedagarosebeads.
2.3.1bIon exchangechromatography
In contrastwith metal affinity chromatographywhich can be performedwith limited
biochemicalknowledgeof the protein sample,it is generallynecessaryto know the
isoelectricpoint of the target protein when performing ion exchangechromatography.
Chargedmoleculesbind to immobilised groupsof opposite chargeon a cellulose or
agarosematrix. Proteinswhich are negativelychargedbelow the pH of the buffer to be
used,bind to cationicgroupson an anionexchangecolumn,andvice versafor positively
chargedcations. Whenthe pI of the proteinis not known, proteinsmay be separatedby
usinga strongion exchangerwhich functionsover a wide pH rangeto determinethe best
systemto use.
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The column is washed with a low salt buffer and weakly bound proteins are removed
from the matrix. The target protein is eluted in a gradient (linear or step-wise) of low to
high salt buffer, which competitively binds to the charged resin, thereby releasing
proteins at a rate dependentupon their binding affinity.
Examples of commercially available ion exchangeresins include CM sepharose,a weak
cation exchanger, and Q sepharose,a strong anion exchanger, both from Amsersharn
Biosciences. These resins are formed from 6% highly cross-linked spherical agarose
beads.

2.3.1cGel filtration/size exclusionchromatography
By exploitingtheporousnatureof agarosebeads,proteinscanbe separatedaccordingto
their size and shape. The extent of cross-linkingbetweenagarosebeads,and so pore
size,is chosendependentupon the desiredrangeof molecularweightsto be separated.
Whenheterogeneous
solutionsareapplied,smallermoleculespassthroughthe poresand
largeronesareexcluded.The resultingeffectbeingthat larger moleculeselute from the
columnat a fasterratethan smallermolecules.
Thereis a linear relationshipbetweenthe logarithm of the molecularmassof a protein
andits relativeelution volume from the column, henceit is possibleto extrapolatethe
oligomericstateof a proteinwhenthe molecularweight is known. It is first necessaryto
calibrate the column by passing a heterogeneoussolution of proteins of known
molecularweight throughthe matrix. A calibrationcurve of a column is calculatedby
plotting Kav values (equation 2.1) of each known protein against their molecular
weight.
Equation 2.1:
Kav= (Ve- Vo)/ (Vt - Vo)
Where:
V,

elution.volumefor the protein

Vo void volumeof the column(the volumeof mobile phasebetweenthe stationary
phasebeads)
Vt = total bedvolumeof the column
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2.4 DNA/protein

characterisation

2.4.1Bioinformatics
Bioinformaticsbrings togethercomputerscience,mathematics,and information theory,
to enablethe analysisof biological systemsthroughthe sharingof vast amountsof data.
Suchtechniqueshavebeenessentialin the collation of genomicdata and have played
significantroles in the progressionof structuralbiology. A numberof techniquesused
throughoutthis thesisaredescribedbriefly.
UniProt provides a comprehensivedatabaseof protein information, compiled from
Swiss-Prot,TrEMBL, and PIR (http://www.ebi.uniprot.org), whilst the RCSB PDB
(ProteinData Bank) providesstructural information about biological macromolecules,
function, anddisease(http://www.rcsb.org).
highlightingtheir relationshipsto sequence,
PredictProteinenablesthe prediction of structure and function of entire proteins or
particular domains,by comparing with similar sequences(www.predictprotein.
org).
The American NCBI (National Center for BiotechnologyInformation) databaseis a
multi-purpose tool, providing access to information such as journal articles,
protein/DNA sequences,and protein structures(http://www.ncbi.nlm.nih.gov). Global
alignmentof sequencescan be performedusing ClustalW, a multiple alignment tool
which highlights similarities in sequencesand also introducesgaps which represent
evolutionary insertions

1994 and
or deletions (Thompson et al.,
www.ebi.ac.uk/clustalw/). Finally, SMART (Simple Modular Architecture Research
Tool) can be used to estimatefunctional annotationsof unknown protein sequences,
baseduponmoleculesof known structures(smart.embl-heidelberg.
de/).
2.4.2Electronic spectroscopy
Spectroscopicmethods,and in particular electronic spectroscopy,are often used to
characterisebiological systemsby studyingthe interactionof radiationwith matter. In
the ultra-violet/visible region, radiation may be partially absorbedby a molecule
(chromophore),
causinga rearrangement
of electronsto a higher energystate(Hammes,
2005). This absorptionis detectedby measuringthe differencein intensitybetweenthe
light beforeandafter it passesthroughthe sample. Absorptioncan be quantifiedusing
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the Beer-Lambert law, which statesthat there is a linear relationship between absorbance
and concentration of an absorbing species (Lambert, 1760 and Beer, 1852). To
determine absorption using the Beer-Lambert law, a known extinction coefficient is
required. This is a constant value specific to the molecule of interest at a particular
wavelength and is either experimentally derived or calculated using quantum mechanics
(Hammes,2005). Inaccuraciesmay occur when the light is not monochromatic or if the
samplehas aggregated.
The Beer-Lambertlaw, in terms of molarity, is written as:

Equation 2.2:
A=excxl

Where:
A

experimentallyderivedabsorbance
e wavelengthdependentmolar extinctioncoefficientin (M-1cm-1)
c molar concentrationof the protein
I path lengthof the cuvette
Hence,the molarconcentrationof an unknownproteinin solutionmay be calculatedby:
Equation 2.3:

c =A/

F,x1

2.4.2a Protein quantification

Protein concentration may be estimated spectroscopically,by absorbanceand
colounnetricassays.Both methodscanonly estimatethe concentration,particularlyfor
impure samples. The concentrationof a soluble protein may be calculatedfrom its
absorbance
of ultraviolet light at 280 nrn, as amino acids with aromaticrings absorbat
this wavelength(Dunn, 1992). Chromophoreswhich exhibit strong absorptionin this
region arephenylalanine,tyrosine,andtryptophan. The extent at which a specific pure
protein,in a specificbuffer, absorbslight at 280 nm can be calculatedto yield a molar
73

Chamer 2- Theoretical and experimenlWbackground to Rrotein Rroduction and characterisation

extinction coefficient (c). It is therefore possible to calculate the concentration from the
extinction coefficient specific to that protein (equation 2.3).

A secondmethodfor quantifyingproteinsin solution, and one which doesnot require
knowledgeof specific extinction coefficients,is the colourmetricassaydevelopedby
Bradford(Bradford,1976). The Bradford assaymeasuresthe absorptionchangewhich
occursuponbinding of proteinto Coornassiebrilliant blue G-250 dye. The red cationic
form of the dye absorbsat a maximumof 465 nm, which shifts to the blue anionicform
uponbinding of certainaminoacids,with an absorptionmaximumof 595 nm. The dye
bindsonly to arginine,tryptophan,tyrosine,histidine,andphenylalanineresidues.
Absorption measurementsat 595 nm, for a series of standardsincluding Bradford
reagent,mustfirst be performed.Bovine serumalbumin(BSA) of known concentration
is commonly used for this purpose,over a linear concentrationrange of 0.1 to 1.4
mg/ml. A standardcurve is calculatedby plotting absorbanceat 595 nm againstthe
known concentration.Unknown concentrationsmay then be calculatedby performing
the assayusing severaldilutions of the protein, complexedwith Bradford reagent.
Concentrations
areextrapolatedfrom the standardcurve.
Proteinconcentrationmay also be determined,to a high degreeof accuracy,using an
amino acid analyser.This methoddeterminesthe quantity of eachamino acid within a
protein,in four steps:1. hydrolysis;2. derivatization;3. HPLC separation;and 4. data
interpretationand analysis. Whilst this is the most accuratemethod of determining
proteinconcentration,only a few laboratoriesare equippedwith such a facility and is
generallyonly usedwhenprecisequantificationis required.
2.4.3Circular dichroism
Circular dichroism(CD) exploitsthe differencesin absorptionof left and right handed
polarised light by asymmetric or chiral molecules (Walker, 1998). Well ordered
structuresresult in both positive andnegativesignals,whilst irregular structuresgive a
zero signal. Chromophoreswithin the protein, namelythe peptidebonds,absorbin the
"far" IN region (170 to 250 nm), the resulting data of which can be used to predict
secondarystructure.This is becausea-helices,P-sheets,andrandomcoils, give rise to
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a characteristic spectrum which can be interpreted using various algorithms to estimate
the percentage of each structural element. This method cannot however be used to
identify specific residues involved in such formations. CD performed at synchrotron
radiation sources provides significantly improved signal to noise ratios than bench
sources and so enables a greater accuracy of predictions (Jones and Clarke, 2004),
particularly at shorter wavelengths.
A further use of CD occurs in the "near" UV region (250 to 350 nm), whereby aromatic
residues and disulphide bonds contribute to the spectra. Signals in this region can
indicate the correct folding of protein and can be used to assessthe effects of buffer, PH,
salt,

and

ligand-binding,

amongst

other

variables

(http://www. ap-

lab.conVeircular-dichroism.htm).

2.4.4Electron paramagneticresonance
Electron paramagnetic resonance(EPR) spectroscopystudies the effect of radiation on
moleculeswithin a strong magnetic field (Harnes,2005). An EPR signal arisesdue to an
unpaired d-orbital electron within a molecule, which in the case of haern proteins is
supplied by the ferric iron (Feý'), which has one unpaired electron in its outermost shell.
Such molecules are paramagneticand give rise to an EPR signal (Hammes, 2005), whilst
moleculeswhich have a full complement of electronsin the outer shell are "EPR-silent".
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3.1 Introduction

The structuralstudy of biologically important moleculescan be achievedusing many
different methodswith varying levels of resolution. Techniquesinclude electron
microscopy,nuclearmagneticresonance(NMR), small-angleX-ray scattering(SAXS),
and protein crystallography(PX), the most powerful of which, PX, produceshigh
resolutionthreedimensionalmodelsof the moleculeof interest. Highly pure protein is
generallyrequiredto grow crystalssuitablefor PX andthe productionof suchcrystalsis
responsiblefor oneof the major bottle-necksof the technique. Anotherconsiderationis
that crystal packing may also affect the true structureof the protein. Both NMR and
SAXS yield structural information of proteins in solution, thereby removing the
requirementfor crystallised sample material. NMR allows small molecules to be
visualisedin motionwithin a solvent,howeversensitivitymay be compromised.
Unlike the universal helical structure of DNA (Watson and Crick, 1953), every protein
has a unique configuration which may be only partially conserved within molecules of
homologous sequence or function.

The first protein structures, myoglobin and

haemoglobin, were not published until 1960 and further growth within the field
remained slow until the surge in computing power in the 1970s and the availability of
Synchrotron radiation in the 1980s (Giacovazzo et al., 2002). Currently there are 38,
620 protein structures deposited in the Protein Data Bank (PDB) database(Berman et
al., 2003), 46 % of which were deposited in the last five years (2000 to 2005). Of the
structures available, 84.8 % were determined by single-crystal X-ray crystallography,
14.6 % by NMR, andjust 0.3 % by electron microscopy.

3.2 X-ray diffraction
Protein crystallographycentresaround the principal that ordered structuressuch as
crystals,which contain a regular lattice of molecules,scatterbombardedX-rays from
atomicelectrons.The diffracting rays can either constructivelyor destructivelyinterfere
with eachother,producingan interferencepattern. In order for multiple X-rays to be
scatteredin phase(constructively),they must satisfyBragg's law (equation 3.1) (Bragg,
1912). This is shownin rigure 3.1,which illustratesdiffraction from multiple planes(of
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atoms)within a crystal, separatedby a distance (d). The radiation will travel different
distancesdependentupon the distancebetween the diffracting planes. For the waves to
scatter in phase, these distances must be integral (n) multiples of the wavelength
(Harnmes,2005).

Equation 3.1:
nX = 2dsin(#)
Where n is an integer number, X is the wavelength of the X-rays, d is the spacing
betweenplanes within the crystal lattice, and 0 is the angle between the incident ray and
the scatteringplanes.

Figure 3.1: Diff-ractionof X-raysfrom a crystallattice. Theparallellinesrepresentplanesof atomswithin
by a distance(d), andthe angleat which radiationinteractswith the crystal
a crystal,which areseparated
is shownas0. Figuretakenfrom Hammes,2005.

The direction and intensity of the scatteredX-rays are measuredby an automatic
detector(suchasa CCD or imageplate) andcomputationalmethodsareusedto convert
this diffraction imageinto a threedimensionalelectrondensity map. Briefly, oncethe
programhasfound a valuefor all reflectionsin the reciprocalindices (h,k,l), this can be
consideredasthe equivalentreal-spacedirectionalongthe crystal's axes(x,y,z) when a
Fourier transformis appliedto the structurefactors,F(hkl). Structurefactors include
three components,the frequency (pre-determinedby the source wavelength),the
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amplitude (calculated from the measured intensity IhkI), and the phase (determined by
phasingmethods,see section 3.5). The structurefactors may be expressedas:

Equation 3.2:
F(hkl)

ý Fhki eXP(iO(hkl)

Where Fhkj is the amplitude and MkI is the phase of the structure factor for each
reflection. FhkIis directly measured from the experimental data as it is related to the
intensity of the reflections (Ihki), however the phase information (Crhkl)must be
computationally derived.

The structurefactors,obtainedfrom a crystallographicexperiment,may be represented
by:
Equation 3.3:
N

F(hkl) 2, f, exp(2;d(hxj + kyj + Izj))
J-1
Where h,kl define the coordinatesin reciprocal spaceof a particular reflection (the
Miller indices),xj, yj, zj arethe coordinatesfor thet atom, andfj is the scatteringfactor
for thej thatom.
A Fouriertransformationof the structurefactors,F(hkl), may be expressedas:
Equation 3A:
P(Xyz) =

VhkI

2:
I F(hkl) I exp[-2)d(hx + ky + Iz) + ia(hkl)l
.jY,

Wherep(xyz) is the calculatedelectrondensitymap, the F(hkl) amplitudesare the sum
of allfhkIvaluesfor individual atomsin a unit cell, andV is the volumeof the unit cell.
The detailed description of the theory and principles of X-ray diffraction have been well
documented and are beyond the scope of this work, so will not be discussed further
(Blundell and Johnson, 1976, Drenth, 1999, Ladd and Plamer, 1994, and Stout and
Jensen,1989).
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3.3 X-ray diffraction data collection
3.3.1Crystal growth
The productionof suitablesamplematerialandthegrowth of singlecrystalsaccountsfor
oneof the major bottle-necksin proteincrystallography.Highly pureprotein(> 95 %) is
generallyrequiredfor the growth of crystalssuitablefor X-ray diffraction experiments,
howeverin somecasescontaminationmay actually improve crystallisation. Sample
purity is usually estimatedby separatingcontaminatingproteins from the target by
bandintensities.
andcomparingthe subsequent
electrophoresis
A number of modem techniquesexist for the crystallisation of macromolecules and are
describedfurther in the literature (Ducruix and Giege, 1992 and McPherson, 1999). The
commonly used method of vapour diffusion gradually removes water from a drop
containing both protein and a precipitant, at a start concentrationjust below that required
to precipitate the protein. 'Mis occurs by placing the drop over a reservoir containing
precipitant solution in a closed system, allowing for equilibration. The drop can be
suspendedover the reservoir on a siliconised glass coverslip, as in hanging-drop vapour
diffusion, or placed on a small plastic bridge over the reservoir, as in sitting-drop
systems (figure 3.2). Further techniques include sandwich drop and microdialysis
crystallisation. In sandwich drop crystallisation, protein is combined with precipitant
and placed between two siliconised coverslips, with a small gap at each end to enable
diffusion. Microdialysis crystallisation involves the gradual exchangeof two precipitant
solutions of varying ionic strength/pH. This technique can be used for proteins which
require high concentrationsof salt for solubility (flgure 3.2).

The system slowly reaches supersaturation,whereby evaporation from the drop
sufficiently increasesprecipitantconcentration,so that crystal formation can occur. If
this processoccurstoo quickly, suchasif the startprecipitantconcentrationis too high,
the proteinwill precipitateout of solution and no crystallinegrowth will be observed
(figure 3.3). Alternatively when the processis successful,clustersof protein form
nuclei from which crystalsmay grow. When multiple nuclei are presentwithin a drop,
manysmall microcrystalsmay be formed,which can then be individually usedasseeds
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in fresh drops to induce the formation of larger crystals. T'his method can be used to
produce single crystals and to improve the overall quality.
Conditions used to obtain initial crystals can be optimised by varying factors such as pH,
salt concentration, and temperature. Small molecular additives may also be included,
which can manipulate sample-sample/sample-solventinteractions, as well as the water
structure(Hampton Research).

B

A
; 3c=

i

H,O

reservoirsolution

C

remvoir solution

nucrodialysis button

Figure 3.2: Diagrammatic representation of four common protein crystallisation techniques. (A)
Hanging-drop vapour-diffusion, (B) sitting-drop vapour-diffusion, (C) sandwich-drop crystallisation, and
(D) microdialysis crystallisation.
Figures reproduced with permission from Hampton Research
Corporation.
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Crystallising agent concentration
Figure 3.3: Idealised phasediagram showing the probability of nucleation in relation to supersaturationof
the crystallisation system. The blue region representsundersaturation and yellow/brown regions represent
supersaturation.

Many sparse-matfix precipitant screens are now commercially available, formulated
basedaround previous conditions used to successfully crystallise macromolecules (such
as Hampton Research,Molecular Dimensions, and Qiagen Nextal). These are available
in multiple formats for both manual and robotic screening and provide a starting point
for crystallisation of novel proteins. Potential "hits" obtained from these screens can
then be optimised by finer manual screening. Another method to identify the condition
required for crystallographic growth can often be found by screening around the
conditions usedto crystallise molecules of significant sequenceidentity.
3.3.2 Preparation of crystals for X-ray studies
Many X-ray diffraction experiments are successfully performed at room temperature,
however this procedure does little to minimise the damage caused by high-intensity
radiation, particularly when using macromolecular crystals. Such crystals may only
survive for several minutes in a synchrotron beam, usually not enough time to collect
sufficient data. Primary radiation damage occurs when X-rays cleave bonds within the
crystal, producing free radicals (Gonzalez and Nave, 1994). These highly reactive
moleculescan diffuse through the crystal's solvent channels, causing secondary damage
by reacting with other molecules, destabilising the crystal and disrupting the precise
crystal lattice (Nave, 1995). Finally tertiary damage, also descfibed as the "domino
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effect" by Henderson(1990), results in destabilisation of the lattice in other parts of the
crystal not affectedby previous primary and secondarydamage.

To decreasethe effectsof radiationdamage,proteincrystalsareoften frozen at very low
(around100 K), in a processknown as cryocrystallography.Whilst such
temperatures
cooling protectsthe crystal from the latter two stagesof radiation damagedue to the
decreasein free radical mobility, it cannotpreventformation of thesemoleculesin the
first instance. The method of cryocrystallographyalso introducesfurther problems
which must first be overcomebeforea valid data set can be collected. Cooling to low
temperaturescan result in the formation of crystalline ice which disrupts the crystal
lattice. Soakingthe crystals in mother liquor containing a cryoprotectant(such as
glycerol, ethyleneglycol, PEG, or MPD), before flash-freezingin a streamof liquid
nitrogen,canhelp preventthis.
Cryoprotectants,when applied correctly to the crystal without causing damage,form an
amorphousphaseboth within and around the crystal upon flash-freezing, thus protecting
the precise internal lattice. In such situations, cryoprotectants also reduce background
scattering from water and provide effective platforms for the storage and transport of
crystals. However when the conditions are not exact, flash-freezing can affect the order
of the crystal, resulting in a higher mosaicity.
measurementof order within a crystal lattice.

Mosaicity refers to the angular

In some cases mosaicity, and even

resolution, can be improved by reannealing the crystal, whereby the cryostream is
interrupted briefly before rerneasuringthe data (Samygina et al., 2000 and Ellis et al.,
2002). Detwinning of crystals has also beenresolved using this method.

3.3.3X-ray radiation sources
3.3.3aConventionalsources
For the purpose of crystallography,X-ray radiation can be obtained from either
conventionallaboratoryor synchrotronsources.Laboratorygeneratorsareboth weaker
in intensityandallow lesspossibleexperimentalwavelengthsthan synchrotronsources,
howeverthey providea cheaperand convenientin-housealternative. Suchlaboratory
sourcescan be further categorisedinto sealedtube and rotating anodegenerators,the
latter of which produces significantly more intensity than sealed tube sources
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(Giacovazzo et al., 2002). Sealed-tube generators consist of a high-voltage power
supply (40 to 50 kV) which acceleratescathode-generatedelectrons through a vacuum,
towards a fixed metal anodeplate, producing X-rays which escapefrom the tube through
perpendicular beryllium windows. The transformation efficiency of electrons into Xrays is just 0.1 %, the limiting factor being the efficiency of the system used to cool the
anode.

As the namesuggestsrotating anodesourcesovercomethis by the continual movement
of the metal anodetarget,thereby allowing greaterpower to be applied, resulting in a
higherintensityX-ray output. Whilst copperis the most commonly usedmetal target,
other materialssuch as molybdenumand tungstencan be used,resulting in a limited
numberof wavelengthvariations.
3.3.3bSynchrotron sources
Synchrotron radiation sources(figure 3.4) produce a wide-ranging spectrum of light and
produce X-rays which are at least W times more intense than those from rotating anode
generators,allowing for the collection of very high resolution data (Giacovazzo et al.,
2002). Such facilities were first developed in the 1960s and have since been improved
to include sourcesof different "generations" (Helliwell, 1992). Initial first generation
sourcesproduced synchrotron radiation merely as a by-product of high-energy particle
physics. The first dedicated synchrotron facility, the SRS at Daresbury in Cheshire,
paved the way for other second generation sources whereby X-rays were principally
generatedvia bending magnets. Further modifications have since been added to these
facilities to improve intensity, such as the addition of undulators, wigglers, and
wavelength shifters. Finally, third-generation sources such as the ESRF in Grenoble
operate with significantly greater flux and brilliance, further increasing the potential
quality of data obtainable.

When the direction of a chargedparticle beam changes,the electronsor positronsare
accelerated,emitting a continuous spectrum of electromagneticradiation, at a
wavelengthcharacteristicof the bending magnet. Particlesare first acceleratedin a
linear acceleratorandthen in a boosterring accelerator,before injecting into a storage
ring. Bending magnetswithin this large polygonal chamber ensure the particles
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circulate continuously (Giacovazzo et al., 2002). All synchrotron chambers are kept
under the best possible vacuum. Electrical current within the storage ring decreasesover
time, causedby interactions between the acceleratedparticles and contaminating atoms,
due to this deficiency. Radio-frequency transmitters provide the energy source for
Synchrotronradiation sources.

%or 40
Figure 3.4: Generaliseddiagram showing the layout of a synchrotron radiation facility.

Electrons are

generatedfrom a high-voltage source (1) and are acceleratedby the linear accelerator (linac) (2) and then
the booster ring (3), before injecting into the storage ring (4). An individual beamline is shown at position
5 and a user station at position 6.

Figure taken from the Canadian Virtual Science Fair, 2005

(www. virtualsciencefair.org/2005/shar5a0/how-does-a-synchrotron-work. htm).

Bending magnets alter the direction of the beam by accelerating particles towards the
centre of the ring, thus emitting radiation tangentially, which is then focused by
quadrupolar magnets (Giacovazzo et al., 2002). Crystal monochromators are used to
reduce the electromagnetic spectrum to a user-defined wavelength, thereby supporting
many different experimental applications. Monochromators consist of one or two stable
crystals, commonly silicon, orientated with one face parallel to a major set of crystal
planes (Giacovazzo et al., 2002).

Such crystals diffract the incoming beam at a

wavelength determined by the angle of the crystals scattering plate, as described by
Bragg's law (equation 3.1). Multiple crystal monochromators, as implemented on
station 10.1 at the SRS, result in very narrow bandwidths which prevent movement of
the X-ray beam during wavelength modifications and allow for an increased flux and
rapid tunability around an absorptionedge (Cianci et al., 2005).
Further modifications to synchrotron sources include the addition of wigglers and
undulators, a number of magnetswith alternating polarities, which are positioned within
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the straight sections of the storage ring (Giacovazzo et al., 2002). These alter the
characteristicsof the radiation by shortening the wavelength and increasing acceleration,
thereby increasingintensity.

3-3A Data collection
Proteincrystalscanbe mountedreadyfor X-ray exposurein oneof two ways,dependent
upon the temperatureat which data are to be collected. Micro-capillary mounting is
usedwhencollecting at room temperatureand involves 'injection' of the crystal into a
small capillary. The capillary is sealedwith wax and then securedonto a goniometer
headusing putty. The secondmethod,used when collecting data at lOOK, involves
soakingthe crystal in a cryoprotectantsolutionand flash-freezingin liquid nitrogen,as
describedin section3.3.2. The crystal is suspendedin a loop and then immersedin
cryoprotectant.The loop is mountedonto a magneticbaseandsecuredto a goniometer
headin a nitrogencryostream.
Once the crystal has been mounted correctly, a preliminary assessmentto determine the
unit cell parameters and the approximate quality and resolution of diffraction, is
performed. The crystal, attachedto a goniometer, is placed in the pathway of the X-ray
beam and several test images are recorded and processed. If these parameters are
satisfactory, IhkI intensities of the recorded reflections are measured to as high a
resolution as possible. If they are not, additional crystals must be selectedand analysed.
Preliminary analysis can also allow appropriate experimental parameters such as total
oscillation angle, crystal to detector distance, exposure time, and the wavelength at
which data are to be determined. Data are then reduced and individual reflections are
indexed, resulting in known unit cell parametersand space group. The data are then
scaled and merged, before determining the phase of each reflection (see sections 3.4 3.5).

The data usedto determinethe structuredescribedin chapter5 were collected on the
MAD station10.1at the SRS,Daresbury(Cianci et al., 2005)usinga CCD detector.
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3.4 Data processing
Once experimental data have been collected, a number of processing stepsmust first be
performed before structure determination can occur. Many computational programmes
are available to perform these tasks, including Mosflm (Leslie, 1992) and the program
which was used to process all data in this work, HKL2000 (Otwinowski and Minor,
1997).

3A.1 Data reduction
HKL2000performsthe first stageof processing,datareduction,in two steps.Firstly, all
possibleindicesfor all measuredreflectionsare identified, to determinecorrecth, k, I
values. An estimationof the unit cell dimensions,crystal orientation,and symmetry
point group can be made from this auto-indexingstep. Further parameterssuch as
mosaicity,spot shape,and beam position, are then refined to optimise the fit of the
predicted diffraction pattern against the observedexperimental pattern. Statistical
methodsareusedto assessthe quality of this fit, oneweightedfactor is definedasX2(in
both directions of the two-dimensionalplane). Smaller values indicate a better
betweenthe two datasetsandvaluesbelow 2.0 aregenerallyconsideredto be
agreement
acceptable.
Secondly,diffraction spot intensities are accuratelyrecorded using a profile-fitting
integrationmethodin HKL2000. The spotprofiles over a specifiedareaof the detector
areaveragedandeachspot is assigneda profile baseduponthis value. Signal to noise
ratio is estimatedby measuringa small areaof diffraction background. Eachreflection
is assignedaseitherfully recorded,wherethe spotis entirely measuredin one image,or
partially recorded,wherethe spotis measuredover a numberof images. When partially
recordedreflectionsareobserved,the full profile of the spot mustbe calculatedfrom the
sum of each these images. A wider oscillation range of data collection may be
performedto ensurethe spot is collected in its entirety, howeverthis can result in an
increasein backgroundandmay also result in the overlapof different reflections. The
optimumoscillationrangecanbe identifiedduring preliminary analysisof the crystal.
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3.4.2Data scaling and merging
The next stage of data processinginvolves scaling the data from each individual image
and merging the data into a single dataset. The SCALEPACK program within the
HKL2000 package (Otwinowski, 1993) was used during these stages throughout this
thesis. Inconsistenciesmay arise during data collection, such as the varying of X-ray
beam intensity, detector sensitivity, or differing thickness and imperfections visible
within the crystal during rotation. Scaling increasesthe consistency of the dataset by
merging identical reflections of the same index (h,k, l) from different images and
assigning them identical intensities. Identical reflections may also be merged from
different diffraction patterns obtained from multiple crystals, or from single crystals
collected at more than one resolution. The factor by which datasetsare scaled (the scale
factor) is calculated as describedby Fox and Holmes (1968), whereby the scale between
a referenceimage and the last image (I) is given by:

Equation 3.5:
2Bi sin
Gj = Ki exp Aý

20

WhereKi andBi arethe scaleandtemperaturefactorsbetweenthe images.
Thesefactorsare then appliedto the data and a single value is assignedto each h, k, I
reflection. The merged intensities are then converted to structure factors and the
magnitudeis determinedby the French and Wilson method using the CCP4 program
IRUNCATE (French and Wilson, 1978 and CCP4,1994).
temperaturefactormay alsobe approximated(Wilson, 1949).

Finally, an overall

3.5 Phasingof macromoleculardiffraction data
As describedin section3.2, a threedimensionalelectrondensitymap of the crystal can
be obtainedby performing a Fourier transform of the structurefactors, F(hkl). T'he
magnitudeterm of thesefactorscan be calculateddirectly from the diffraction pattern,
howeverthe phaseterm is lost, and so must be determinedby alternativemeans. A
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number of methodsexist to overcome this "phase problem", the most popular of which
are discussedhere.

3.5.1Molecular replacement(MR)
Molecular replacementseeksto determine the phasesof an unknown crystal structure by
comparison with a known homologous structure, as first described by Rossmann and
Blow (1962).

If a significant level of structural identity exists between the two

molecules, estimates of the unknown's phases can be sufficiently accurate to allow
structuredetermination. The "phasing model", or the known structure, is placed into the
crystal system of the unknown structure (the "experimental" model) and the correct
positioning of this allows for the estimation of phase factors. Computational methods
are used to orient the phasing model using six transformation parameters, three
rotational and three translational, which are split into two processesfor computational
The cross-rotation function first defines the relative orientations of the
experimental data within the phasing model and the translational function then attempts
efficiency.

to position the correctly orientated model into a unit cell of the experimental crystal.

The Pattersonfunction drivesMR andis usedto representthe summationof the product
of electrondensitiesin a crystal at points separatedby a vector (u,v,w). The output of
this function,a Pattersonmap (equations 3.6 - 3.7), is a threedimensionalplot of the
function with axes(u,v,w). Vectorsbetweenatomswithin the crystal arerepresentedas
vectorsbetweenan origin andpeakson the map, with peakheight proportionalto the
squareof the atomicnumber.
Equation 3.6:

P(U,V,W)= fp(x, y, z)p(x + u, y+v, z+ w)dv
v
Which is expressed
for crystallographicpurposesas:
Equation 3.7:
P(u, V, W) =IE

v

2]IF
,

12

cos21r(hu+kv+lw)
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The maximum radius for which electron density is consideredfor inclusion in a
Pattersonmap can be chosenso as to optimise the probability of finding a correct
orientation. As Pattersonvectorscorrespondto distancesbetweenatoms,thosewithin a
2r radiusaroundthe Pattersonmap are generallyregardedasintrarnolecular,howevera
small numberof closeintermolecularvectorsmay also be.includedin this radius. The
value,r, coffespondsto the maximumatomicdisplacementfrom the centreof mass.
3.5.1aThe cross-rotationfunction
The first stage of MR, cross-rotation,involves the superimpositionof the phasing
Pattersonmapover that of the experimentalone,in an attemptto detern-linethe relative
orientationsof the two models. The correlationsof the two mapsare calculatedat each
set of anglesas the phasingmodel is rotated three dimensionallythrough a specified
radius W around the origin. This rotational transformationbetweenthe two maps
representstransformationsbetween the two structures and ideally only includes
intramolecularvectors. The optimum orientationis generallycalculatedin reciprocal
spaceusing the Crowther-Blowalgorithm (equation 3.8) (Crowtherand Blow, 1967),
however a more accurateorientation can be obtained using the slower real-space
method.
Equation 3.8:
R= JP,(X, )P,(X, )dx,
u

Where PI(XI) is the Pattersonmap calculatedfrom the diffraction data,P2(X2)is the
Patersonof the rotatedphasingmodel,andthe integralis carriedout over a volumeof u.
3.5.1bThe translation function
'Me secondstageof MR phasing,translation,then attemptsto position the correctly
orientatedmodel into a unit cell of the experimentalcrystal using only intermolecular
(cross)Pattersonvectors. The crystal's spacegroup determinesthe position of specific
Harkersections,aroundwhich Pattersonvectorsareclustered.The optimisedorientation
of the two Patersonmaps,obtainedfrom cross-rotation,is placedat its origin within the
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unit cell. Cross Pattersonvectors are measuredat each position and screenedagainst the
experimentalPattersondata for similar vectors:

Equation 3.9:
T(t) = IP(u)P(L4 t) du

Finally, the position and orientation of the phasing model is refined to improve its fit to
the experimentally derived structure factors. This stage is performed automatically at
the end of molecular replacement when using the MOLREP program (Vagin and
Teplyakov, 1997). Relative phasescan then be calculated from the positioning of the
phasing map within the unknown's unit cell and these, together with the observed
(magnitude) structurefactors, enable calculation of an electron density map.

3.5.2Isomorphousreplacement
Isomorphous replacement, the first method developed to solve the phase problem in
protein structures,involves the use of two crystals, one soakedin a heavy metal solution
(such as platinum, mercury, or uranium) and another "native" crystal (Green et al.,
1954). Both crystals are required to be highly similar (isomorphous) with regards to unit
cell parametersand symmetry. Such metals bind tightly to one or more sites within the
asymmetric unit and form a major constituent of the overall X-ray scattering. The
differential scattering (a "difference" Patterson map) between the two crystals forms the
basis of this technique. The positions of the incorporated metal atoms can be inferred
from this Paterson map, allowing for subsequent approximation of phase for each
reflection using the Harker construction (Harker, 1956). The major downside of this
technique is the potential for disruption of the structure by metal incorporation and the
difficulty in obtaining isomorphouscrystals.

Whilst it is possibleto solvethe phaseproblemusingjust oneheavymetalderivative,as
in the caseof SingleIsomorphousReplacement(SIR), it is morecommonto use two or
more derivatives,known as Multiple IsomorphousReplacement(MIR). The use of
multiple metalsincreasesthe accuracyof phasedeterminationand henceincreasesthe
chanceof successfulstructuredetermination.
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3.5.3Anomalousscattering
Anomalous scattering is another phasing method which relies upon the properties of
metals.

Advances in synchrotron technology have enabled the development of

beamlines with tuneable X-ray wavelengths, which are exploited in anomalous
scattering experiments. All metals absorb X-rays at a specific wavelength, known as
their absorptionedge, and anomalousdispersion occurs when the wavelength is close to
this value.

Multiple Anomalous Dispersion (MAD)

phasing uses two or more

wavelengths for data collection and is particularly useful for phasing metalloproteins,
which may intrinsically contain sufficient metal content so as not to require additional
soaking.

The most commonly used procedure of heavy atom incorporation for

anomalous phasing is the substitution of methionine with selenomethionine during
protein expression. Production of selenomethionine-labelled proteins is well
documented, both in in vivo (Leahy et al., 1992) and in vitro (Kigawa et al., 2002)
systems. Finally, the availability of intense beam at wavelengths >2A

has enabled the

use of native sulphur phasing, without the need for additional metals (Dauter et al.,
1999).

3.6 Structure refinement and vaUdation
Whicheverphasingmethodis used,positioningof the model is then refinedto improve
the fit of the calculatedstructurefactorswith the experimentaldata. With the exception
of structuresdeterminedby the molecularreplacementmethod,it is first necessaryto
build a model into the electron density. This can be performed using graphical
interfacessuch as 0 (Joneset al., 1991)or Coot (Emsleyet al., 2004). The resulting
model, or the model producedfrom molecular replacement,is subjectedto cycles of
automatic refinement by programs such as REFMAC5 using the CCP4 suite
(Murshudovet al., 1997),which refinesthe model andre-calculatesthe electrondensity
map, before being re-built manually. Refinement is generally performed using
stereochernical
restraints,due to the low ratio of observed(Fo) to refinableparameters
(x, y, z, B). The extentof theserestraintsdependsuponthe resolutionat which dataare
collected, with lower resolution data sets requiring higher weightings. A
crystallographicR-factor is usedto monitor the agreementbetweenthe model and the
experimentaldata during these cycles of refinement. The value of R is inversely
proportionalto this agreementandis expressedas:
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Equation 3.10:
I: IlFobsl
-klFcalcli
hd
IFobsi
._,

hki

Where R is the R-factor, k is the scaling factor, Fobs is the observed experimental
structurefactors, and Fcalc is the calculated structure factors.

A secondvalue,R-free, allows for the cross-validationof refinementto prevent overfitting of the data (BrOnger,1992). Such over-refinementof the data is particularly
apparentwhen working at low resolution, due to the reduced number of observed
reflections. Prior to any refinementof the data,a small randomsubsetof reflections
(about5 %) areremovedfrom the refinementprocessand usedto calculatethe R-free
valueasdescribedbelow:
Equation 3.11:
11IFobsl
free
T-

hkicT

-klFcalcll

I Fobsl
hkIcT

The R-freevalueis expectedto decreaseduring a successfulprogressionof refinement.
A typical over-refineddataset will yield a low R-factorwith an unchangedor increased
R-free value. However in all refinements, the R-free value generally remains
approximately2 to 5% higherthanthe R-factor.
Throughoutthe refinementprocessa numberof othervalidation methodsareperformed
to monitor the quality of the model. The programsPROCHECK(Laskowski et al.,
1993)andWHATEF(Vriend, 1990)assessthe overall structureandindividual residues
(rms) deviations of the
using a number of stereochemicaltests. Root-mean-square
model's bond lengths and angles from acceptedvalues are measuredthroughout
refinementandprovidean additionalvalidationparameter(McRee andDavid, 1999). A
library of standardbond characteristics,
derivedfrom simple organiccompounds(Engh
and Huber, 1991),provide the referencevalues for eachbond. Rms values for bond
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lengthsandanglesof < 0.02 A and <3* respectivelyareconsideredto be well refined,
howeverthesevary dependentuponthe resolutionat which dataarecollected.
Ramachandranplots are also used to assessthe stereochernicalvalidity of the structure
by plotting the phi (p and psi V dihedral angles of each residue (Ramachandranet al.,
1963). Only certain combinations are sterically feasible and values should fall within
the acceptedrange as defined by the plot. As glycine residues lack side chain atoms, a
wider range of angle combinations are allowed. A further parameter, the estimated
standard uncertainty (ESU) value, estimates the overall coordinate error. This value
estimates the data-only contribution to the positional uncertainty for an atom with a
temperaturefactor equal to the Wilson B value for the whole molecule (Cruickshank,
1996).

3.6.1REFMAC5 refinement
All refinement in this thesis was performed using REFMAC5, which employs a
maximum likelihood strategy for refinement, whereby the best model is that which is
most statistically consistent with the experimental data. The detailed working of the
REFMAC5 program is described elsewhere (Murshudov et al., 1997) and so will only
briefly be described here. When refinement results in a change to the model which is
more probable, the likelihood increases, providing a measurable quantity of
improvement. Errors from both the model and the measurementsare also taken into
account when calculating probability.

Such errors in the model decreasewith each

successfulrefinement cycle, which results in a sharpening of the probability values and a
subsequentincreasein likelihood, up to a maximum value.

The program,ARP/wARP(Lamzin, 1993)canbe usedwithin REFMAC5,to enablethe
additionof solventmoleculesduringthe refinementprocess.Furtherdevelopmentof the
REFMAC5 program has enabledthe use to TLS refinement (Winn et al., 2001) and
user-definedweight restraining,which takesinto accountany newdata addedduring the
refinementprocess.
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Chapter 4- Production of proteins from MVcohacteyiumtuberculosis
4.1 Introduction and target selection
A numberof protein targetsfrom M. tb were selectedfor trials using an E. coli-basedcellfree expressionsystem(section 4.2), with the intent of producing soluble proteins suitable
for downstreamapplications such as protein crystallography. The expression of several
targets was also attempted using an in vivo E. coli system (section 4.3), to enable
comparisonsto be madebetweenthe two systems.
Individual targetproteins were initially selectedbasedon the researchinterestsof members
of the NWSGC. A total of 28 targetswere chosenfor high-throughput trials using a cellfree expressionsystem. Whilst a small percentageof the targetswere hypothetical proteins,
the majority were assignedputative functions basedupon sequenceanalysis carried out by
Cole et al. (1998 and 2002) and subsequenthomology databasesearchesusing BLAST
(Altschul et al., 1990). Seetable 4.1 for recentfunctional annotationsof the 28 targets.
A reyiew of current literature, and in particular a paperby Sassettiand Rubin in 2003 (see
section 1.1.3a),enabledthe selection of additional targets, unaffiliated with the NWSGC.
To ensureexisting crystal structureswere not ayailable for thesetargets,eachwas screened
againstthe Tuberculosis Structural Genomics Consortium (TBSGC) database,the Protein
Data Bank (Berman et al., 2003), and the National Center for Biotechnology Information
(NCBI) database.Prediction of membranedomains using the SOSUI SecondaryStructure
database (Hirokawa et al., 1998) also eliminated targets from the selection process.
Finally, due to our group's interest in metalloproteins,targetswere chosenbasedupon their
predicted metal content (see table 4.2 for functional annotations). This resulted in the
selectionof eight further metalloprotein targets.
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Rv

Gene'

Functional

Rv1

2

Gene

Annotation2

Annotation
0153c

0153c

Phosphotyrosine

2547

copG

mcelc

MCE-family protein

Transcriptional
regulatorprotein

protein phosphatase
0171

Functional

2711

IdeR

Iron-dependent
repressorprotein

0185

0185

Zinc

2718c

Conservedhypothetical

2776c

2776c

protein
Oxidoreductase

2981c

2981c

D-alanine-D-alanine

2718c

metallopeptidase
0247c

0247c

Succinate
dehydrogenase

0359

0359

Zinc

ligase

metallopeptidase
0505c

serB I

Phosphoserine

2986c

hupB

DNA binding protein

3042c

serB2

Phosphoserine

3070

phosphatase,
Conservedintegral

ppa

membraneprotein
Inorganic

phosphatase
1398

mihF

Integration host
factor

1407

1942c

1407

1942c

FMU protein

Conserved

3070
3628

hypothetical protein

pyrophosphatase

1967

mce3B

NICE family protein

3712

3712

Ligase

2060

2060

Conserved integral

3717

3717

Hypotheticalprotein

3836

3836

Zinc metalloprotease

3867

3867

Conservedhypothetical

membrane protein
L2229c
4

2229c
2

Conserved
hypothetical protein

2234

ptp

Phosphotyrosine

protein

phosphatase
2305

2305

Hypothetical

3915

3915

Hydrolase

conserved protein

Table 4.1: The 28 Mycobacterium tuberculosis targets chosen for high-throughput trials using a cell-free
2
1
expression system. Gene number assigned by sequence analysis (Cole et al., 1998). Current gene and
functional annotations taken from the Tuberculosis Structural Genomics Consortium (TBSGC) database.
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Rv'

Gene2

Function

Metaf

Annotation 2

Progress
(from TBSGQ 4

0670

end

Endonuclease W

Zinc

Cloned 2002

0950c

0950c

Probable metalloprotease

Unknown

Targeted 2003

1589

bioB

Biotin synthetase

Iron-sulphur

Cloned 2002

2388c

hernN

Oxygen-independent

Iron-sulphur

Expressed 2001

coproporphyrinogen III oxidase
2845c

proS

Prolyl-tRNA synthetase

Zinc

Targeted 2004

3534c

3534c

4-Hydroxy-2-oxovalerate

Unknown

Not targeted

aldolase
3545c

3545c

Cytochrorne P450 125

Iron (haern)

Not targeted

3781

3781

ATP-binding protein ABC

Unknown

Not targeted

transporter

Table 4.2: The eight Mycobacteriurntuberculosis targets, found to be essentialfor in vivo infection, chosen
for expressiontrials using a cell-free system.IGene numberassignedby sequenceanalysis(Cole et al., 1998),
2Current
3
geneand functional annotationstaken from the TBSGC database. Metal requirementpredicted by
literature review of homologoues.4Current progressof the target by membersof the TBSGC.

4.2 Cell-free protein expression
4.2.1 Introduction
Two visits were made to the Protein ResearchGroup at RIKEN, to exploit the cell-free
technique over a period of eighteen weeks. During the first six week visit, a highthroughput approach was employed to screen 28 NWSGC targets from Mycobacterium
tuberculosis(M. tb) (table 4.1). The constructsof all targets were preparedby PCR and
ligated into a cloning vector. After selection of positive clones, targets were screenedfor
expressionon a small scale. Those targets which yielded soluble protein were progressed
into large scale synthesisto yield milligram quantities of protein, which were subsequently
purified using affinity chromatography. This work is describedin sections4.2.2 to 4.2.3.
A different strategywas employed during the second twelve-week visit. The eight new
targets (table 4.2), together with five NWSGC targets which were insoluble during the
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first-round of cell-free trials (Rv0185, Rv0247c, Rv2776c, ROM,

and ROM),

were

selected. This reduction in the numberof targetsallowed a more thorough approachto the
optimisationof expressionconditions. To examinethe effect of additives on total yield and
solubility, metals,molecularchaperones,and detergentswere addedto the cell-free reaction
solutions. A number of soluble targets were expressedon a large-scale,together with a
further four targetswhich were produced on a large-scaleduring the first visit (Rv2229c,
Rv2547, Rv2981c,and ROM),

to replenish protein stocks for crystallisation trials. This

work is describedin sections4.2.4 to 4.2.5.
4.2.2 High-throughput cell-free expression of 28 Mycobacterium tuberculosis targets:
Methods
All PCR primers describedin section4.2.2a were designedby Takashi Yabuki and Yukiko
Fujikura. Cloning stepsdescribedin section 4.2.2b were performedby TakayoshiMatsuda
and positive clones (section 4.2.2c) were identified by Eiko Seki, Masaomi Ikari, and
Fumiko Hiroyasu. Optimisation of unsuccessfulPCR reactions using DMSO (section
4.2.4a),was performedby Dr. John Hall from De Montfort University, whilst at the RIKEN
Yokohama Institute. The E coli S30 cell-free extractswere preparedby Natsuko Matsuda
andNatsumi Suzuki (Kigawa et al., 2004).
The recipesfor buffers and mediadescribedin this sectionare given in appendix2.

4.2.2aPCR
M. tb geneswere amplified directly from genomicDNA using a 2-step PCR method
(figure 4.1) (Yabuki et al., personalcommunication).Initial target-uniqueprimers,
also
encodinga linker sequence,were used to amplify the genesfrom genomicM. tb DNA
(H37Rv). 300 ng of genomicDNA (obtainedfrom Colorado State University)
was
includedin a typical20 W PCRreactionsolutionof. 50 nM of eachprimer(Invitrogen);0.2
mM of each dNTP (dATP, dCTP, dGT?, and dUTP); 0.5 U expandHiFi Taq DNA
polymerase(Roche);and Ix HiFi buffer (Roche). PCR cycling parameters
are shownin
table 4.3.
The resulting PCR product (PCR 1) was used as template for
a
the secondPCR step (PCR
2). This was performedusing a 'universal' primer,
which annealedto additional fragments
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(T7T and T7P) included in the second PCR reaction solution, via universal linker
sequences.The 5' T7P fragment encodeda T7 promoter, a ribosome binding site, a native
histidine tag (HAfrm tag, BD BiosciencesClontech), and a Tev proteasecleavagesite. 'fhe
T7T fragment encoded two 3' downstream stop codons and a T7 terminator. These
fragmentsannealednot only to the universal primers, but also to the linker sequenceon the
PCR I product, thereby synthesisingthe gene of interest linked to essential transcription
and translation components,and providing the starting template for cell-free expression.
The PCR 1 product was diluted five-fold and included in a reaction solution of I gM
4universal'primer, 0.2 mM of eachdNTP, 0.5 U expand HiFi Taq DNA polymerase,and I
x HiFi buffer (both Roche),togetherwith 50 pM of the T7T and T7P fragments.
PCR reactions were perfon-ned using a PTC-200 thermocycler (MJ Research). PCR
productswere analysedby agarosegel electrophoresison aI% agarosegel containing 0.5
Rg/mI ethidium bromide (Sigma) and Ix

TBE buffer. Gels were run at an electrical

potential of 150V and viewed under ultraviolet fluorescence.
5% DMSO was included during PCR for targets which were not successfullyamplified.
Templateswith a high GC content usually require a higher Strandseparationtemperature,
leading to a decreasein product yield. Chemicals such as DMSO are employed to disrupt
basepairing, therebyreducingthe temperaturerequirement.
4.2.2b Cloning of target DNA
Although it was possible to synthesise target proteins directly from PCR products,
polymerasescan introduce single point mutations. To ensureno mutations had occurred,
PCR productswere insertedinto a cloning vector in preparationfor DNA sequencing. I ýtl
of the final PCR product (PCR 2) was combined with 0.5 gl pCR402.1-TOPOO
plasmid
(Invitrogen), 0.5 gI salt solution (Invitrogen), and 1 gl Milli-Q water on ice. Reactions
were incubatedat room temperaturefor fifteen minutes. I RI of the ligation reaction was
addedto 15 W of DH5(x competentcells (Invitrogen) and incubatedon ice for five minutes.
Plasmids,were used to transform the cells by heat-shockat 42 OCfor 45 secondsbefore
returning on ice for two minutes. After the addition of 150 gl SOC medium, cells were
incubatedat 37 OCfor 40 minutes.
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The culture was spreadonto an LB-Kan-IPTG-Xgal plate and incubatedovernight at 37 OC.
Blue-white screeningwas usedto identify positive clones. For each target, 12 single white
cloneswere usedto independentlyinoculate I ml of superbroth including 5.6 mM glucose
and 25 gg/ml kanamycin in a 96 deep-well plate. The plate was incubatedovemight at 37
OCin a shakerincubator. Plasmid DNA was purified using the standardWizard@ Miniprep
kit protocol (Promega)andthen sequencedto identify positive clones(seesection4.2.2c).
Positive cloneswere grown in 200 ml of LB-Kan overnight and purified using a Wizard@
Midiprep kit (Promega)on a vacuum manifold, following the manufacturer's protocol.
DNA was eluted with 300 ýd MilliQ water, pre-heatedto 70 T.

Purified plasmids were

visualised by agarose gel electrophoresis and yield calculated by Picogreen analysis
(Invitrogen), before storing at - 20 'C.
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Figure 4.1: The 2-stepPCR procedureusedto amplify target genesfrom Aýwobacteriumtuberculosis DNA,
in preparationfor cell-free expression.
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T
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Temp.
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(10

number
numbe
n
Gen(mic
(J.
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Cycling parameters
PCR

Template

Time (s)

Cycles

94

2 min

I

94

30

10

(IC)

number
2

Temp.

94

2 min

I

94

30

20

60

30

60

30

72

60

72

90

94

30

94

30

60

30

64

30

72

60+5

72

90+5

DNA

PCR 1
product

20

sec/cycle
72

7 nun

20

sec/cycle
I

72

7 min

I

Table 4.3- PCR cycling parametersusedto amplify target DNA in preparationfor cell-free expression.
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4.2.2cDNA sequencing
Sequencingreactions were carried out in two 96-well PCR plates, denoted forward and
Ix
reverse. 0.2 gM of sequenceprimer (M13) was mixed on ice with 2 gl plasmid DNA,
sequencingbuffer (Applied Biosystems), I gI BigDyeTmv3.1 terminator premix (Applied
Biosystems),and 5.34 ýtl Milli-Q water. The sequencingreactionwas performedusing hotstart PCR at an initial denaturationtemperatureof 96 'C for 30 seconds,followed by 25
cycles of- IT per secondto 96 'C; 96 T for 10 seconds;IT per secondto 50 T; 50 'C
for 5 seconds;IT

per secondto 60 T; and 60 *C for 4 minutes.

Completedsequencingreactionswere placed on ice and 2.5 RI of 125 mm EDTA pH 8.0,
followed by 25 W of 100 % ethanol were added. Reactions were incubated at room
temperaturefor 15 minutesbefore centrifuging at 5,650 rpm for 30 minutes at 4 'C. Pellets
were washed with 30 pI of 70 % ethanol and centrifuged at 5,650 rpm for 10 minutes.
Pellets were resuspendedin 20 RI of HiDi formarriide (Applied Biosystems) and boiled for
2 minutesat 95 T.

3100
PCR productswere sequencedusing an in-house ABI PRISMCR)

GeneticAnalyzer (Applied Biosysterns).

Sequencedata was aligned with the correct nucleotide sequence(TBSGC) for each target
using ClustaIW (Thompsonet al., 1994) on MacVector software (Accelrys). Clones with
nonsense, missense, and read-through mutations were discarded. Positive clones
(mutation-free or in some cases, those with silent mutations) were progressed into
expressiontrials.

4.2.2dCell-freeprotein expression:Initial screening
Initial screeningfor expressionof target proteins was carried out using a 96-well microdialysis plate (15 kDa molecular weight cut off) from PCR 2 templates. Determination of
successfully amplified PCR products (correct size) was assessedby agarose gel
electrophoresis. Template DNA was not sequencedat this stage as the cloning steps
detailedin section4.2.2b were conductedin parallel to initial screeningexperiments.

A 30 gl internalreactionsolutioncontained9 pI E. coli S30extract(Kigawaet al., 2004);1
gl of PCR2 product;1.8mM DTr; 1.2 mM ATP; 0.8 mM eachof CTP, GTP, andUTP;
101

Chamer 4- Production of proteins from

_Mycobacterium

tuberculosis

0.64 mM 3', 5'-cyclic AMP; 68 AM L(-)-5-formyl-5,6,7,8-tetrahydrofolic acid; 66.6 Rg/ml
T7 RNA polymerase;175 jig/ml E. coli total tRNA (Roche); 1.5 mM of each amino acid;
90 mM creatine phosphate (Roche); 0.25 mg/mI creatine kinase (Roche); 9.28 mM
magnesiumacetate;27.5 mM ammonium acetate;200 mM potassium glutarnate;0.05 %
sodiumazide;58 mM Hepes-KOHpH 7.5; and 4.0 % PEG 8000 (Sigma).
A 130 ml universal external solution contained the same components as the internal
solution with the exception of PCR 2 product, T7 RNA polymerase, creatine kinase, and
tRNA. The E. coli S30 extract was substitutedwith S30 buffer, 14 mM magnesiumacetate,
and I mM DTT. The cell-free dialysis reactionswere incubatedat 37 'C for 8 hours, whilst
the externalsolution was mixed on a magneticplatform.
After the incubation, 30 gl of buffer CF-A was addedto the reaction solutions and soluble
fractions were obtainedby centrifugation at 5,650 rpm for 5 minutes at 4 *C, after removal
of 5 ýd for the total fraction. 5 gl was removed for the soluble fraction and 25 gl of MilliQ
water was added to both fractions. Due to the inclusion of PEG in the reaction solution,
fractions were acetoneprecipitated for 5 minutes on ice and centrifuged for 30 minutes, to
ensuregood electrophoresisresolution. Pellets were dried at 65 T for 20 minutes and
in 30 gl of Ix SDS samplebuffer. Fractions(10 gl) were analysedby sodium
resuspended
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), as described by
Laemn-Ai(1970). Molecular weight markersfrom Sigma (SDS7) allowed for the estimation
of protein molecular weight.
4.2.2eCell-free protein expression: Optimisation
Optimisation of cell-free reaction conditions were performed using the dialysis method
from PCR 2 templates. Cappeddialysis cups with 15 kDa cut-off membraneswere placed
inside 1.5 ml screw-top tubes containing magnetic stirrers. Dialysis cups contained the
internal reactionsolution of 30 gl and a 300 0 externalreaction solution was housedin the
screw-toptube. Reactionswere stirred on an incubatedmagneticplatform.
Metal compoundswere incorporatedinto the cell-free reactionsfor targetswhich gave no
or insoluble expressionduring initial screening. 50 gM Of ZnS04 and FeSO4were addedto
both internal and external reaction solutions for the zinc and iron metalloproteins,
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respectively. Both metals were added separately to the proteins with unknown metal
affinity. Metal solutions were also included in the reaction solutions of soluble targets
thought to bind zinc or iron, to identify any effect on yield. Reactions were set up using
PCR 2 templatesand incubatedovernight at 37 T.
A time-coursestudy was set up to examinethe effect of incubation time on expressionfor a
number of targets that were synthesised incorrectly under standard reaction conditions.
Rv0359, Rv2547, and Rv2718 were synthesised from PCR 2 templates at 37 OC and
at varying time points between0 to 24 hours.
solubility was assessed
To enable the possibility of MAD-phasing during crystallography, it was necessaryto
substitutemethioninewith selenomethionoinewithin the cell-free reaction. As insolubility
of target protein can occur as a result of selenomethionineoxidation, methionine was
substitutedwith 1.5 mM selenomethionineto assessthe effect on protein solubility before
progressing to large-scale synthesis. Soluble proteins were synthesised from plasmid
templates (I Rg/ml of pCR402.1-TOPOO-target
was included in the internal reaction
solution) at 30 *C for 8 hours.

4.2.2f Tevcleavagestudy
All target proteins were constructedto include a His-tag to aid purification. An upstream
Tev proteasecleavagesite was also included to enable cleavageof the His-tag (- 15 kDa)
following affinity purification. To achieve optimal cleavage, the concentration of Tev
proteaseand incubationparameterswere analysedusing Rv3629 as a test target. The cellfree expressionsystemwas scaledup to a3 ml internal reaction solution, dialysed againsta
30 ml external solution overnight at 30 T, with gentle shaking. Rv3629 was synthesised
from plasmid template.
1.6 nil of TALONTm Superflow cobalt resin (BD BiosciencesClontech) was added to the
soluble fraction, obtainedby centrifuging at 8,000 rpm for 5 minutes at 4 'C. The slurry
was incubatedat room temperaturefor 20 minutes, to allow the protein to bind to the resin.
The slurry was then loaded onto a TurboFilter plate (Qiagen), pre-equilibrated with buffer
CF-A. A vacuumwas appliedto the plate at a rate of I to 2 drops per second(flow-through
fraction). The resin was washedthree times with 3.2 ml of the samebuffer (wash fraction)
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and His-taggedproteins were eluted in 4 ml of CF-B. Elution fractions were concentrated
to 2 ml using Amicon 5 kDa cut-off centrifugation filters at 4,000 xg and split into 150ýtl
aliquots. Aliquots were incubatedwith varying concentrationsof Tev proteaseat 4 'C and
30 T for 3 hoursto overnight (table 4.4). The extent of His-tag cleavagewas analysedby
SDS-PAGE.

Time

Temperature
(00

3 hours

4
30
4
30
4
30

Overnight 4
30
4
30
4
30

Concentration
Of Tev protease
(4wml)
5
10
20
5
10
20
5
10
20
5
10
20
5
to
20
5
10
20

Table 4.4: Optimisation of Tev cleavageconditions for Rv3628. Aliquots of Rv3628, synthesisedby cell-free
expression,were incubatedwith Tev proteaseand the extent of His-tag cleavagewas analysedby SDS-PAGE.

4.2.2g Large scalecell-free expression and purification
Nine targets,which were successfullyexpressedin small-scaletrials, were synthesisedon a
large scale. These were Rv2229c, Rv2234, Rv2547, Rv2711, Rv2981c,Rv3042c, Rv3628,
Rv3836, and ROW.

All targets,with the exception of Rv3836 which was synthesisedin

the presenceof 50 [tM ZnS04, were expressedwithout the inclusion of additives in the
reactionsolutions.
Cell-free reactionswere scaledup to include 18 ml (2 x9 ml) internal and 180 ml (2 x 90
ml) external reactionsolutions in 15 kDa dialysis membranes. Methionine was substituted

104

ChWter 4- Productionof proteins from Mycobacterium tuberculosis

with 1.5 mM selenomethionine (Sigma) to allow for MAD phasing. Proteins were
synthesisedat 30 T for 9 hours, with gentle shaking.
The synthesisedHis-taggedproteins were initially purified using vacuum-manifold cobaltaffinity chromatographyas describedin section 4.2.2f, with the following exceptions:4.8
ml of cobalt resin was addedto eachof the soluble fractions and proteins were washedwith
9.6 nil of buffer CF-A; His-tagged proteins were eluted in 12 MI of buffer CF-B and
concentratedto 6 ml. After a three hour incubation of eluate at 4 'C with 20 Rg/mI Tev
protease,proteins were desalted(500 mM to 0.5 mM imidazole) by buffer exchangeinto
buffer CF-A, using Amicon 5 kDa concentrators. His-tags were then separatedfrom target
protein by affinity chromatography.
Furtherpurification stepsto obtain protein of adequatepurity for crystallisation trials were
carried out using an AKTA Explorer system (Amersham Biosciences) at CCLRC
DaresburyLaboratory. Proteins were buffer exchangedinto buffer CF-C, concentratedto
HP IEX,
10 ml, and loadedonto a5 ml anion exchangecolumn (HiTraprý Q SepharoseTm
Amersharn Biosciences) equilibrated in buffer CF-C. Target proteins were eluted in a
gradient of 0 to 100 % buffer CF-D. Proteins were concentratedto between 0.5 and 2 ml
and then loadedonto a Superdex75 10/300 column (ArnersharnBiosciences),equilibrated
in buffer CF-E. The gel-filtration step was not necessaryfor targetsRv2547, Rv2981c,and
Rv3836,Rv3867, which were judged to be > 95 % pure by SDS-PAGE, following anionexchangechromatography. These proteins were buffer exchangedinto buffer CF-E. All
buffers were passedthrougha 0.2 gm Whatman filter membraneand degassedprior to use.
Following analysisby SDS-PAGE, fractions of the required purity were pooled and protein
quantification was performed using a standardBradford assay(Bradford, 1976). 100 W of
protein sample was incubated with 5 ml of a five-fold diluted Bradford assay reagent
(BioRad) for 30 minutes at room temperature. Absorbance readings at 595 nrn were
obtained using plastic disposable cuvettes. Protein concentration was calculated by
performing a typical bovine serum albumin (BSA, Sigma) standardcurve. Proteins were
concentratedto 5 mg/mI and stored at 4 T.
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4.2.3High-throughput cell-free expression of 28 Mycobacterium tuberculosis targets:
Results
In order to present these results in a concise manner it was thought appropriateto only
include complete photographic evidence for targets which were expressedin milligram
quantities, due to the large-scaleof the study. Further gel photographsare included in
appendixI anda summaryof resultsis provided in table 4.5.
Optimisation result
Target

Rv0153c

Successful

Positive

Initial

MetalO

PCR

clone

(FeS04 and

(+ DMSO)'

obtained2

screening
result 3

Yes (+)

No

No expression

No

lUm-co
e urrs-e3

ZnSO4)

expression
Rv0171

No (+)

No

No expression

n/a

Rv0185

Yes

Yes

Insoluble

Insoluble
(ZnS04)

Rv0247c

Yes

Yes

Insoluble

Insoluble
(FCS04)

Rv0359

Yes (+)

Yes

No expression

No

Smaller MW unknown

expression

protein presentat all timepoints except 0 hour

Rv05O5c

Yes (+)

Yes

No expression

No
expression
(ZnS04)

R0388

Yes

Yes

Soluble

n/a

Rv 1407

Yes (+)

Yes

Insoluble

Insoluble

Rv I942c

No (+)

No

No expression

n/a

Rv1967

No

No

No expression I n/a

Rv206O

Yes

Yes

No expression

No
expression

Rv2229c

Yes

Yes

Soluble

n/a

Rv2234

Yes

Yes

Soluble

n/a

Rv2305

Yes(+)

No

No expression

No
expression

Rv2547

Yes

Yes

Soluble

n/a

SmallerMW unknown
protein presentat all timepoints except 0 hour
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Rv271+I

Yes

Yes

Soluble

Soluble
TeS04)

Rv2718c
,8c
,c

Yes
Ye

Yes

Soluble

n/a

Larger MW unknown
protein presentfrom 2
hour time-point onwards

Rv2776c

Yes

Yes

Insoluble

Insoluble
(FeSO4)

Rv2986c

Yes

Yes

No expression

No
expression

Rv3042c

Yes

Yes

Soluble

n/a

ROM

Yes

Yes

Insoluble

Insoluble

Rv3628

Yes

Yes

Soluble

n/a

Rv3836

Yes

Yes

Soluble

Soluble
(ZnSO4)

Rv3867

Yes

Yes

Soluble

n/a

Rv2981c

Yes W

Yes

Soluble

n/a

R0712

Yes

Yes

No expression

n/a

R0717

Yes

Yes

Insoluble

n/a

R0915

Yes

Yes

Insoluble

n/a

Table 4.5: Results summary for the cloning and small-scale expressionof 28 Mycobacterium tuberculosis
targets using the cell-free system. 'Single PCR products of correct size, synthesisedin the presenceor
absenceof DMSO (section 4.2.3a). 2CIonesfree from nonsense,missense,and read-through mutations
(section 4.2.3a). 3Expression result from initial screening using standard conditions (section 4.2.3b).
4Expressionresult from optimisation of reaction conditions including metal compounds (section 4.2.3c).
txpression result of time-course study for targets where non-target or non-E coli proteins were expressed
(section4.2.3c).

4.2.3aCloning of target DNA
Single products of correct size were amplified by PCR for seventeenof the targets. An
example of successfullyamplified PCR products is shown in figure Al, appendix 1. Due
to the characteristically high GC content of the M. tb genome, it was necessaryto add
DMSO to the remainingtargetsduring PCR (table 4.5). This procedurewas successfulfor
all but three of the target genes,Rv0171, Rv1942c, and Rv1967. Positive PCR products
were used as templates for small-scale cell-free expression (sections 4.2.3b to 4.2.3c).
Positive clones were obtained for all targets except Rv0153c, Rv0171, Rv1942c, Rv1967
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and Rv2305. Positive cloneswere used as cell-free expressiontemplatesfor those targets
producedon a large-scale(section4.2.3d).
4.2.3b Cell-free protein expression: Initial screening
initial expressiontrials performedusing standardconditions from PCR 2 templatesresulted
in the synthesisof soluble protein for nine targets,insoluble protein for six, and no product
for the remaining targets. For those targetswhich were not amplified correctly by PCR, no
protein was produceddue to errors in the template used for expression(the PCR product).
Inclusion of DMSO during PCR for thesetargetsproduceddiscrete products and resultedin
the soluble expression of two further proteins and the insoluble expression of one.
Disregardingthe three targetsfor which positive PCR 2 templateswere not available, only
seventargetsgave no expression. Results are shown in figure 4.2 and are summarisedin
table 4.5.
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Figure 4.2: 10 % SDS-PAGE of initial cell-free expressionscreeningfrom PCR 2 templates(section 4.2.2d).
Total extracts(T) and soluble fractions (S) from reactionsincubatedat 37 'C for 8 hours. Rv0153c: in lanes I
- 2; ROM: 3-4; RvO185: 5-6; RvO247c: 7-8; Rv0359: 9- 10; Rv05O5c: 11 - 12; Rv1388: 13 - 14;
Rv14O7: 15 - 16; Rv1942c: 17 - 18; RA967: 19 - 20; Rv206O:21 - 22; Rv2229c: 23 24-,Rv2234: 25 26;
Rv2305: 27 - 28-,Rv2547: 29 - 30; Rv2711: 31 - 32; Rv2718: 33 - 34; Rv2776c: 35 - 36; Rv2986c: 37 38;
R0042c: 39 - 40; Rv307O:41 - 42; Rv3628: 43 - 44; Rv3836: 45 - 46; Rv3867: 47 48; Rv3717: 49 50;
Rv3915: 51 - 52.
Initial cell-free expression screening from PCR templates synthesisedwith DMSO. Rv05O5c: 53 54;
Rv1407: 55 - 56; Rv2234: 57 - 58; Rv2981c: 59 60; Rv3712: 61 62. Molecular weight marker in lanes
A Target proteins highlighted in red.
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4.2.3c Cell-free protein expression: Optimisation
Metal incorporation

For those targetswhich were insoluble or gave no protein, no change was observed upon
addition of metal ions. Total expressionof the soluble iron-dependentrepressorprotein,
Rv2711, was slightly reduced in the presenceof FeS04, however this may be due to an
inaccuracy during the experiment (figure 4.3).

Solubility of Rv3836, a zinc

metalloprotease,remainedunchangedupon addition of ZnS04 (rigure 4.3).
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Figure 4.3: 10 % SDS-PAGE from optimisation of cell-free expressionconditions by the addition of metal
compounds(50 gM) (section 4.2.2e). Total extracts (T) and soluble fractions (S) from small-scalereactions
incubatedat 37 *C overnight. Rv2711 with: FeS04, lanes I-2; No metal, 3-4. Rv3836 with: ZnS04,5 - 6;
No metal, 7-8. Molecular weight marker in lane M. Target proteins highlighted in red.

Time-course expressionstudy
For a number of targets,non-E. coli proteins were expressedwhich did not correspondto
the expectedmolecular weights of the target proteins. In these instances,a time-course
expression study was performed to determine whether these proteins were degradation
productsof the proteinsof interest.
Although single PCR products were obtained for both Rv2547 PCR reactions, a lower
molecularweight protein was over-expressedin addition to the 9.5 kDa target protein. This
band was detectableby SDS-PAGE from the 2 hour time-point and was most noticeable
after the overnight incubation, coinciding with the dramatic decreasein the amount of full
sized target protein at this time-point.

This leads to the assumption that the lower
110
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molecular weight band was a product of target protein degradation,rather than one of coexpression(figure 4-4).
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Figure 4A

10 % SDS-PAGE from cell-free time-courseexpressionstudy of Rv2547 (section 4.2.2e). Total

extracts (T) and soluble fractions (S) from small-scalereactions incubated at 37 'C over 0 to 24 hours. 0
hours: lanes I-2; 2 hours: 3-4; 4 hours: 5-6; 6 hours: 7-8; 8 hours: 9- 10; 24 hours: 11 - 12.
Molecular weight markersin lane M. Rv2547 highlighted in red.

No band of the correct molecular weight was visible by SDS-PAGE for Rv0359, possibly
due to degradation of the protein during synthesisor to incomplete amplification of the
entire geneby PCR. However, a non-E. coh band was observedat approximately 10 kDa.
it was hypothesised that the band was a target protein degradation product and the
possibility that reducing reaction incubation time would eliminate this was investigated.
This band was not present at the 0 hour time-point, emphasising its non-E. coli origin,
however it was presentat every other time-point measured(figure A2, appendix 1). No
band of correct molecular weight was visible, possibly due to degradation of the target
protein during synthesis. Another explanation is that multiple bandswere obtainedby PCR
for Rv0359, suggesting that the gene was not amplified correctly. Repeated cell-free
expressionfrom a single-band PCR product (PCR 2), synthesised with DMSO, did not
result in productionof either targetprotein or the 10 kDa unknown protein.
A larger molecular weight, non-E coli protein, was co-expressedwith Rv2718. This band
was presentafter a two hour incubation and increasedin intensity up to the overnight timepoint. As the DNA template, obtainedby PCR, was a discreteband and the protein appears
to be larger than the expectedmolecular weight of the target protein (so is not degradation),
it remainsunclear why this contaminantis present(figure A2, appendix 1).
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Effect of selenomethionine substitution

No change in overall expression or solubility was noticeable after substitution of
methioninewith selenomethionine.
Tevcleavagestudy
Rv3628 bands of reduced size were obtained for all conditions tested, signifying that
cleavageof the His-tags had occurred. The cleaved tags were not visible by SDS-PAGE
after 3 hours, however cleavagewas evidencedby the presenceof two differently sized
Rv3628 bands. This absenceof cleaved His-tags may be due to a sample loading error
during SDS-PAGE. Incubating target proteins with 20 ýtg/ml Tev proteasefor 3 hours was
deemed to provide sufficient cleavage, and so this method was chosen to conserve
experimentaltime. As no difference was seen between 4 'C and 30 'C incubations, the
lower temperaturewas selected to avoid potential degradation or aggregation of target
protein (figure 4-5).
3 hour incubation

Overnight incubation
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Figure 4.5: 10 % SDS-PAGE from cell-free Tev cleavage study of Rv3628 (section 4.2.2f). Total extracts
(T) and soluble fractions (S) from small-scalereactions, following affinity chromatographyand incubation
with Tev protease. Reactionsincubatedfor the specified time at 4 OCwith: 5 pWrnI Tev protease, lanes I-2;
10 pWrW, 3-4;

20 gWFW,5-6.

Reactionsincubated for the specified time at 30 'C with: 5 pg/rnI Tev

protease, lanes 7-8;

10 gg/ml, 9- 10; 20 pgInd, 11 - 12. Molecular weight markers in lane M. Target
protein highlighted in blue (uncleaved)and red (cleaved). Cleaved His-tags highlighted in yellow (not visible
in the 3 hour incubation wells, possibly due to a problem with sampleloading).

4.2.3d Large scale protein expression and purification
Milligram quantities of soluble protein were obtained for all of the nine targets that were
progressedinto large-scalecell-free synthesis (table 4.6). All were synthesisedin the
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presenceof selenomethionineand without the inclusion of additives such as metal ions
(with the exception of Rv3836, see section 4.2.2g). His-tags were removed by cleavage
with Tev proteaseand affinity chromatography (figure 4.7A). Proteins were further
purified to remove bulk contaminants(table 4.6 and figure 4.7B). This was successfulfor
all targets, with the exception of Rv2229c, which unexpectedly eluted from the gel
filtration column in the void volume and was subsequentlylost in the waste fraction. As
the column separationrange is 3 to 70 kDa and the Rv2229c monomer is 26.9 kDa, it
seemslikely that the protein formed an aggregateor an oligomeric structure. An example
profile showing the purification of Rv3628 is shownin figure 4.6.
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Cell-freereaction
Target

Function

Successfullypurified'

parameters
Vol.
Expressed Affmity2 Anion

Yield

GF3 mg/nil

Total

(rrd)

with

reaction (nig)
solution

18

additives
No

Yes

Yes

No* n/a

n/a

Rv2234

protein
Phosphotyrosine 18

No

Yes

Yes

Yes

0.14

2.5

Rv2547

phosphatase
Transcriptional

18

No

Yes

Yes

n/a

0.04

0.8

Iron-dependent 18

No

Yes

Yes

Yes 0.05

0.9

18

No

Yes

Yes

Yes

0.28

5.0

18

No

Yes

Yes

Yes

1.49

26.9

Yes(50

Yes

Yes

n/a

0.33

6.0

Rv2229c

Conserved
hypothetical

regulatorprotein
Rv2711

repressor
protein
--kv--3042c Phosphoserine
- 3628
--Vv
Rv3836

phosphatase
Inorganic

pyrophosphatase
Zinc
18
metalloprotease

Pm
ZnS04)

Rv3867

Conserved

18

No

Yes

Yes

n/a

0.18

3.2

18

No

Yes

Yes

n/a

0.11

2.0

hypothetical
protein
Rv298lc

D-alanine-Dalanineligase

Table 4.6: Results summary from the large-scale expression and purification of 9 Mycobacterium
tuberculosis targets using the cell-free system. 'Target judged to be - 95 % pure Affinity chromatography
.2
3
followed by removal of His-tags by Tev
Proteins inadequate

proteaseand affinity chromatography.
were passedthrougha gel filtration column. *Rv2229c waslost during this step.

of

purity
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Figure 4.6: Exampleprofiles showing the purification of Rv3628 by (A) anion exchangeand (B) gel filtration
chromatography,using an AKTA Explorer system (Amersham). Rv3628, synthesisedusing the cell-free
expressionsystem, was first applied to aQ sepharoseanion exchangecolumn (Amsersham)and eluted in a
gradientof 0- 100 % buffer CF-D. The peak fractions were pooled and applied to a S75 10/300 gel filtration
column (Amersham),equilibrated in buffer CF-E. Pooled fractions are shown betweenarrows.

115

Chapter4- Productionof proteins from Mycobacteriumtuberculosis

A

6789

10 11 12 13 14

kDa
66
45
36
29
24

40%11P, 4ý
4w

20

up

14

I

I-qNsomw

dmb

dOW

4ý

B
kDa
66
45
36
29
24

Immý
-max»

F--ýý

IM

20

41klkb

14

lot&

Figure 4.7: (A) 10 % SDS-PAGE from large-scale cell-free expression of nine targets (section 4.2.2g).
Target proteins purified by affinity-chromatography and His-tags cleaved from proteins by incubation with
Tev protease,followed by a further affinity chromatographystep. Rv2229c: in lanes I (flowthrough) (FT)
and 2 (elution) (E). Rv2234: 3 (FT) and 4 (E). Rv2547: 5 (Fr). Rv2711: 6 (FT) and 7 (E). R0042c: 8
(FT) and 9 (E). Rv3628: 10(Fr) and II (E). Rv3836 (synthesisedwith 50 ýN ZnSO4): 12 (FT). Rv3867:
13 (FT). Rv2981c: 14 (Fr).

(B) 15% SDS-PAGE of proteins after further purification (see table 4.6): Rv2234,1; Rv2547,2; Rv2711,3;
110042c, 4; Rv3628,5; Rv3836,6; ROW,

7; Rv2981c, 8. Molecular weight markers in lanes M. Target
proteinshighlighted in red and cleaved His-tags in yellow.
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41.4 Optindsation of expression conditions for 13 Mycobacterium tuberculosis targets:
Methods
All proceduresdescribedin this section were performed by the author, with the following
exceptions:PCR primers describedin section 4.2.4a were designedby Takashi Yabuki and
Yukiko Fujikura; E. coli S30 cell-free extracts were prepared by Natsuko Matsuda and
Natsurni Suzuki (Kigawa et al., 2004); and chaperonecell extracts used in section 4.2.4c
werepreparedby TakayoshiMatsuda.
The recipesfor buffers and mediadescribedin this sectionare given in appendix 2.

4.2AaPCR,cloning,and sequencingof target DNA
PCR andcloning stepswere carried out asdescribedin 4.2.2ato 4.2.2c. It was necessaryto
include DMSO in the PCR reactions for RvO950c, Rv2388c, and Rv3534c, to obtain
discrete bands visible by agarose gel electrophoresis. For targets RvO185, Rv0247c,
Rv2229c, Rv2547, Rv2776c, Rv2981c, Rv3628, Rv3717, Rv3915, and Rv3836, clones
were retainedfrom the first visit to RIKEN.

4.2.4bCell-freeprotein expression:Initial screening
Initial screeningfrom PCR 2 templateswas performed using individual dialysis cups as
described in 4.2.2e. 30 gl of internal reaction solution was dialysed against a 300 41
external solution at 30 T for 6 hours. Initial screening was unnecessaryfor the repeat
targets.
Expressionand solubility were comparedin the presenceand absenceof metal ions. 50 ýLm
(final concentration) of zinc sulphate was added to the predicted zinc metalloproteins:
RvO670and Rv2845c,and also to the unknown targets: Rv0950c, Rv3534c, and Rv3781.
Iron sulphatewas included for targets with iron-binding domains: RvI589, Rv2388c, and
Rv3545c, and also in the unknown proteins mentioned previously. Sequencehomology
databasesearchessuggestedthat manganeseand magnesiummight bind to Rv3534c and
Rv3781 respectively,so 50 pM of thesemetals (MnCl and (MgCH3CH2)2)were included in
the reactionsolutions.
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4.2.4cCell-free protein expression: Optimisation
Optimisation of the cell-free reactionswas performed as describedin 4.2.2e, using plasrnýid
templates,at 30 OCfor 4 hours. This decreasein reaction incubation time was found to
improve targetprotein solubility in somecases(Matsudaet al., personalcommunication).
Detergentswere included in the cell-free reaction solutions for targets which were not
expressedin a solubleform during initial screening. With the help of Dr. Satoru Watanabe
at RIKEN, the most favourableconditions were identified to be 0.5 to I% v/v of the nonionic detergentsBrij-35 (polyoxyethylene 23 lauryl ether, CMC 0.09 MM) or Digitonin
(Ishihara et al., 2004). These were included in both the internal and external reaction
solutions at the above concentrations and also in the purification buffers at a final
concentrationof 0.01 % v/v (both Sigma), for those targetswhich were not expressedin a
solubleform.
Finally, molecular chaperoneswere added during the cell-free synthesis of insoluble
targets. Half of the E. coli S30 extract was substituted with an equal volume of E. coli
extract containing a chaperone-plasmidconstruct. Five different chaperonecombinations
were chosen: 1. dnaJ-dnaK-grpE-groEL-groES;2. groEL-groES; 3. dnaJ-dnaK-grpE; 4.
groEL-groES-triggerfactor; and 5. trigger factor (Matsuda et al., personalcommunication).
Due to the number of experimental conditions to be screened,the cell-free reaction was
conductedin a 96-well micro-dialysis plate, asdescribedin 4.2.2d.
Proteinswhich were solubilised by the inclusion of molecular chaperones,were purified by
adding 30 gl of buffer CF-A to the internal reaction solution in a 96-well plate. 5 RI was
removedfor the total fraction and the plate centrifuged at 4,500 rpm for 5 minutes at 4 *C.
5 gl of supernatantwas removedfor the soluble fraction. Ile supernatant,together with 40
W of TALONTm Superflow cobalt resin (BD BiosciencesClontech), were added to a 0.45
gM multi-screen-HV plate (Millipore) pre-equilibrated with buffer CF-A. Following a 20
minute incubation at room temperature,the plate was centrifuged at 1,500 rpm for I
minute at 4 T, to obtain the flow-through fraction. Fractions were collected in a 96-well
microtiter plate (ABgene). After three washeswith 150 W of buffer CF-A (wash fraction),
1-fis-tagged
targetproteinswere elutedin 100 W of buffer CF-B.
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Target proteins which remained bound to molecular chaperones following affinity
chromatography(Rv3717 and ROM),

were incubated with 5 mM AT? solution (ATP-

2NA, pH 7.0) for 30 minutes at 37 'C. A further affinity chromatographystep was then
performed,in an attemptto removethe chaperones.
4.2.4d Large scale protein expression & purification
Large scale expressionand purifications were performed as described in 4.2.2g. Targets
with low solubility were expressed during a shorter incubation period, to reduce the
fon-nationof aggregates(Matsuda et al., personal communication). Additional large scale
preparationswere also performed for targets with particularly low yield. His-tags were
cleaved from target proteins by incubation with Tev proteaseand purification by affinity
chromatography(seesection4.2.2h).
Proteinswere buffer exchangedinto buffer CF-F, concentratedto 10 ml using Amicon 15
kDa cut-off centrifugal filters (Millipore) at 4,000 x g, and loaded onto a5 n-fl anion
exchange column equilibrated in the same buffer (HiTrapTm Q SepharoseTmHP IEX,
AmershamBiosciences). Target proteins were eluted in a gradient of 0 to 100 % buffer
CF-G, desaltedinto buffer CF-H, and concentratedto 1.5 ml. 2 41 of each were loaded
onto a 15 % polyacrylamide,denaturing gel. Targets which were not pure enough for
crystallisation (> 95 % purity) were concentratedto I to 1.5 ml and loaded onto a Superdex
75 10/300(AmershamBiosciences)equilibrated in buffer CF-H. The remaining proteins
were buffer exchangedinto buffer CF-H.
Following purification steps,total yield was calculated by absorbanceat 280 nm, using
individual theoretical molar extinction coefficients (TBSGC). Bradford assayswere not
performeddue to the limited quantities of protein available. Proteins were concentratedto
10 mg/ml, snapfrozen in liquid nitrogen, and stored at -80 T in 25 0 aliquots.
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4.2.5 Optinjisation of expression conditions for 13 Mycobacterium tuberculosis targets:
Results
As describedin section 4.2.3, only a selection of gel photographs are included in this
section, additional SDS-PAGE photographsare included in appendix 1. A summary of
results from small-scaleexpressiontrials is given in table 4.7.
4.2.5a Cloning of target DNA
PCR was used to successfullyamplify single gene products of correct size for all targets.
To achievethis it was necessaryin include DMSO in the PCR reaction for targetsRv0950c,
Rv2388c, and Rv3534c (see section 4.2.2a for a description of the use of DMSO during
PCR). Positiveclonesof correct sequencewere also obtainedfor all targets.

4.2.5bCell-freeprotein expression:Initial screening
Some soluble expression was achieved without the addition of metals for Rv0670,
Rv0950c,and Rv2845c. Rv1589 was soluble without metals and adding iron sulphate did
not alter solubility.

Solubility was marginally improved by the addition of zinc to

Rv2845c, however no beneficial effect was observed when added to Rv0670. RvO950c
was also soluble in the presenceof zinc ions but not iron, magnesium,or manganese.The
remaining four targets were completely insoluble with or without addition of metal
cofactors. Rv3534c was insoluble without additives, however was not expressedin the
presenceof manganese.This may be due to the metal ions affecting the cell-free reaction
or due to an experimentalerror. Finally, the solubility of Rv3781 was not improved upon
addition of magnesium,however an increasein total yield was observed,possibly due to
the ions effect on RNA polymeraseactivity. Seefigure 4.8.
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Target

Succesdul

Positive

Initial

PCR

clone

screening

(+ DMSO)l

obtained2

result3

Rv0185

Rv0247c

Yes

Yes

Optimisation result
Molecular
Detergen
MetaW
chaperonesý

III,

InNoluble

Soluble

Soluble

Insoluble

(ZnSO.%)
Insoluble

Insoluble

Very low

(FeS04)

Rv2776c

ye',

Y c.

Insoluble

Insoluble

solubility
Insoluble

Soluble

Very low

Low

solubility

solubility

Insoluble

Very low

(Fe, S04)

Rv3717

Rv3915

es

Yes

Yes

ye, ý

Insoluble

Insoluble

n/a

n/a

solubility
RvO670

Yes

Yes

Soluble

Soluble

n/a

n/a

n/a

n/a

n/a

n/a

Soluble

Insoluble

n/a

n/a

Low

Soluble

(ZnS04)

RvO950c

Yes (+)

Yes

Soluble

Soluble
(ZnSO4)

Rv1589

Yes

Yes

Soluble

Soluble
(FeS04)

Rv2388c

Yes (+)

Yes

Insoluble

Insoluble
(FeS04)

Rv2845c

Yes

Yes

Soluble

Soluble
(ZnS04)

Rv3534c

Yes (+)

Yes

Insoluble

No

expression solubility
(MnC12)
Rv3545c

Yes

Yes

Insoluble

Insoluble

Insoluble

Soluble

Soluble

Soluble

(FeS04)

Rv3781

Yes

Yes

Insoluble

Insoluble
((MgCH3
CHI)2)

Table 4.7: Resultssummary from the cloning and small-scaleexpressionof 13 Mycobacterium tuberculosis
targets using the cell-free system. 'Single PCR products of correct size, synthesisedin the presenceor
absenceof DMSO (section 4.2.5a). 2CIonesfree from nonsense,missense,and read-through mutations
(section 4.2.5a). 3Expression result from initial screening using standard conditions (section 4.2.5b).
Expressionresult from optimisation of reaction conditions including :4 Metal compounds (section 4.2.5b);
513etergents
(section 4.2.5c); 6Molecular chaperones(table 4.8 and section 4.2.5c). Text in red describes
resultsobtainedfrom sections4.2.3ato 4.2.3c.
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Figure 4.8: 10 % SDS-PAGE of initial cell-free screening, with and without the addition of metal compounds
(50 pM) (section 4.2.4b). Total extracts (T) and soluble fractions (S) from reactions incubated at 30 *C for 6
RvO950c: 5-6;
FeS04 9- 10;
hours. RvO670: in lanes I- 2-, with ZnS04 3-4.
with ZnS04 7-8;
(MgCHICH2)2

11

-

12-,MnCl2 13 - 14. Rv1589: 15 - 16; with FeS04 17 - 18. Rv2388c: 19 - 20; with

FeS04 21 - 22. Rv2845c: 23 - 24; with ZrIS04 25 - 26. Rv3534c: 27 - 28; with MnCI2 29 - 30. Rv3545c:
31 - 32; with FeS04 33 - 34. Rv3781: 35 - 36; with (MgCH3CH2)2 37 - 38. Molecular weight markers in
lanes M. Target proteins highlighted in red.

4.2.5cCell-free protein expression: Optimisation
Addition of detergents
Addition of Bfij-35 or Digitonin to reaction solutions increased solubility for targets
Rv379l (figure 4.9), RvOI85, Rv3534c, and Rv3717. Most noticeably, a marked increase
in solubility was observed for Rv2388c upon addition of either detergent. However the
inclusion of detergentshad no beneficial effect during synthesis of Rv0247c, Rv2776c,
Rv3545c, or Rv3915, and these targets remained insoluble. See figures A3 and A4,
appendix1.
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Figure 4.9: 10 % SDS-PAGE from optimisation of Rv3781 cell-free expressionconditions by the addition of
detergents(section4.2.4c). Total extracts (T) and soluble fractions (S) from small-scalereactions incubated
at 30 T for 4 hours. No detergent in lanes I-2:

Brij-35,3 -4 (0.5 %) and 5-6 (1 %); Digitonin, 7-8 (0.5
%) and 9- 10 (1 %). Molecular weight marker in lane M. Rv378l highlighted in red.

Molecular chaperones
inclusion of molecular chaperones in the cell-free reaction solution proved highly
successfulin solubilising previously insoluble targetsfrom initial screening(table 4.8 and
flgure 4.10). Only one target, Rv2388c, was not expressed in a soluble form in the
presenceof chaperones.Ibe most effective chaperonesystem,dnaJ-dnaK-grpE,improved
solubility for eight targets. To removemolecular chaperonesafter synthesis,target proteins
were purified by affinity chromatography,with an ATP incubation stepwhen necessary,as
described in section 4.2.4c. Rv0247c was not visible following affinity purification,
suggestingaggregationor a misinterpretationof initial solubility. See also figures A5 to
A7, appendix 1.
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Son* soluble expression in the presenceof:
Target

dnaK-dnaj-grpE-

groEL-

groEL-groES

groES

dnaj-dnaK-

Ye-

Rv0247c

Yes

Rv2776c

Yes

Rv3717

Yes (dnaJ)
Yes

Trigger factor

trigger factor

grpE

RvO185

Rv3915

groEL-groES-

Yes

(groEL)*
Rv2398c
Yes

Rv3534c
Yes

Rv3545c

Yes

(groEL)
Yes (dnaJ)

Table 4.8: Optimisation of the cell-free reactions by addition of molecular chaperonesto insoluble targets
from initial screening. Text in parenthesesrepresentschaperoneswhich remained bound to target protein,
following affinity chromatography, and those marked with an asterisk represent chaperones which were
successfullyremovedby incubation with ATP.
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Figure 4.10: 10 % SDS-PAGE from optimisation of Rv3781 cell-free expressionconditions by the addition
of molecular chaperones(section 4.2.4c). Total extracts (T) and soluble fractions (S) from small-scale
reactions incubated at 30* C for 4 hours. No chaperones in lanes I-2;
groUS, 3-4, groEL-groES, 5-6;

dnaJ-dnaK-grpE, 7-8;

with dnaj-dnaK-grpE-groEL-

groEL-groES-trigger factor, 9- 10; trigger

factor, 11 - 12. Fractionsfrom affinity chromatographyof Rv3781 synthesisedin the presenceof dnaJ-dnaKgrpE: Total, 13; Soluble, 14, Flow-through before ATP incubation, 15; Elution before ATP incubation,
16; Flow-through after ATP incubation, 17;Elution after ATP incubation, 18. Molecular weight markers
in laneM. Rv378l highlighted in red and chaperonesin blue.
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Selenomethionineincorporation
No decreasein solubility occurred when synthesising RvO670, Rv1589, or Rv378l with
selenomethionine,however no target protein was visible in the elution fraction following
affinity-chromatography,by SDS-PAGE, for RvO950c. It was not necessaryto determine
the effect of selenomethionineon solubility for the 8 repeat targets, as this was shown to
haveno effect during previous experiments(seesection4.2.3c).
4.2.5d Large scaleprotein expression and purification,
Four soluble targets were selectedfor large scale synthesis (Rv0670, RvO950c,Rv 1599,
and Rv3781), to produce sufficient quantities of protein for crystallisation trials (table 4.9
and rigure 4.11A). Those targetswhich required molecular chaperonesfor solubility were
discardeddue to the time required to preparesufficient quantities of chaperoneextract and
the potential problems associatedwith removing chaperonesfor downstream applications
(table 4.8).

Targets for which the addition of Digitonin was essential for soluble

expressionwere also discardeddue to the high cost of the detergent. Finally, those which
resulted in very low target yield were not included in large-scalesynthesis. Large scale
preparationsfor the four targets which were successfully expressed previously, section
4.2.3d (Rv2229c,Rv2547,Rv2981c, and Rv3836),were also performed(flgure 4.11A).

Following purificationby affinity chromarography,His-tagswere successfullyremoved
from targets by incubation with Tev protease,followed by an additional affinity
chromatography
step(figure 4.11A). RvO950cwasnot visible by SDS-PAGEfollowing
affinity chromatography,
possiblydueto aggregation,and so was not progressedfurther.
Rv378l wasalsodiscardeddueto its extremelylow yield (< 0.5 mg, asestimatedby SDSPAGE),which would be unsuitablefor crystallisationtrials as further purification steps
wererequired.All targetswith theexceptionof RvO670andRv1589wereconsidered
pure
enoughfor crystallisation(> 95 % pure by SDS-PAGE) after an anion exchange
chromatography
step(figure 4.11B). The purity of RvI589 wasimprovedby gel filtration
chromatography,however Rv0670 was co-purified with a number of contaminants
following this additionalstep. Furtherpurificationof this targetwasnot performeddueto
the low yield of proteinavailable.Rv2547wasco-purifiedwith an unknownproteinof 10kDa.
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--ia--rget

Function

Cell-free reaction parameters
30 'C
Expressed Successfully
Vol.
(Mb

Rv0670

Endonuclease

144

incubation

with

time (hr)

additives

4

Yes

Partially

(ZnS04)

(larger MW

IV

purified'

Yield
mg/n-d

Total

reaction

(mg)

solution
0.03

4.8

n/a

n/a

contaminants
remained)
RvO950c

Hypothetical

72

No

4

degradation)

metalloprotease
Rv1589

No (possible

72

4

No

Yes

0.11

7.56

72

4

Yes (0.5

No (yield too

n/a

n/a

protein ABC

% V/v

low)

transporter

Brij-35)

Biotin
synthetase

Rv378I

Rv2229c

ATP-binding

Conserved

18

8

No

Yes

0.18

3.2

18

8

No

Yes

0.07

1.2

18

8

No

Yes

0.04

0.8

18

8

Yes

Yes

0.35

6.3

hypothetical
protein
Rv2547

Transcriptional
regulator

--k-v2981c

D-alanine-Dalanine ligase

383-6

Zinc
metalloprotease

(ZnSO4)

Table 4.9: Resultssummaryfor the large-scaleexpressionand purification of 8 Mycobacterium tuberculosis
targetsusing the cell-free system. 'Target proteins - 95 % pure by: 1. Affinity chromatography;2. Incubation
with Tev proteasefollowed by an additional affinity chromatographystep, to remove His-tags; and 3. Anion
exchangechromatography. A final gel filtration stepwas also performed for Rv0670 and Rvl589.
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Figure 4.11: (A) 10 % SDS-PAGE from large-scalecell-ftee expression of eight targets (section 4.2.4d).
Target proteins purified by affinity chromatographyand His-tags cleaved from proteins by incubation with
Tev protease,followed by a further affinity chromatographystep. Rv2229c: in lanes I (flow-through) (FT)
and 2 (elution) (E). Rv2547: 3 (FT). Rv3836 (synthesisedwith 50 pM ZnS04): 4 (FT). Rv2981c: 5 (FT).
Rv0670 (synthesisedwith 50 9M ZnS04): 6&8

(FT) and 7&9

(E). Rv0950c: 10 (not visible following
affinity-chromatography)(Fr). Rv1589: 11 (FT) and 12 (E). Rv3781 (synthesisedwith 0.5 % Brij-35): 13
(FT) and 14(E).
(B) 15 % SDS-PAGE of proteins after further purification by anion exchangechromatography: Rv2229c, 1;
Rv2547,2 (the co-purified band is shown with an arrow); RV3836,3; Rv2981c, 4. Fractions after further
purification by anion exchangeand gel filtration chromatography:RvO670,5; Rv1589,6. Molecular weight
markersin lanesM. Target proteins highlighted in red and cleaved His-tags in yellow.
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4.2.6Crystallisation trials of target proteins
All ten of the targetswhich were expressedon a large-scaleusing the cell-free system and
successfullypurified, were progressedinto crystallisation trials. Both manual and robotic
trials was performed using commercially available broad matrix screens from Hampton
Research, Molecular Dimensions, and Nextal Biotechnologies. Variables such as
salt/precipitanttype and concentration, additives, and pH, were screenedusing these kits.
Where possible, hand-madescreensbasedupon conditions used to crystallise homologous
proteins,were also performed.
Manual screeningwas performed using a standard24-well pre-greasedplate suitable for
hanging-dropvapour-diffusion crystallisation (VDX plate, Hampton Research). I to 2 RI of
protein was mixed with an equal volume of precipitant on a siliconised cover slip,
suspendedover a 500 RI reservoir. High-throughput screening was achieved using a
Screenmaker96 +8 (Innovadyne Technologies)robot. 100 nl of protein was mixed with
an equal volume of precipitant, over an 80 Rl reservoir, in a 96-well sitting-drop plate.
Plateswere viewed using a Crystal Pro robot with Crystal L. I.M. S. software (both Tritek
Corporation), at regular intervals. For both screeningmethods, protein concentration and
incubationtemperaturewere also varied.
Despitescreeningeachtarget againsthundredsof unique conditions, only one protein gave
crystalssuitable for X-ray diffraction. The 2.7 A crystal structure of Rv3628, an inorganic
pyrophosphatase,is described in chapter 5. This low successrate may partly be due to
sampleheterogeneity,resulting from extendedincubations at 4 'C during shipment of the
samplesfrom Japanto England.

4.3In vivoprotein expression
43.1 Introduction
To enable comparisons to be drawn between the cell-free system and more traditional
expression systems, a number of targets described in section 4.1 were selected for
expressiontrials using an E. coli in vivo system. Four targets were selectedbasedupon
their outcome from the cell-free expressiontrials. Rv3628 was selectedfor its high yield
andsolubility and Rv3836 for its reduced,but soluble yield. RvO950cwas chosenbecause
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it appearedsoluble throughout expression trials, however was not detectable following
it
affinity purification, possibly due to aggregation. Finally, Rv3545c was chosen as
This
remained completely insoluble, except in the presence of molecular chaperones.
target, a cytochrome P450 125, was also selecteddue to our group's ongoing interest in
cytochromes.
Oligonucleotideprimers were designedfrom the genomic sequenceof eachtarget and were
amplified by PCR. PCR products were inserted into a vector and were used to transform a
number of different E. coli host strains, from which small-scale expressioncultures were
set up. Expression parameterswere altered to obtain optimal yields of soluble protein
before progressing,when appropriate,into large-scaleproduction. Rv3545c was purified
by successivechromatographicstepsand usedfor downstreamapplications (seechapter6).
The cloning and expressionof Rv3545c was basedupon cuffent literature of homologous
cytochromeP450s from Mycobacterium tuberculosis and was performed separately from
the remainingthree targets.
43.2 Cloning and expression of Rv3545c: Methods
The recipesfor buffers andmedia describedin this section are given in appendix2.
4.3.2a Rv3545c PCR
The Rv3545c genewas amplified directly from the genomeusing a standardhot-start PCR
protocol, from genomic M. tb DNA (H37Rv) obtained from Colorado State University.
Oligonucleotide primers were designed based on those used to amplify a Rv3545c
homologue, M. tb CYP51 (Bellamine et al., 1999), to incorporate a 5' upstream Ndel
restriction site, a C-terminal 4-His tag, and a downstreamHindIII site (rigure 4.12). To
improve restriction enzyme recognition, a 3-nucleotide linker sequencewas incorporated,
flanking eachof the restriction sites. 1.2 gg of genomic DNA was included in a typical 80
gl PCR reaction solution of: 50 nM of each primer (Operon); 0.2 mM of each dNTP
(dATP, dCTP, dGTP, and dUTP) (Novagen); 2U VentR HiFi DNA polymerase (New
England Biolabs), and Ix HiFi buffer (New England Biolabs). An initial denaturationof
double-strandedDNA at 94 IC for 5 minutes was followed by 30 cycles of 94 'C for 30
seconds,followed by annealingof the primers at 62 'C for 30 seconds,and an extension
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period of 72 'C for 45 seconds. A final extension at 72 'C for 10 minutes completed the
cycle. PCR reactions were performed using a GeneAmp@PCR System 2700 (Applied
Biosystems).
The PCR product was visualisedby electrophoresison a gel containing I% agaroseand 0.5
Rg/mI of ethidium bromide (Sigma) in Ix TBE buffer. The gel was run at an electrical
potential of 150 V and viewed briefly under ultraviolet fluorescence. The PCR product of
correct size was excisedfrom the gel using a clean blade and purified using a QlAquick Gel
Extraction kit (Qiagen), according to manufacturer's instructions. Purified DNA was
elutedin 50 gl of autoclavedMilliQ water,before storing at - 20 'C.
FW 5'CGCCATATGTCGTGGAATCACCAGTCA
RV 5'CGCAAGCTI'CA(, 'l (, kI(, (. I (; \I(. 'GTGAGCAACCGGGCATCTACCGG
Figure 4.12: Primer sequencesusedto amplify the Rv3545c genefor in vivo expression. Bold text identifies
linker sequences(blue), restriction sites (red), start and stop codons (underlined), and the C-terminal His-tag
(grey). Normal text identifies Rv3545c-uniquesequences.

4.3.2b Cloning of Rv3545c
The Rv3545c PCR product was directly cloned into the expression vector pET17b
(Novagen). Both the PCR product and pET17b were digested with Ndel and HindIll to
producecompatible sticky ends for cloning. In separate1.5 ml Eppendorf tubes, 20 ýd of
gel-purified PCR product and 3 gg of pET17b plasmid DNA were mixed with 20 U of each
restriction enzymeand Ix reactionbuffer #2 (all New England Biolabs) in 30 gl reactions.
Reactions were incubated at 37 'C for 3 hours. The digested pET17b plasmid was
dephosphorylatedto prevent recircularisation during the ligation reaction by incubating
with 0.2 U (- 0.05 U per pmol of DNA ends) of calf intestinal alkaline phosphatase
(Roche)for a further 30 minutes. Digests were viewed by agarosegel electrophoresisand
correctly sized bands were purified using the QlAquick Gel Extraction kit (Qiagen). The
Rv3545c fragment and the linearised pET17b were eluted in 20 ýd and 30 gl of MIIIIQ
water, respectively.

130

from ffiLcobacterium tuberculosis
Chater 4- Productionof 12roteins

12 gI of Rv3545c was ligated into 100 ng of pET17b in a 20 RI reaction containing IU T4
DNA ligase and Ix ligase buffer (both Roche)by incubating overnight at 15 'C. Novablue
single cells (Novagen) were transformed with ligation reaction, using the standard heatshock protocol describedby Novagen (Novagen, 2006). Cells were thawed on ice, mixed
with I gI of ligation reaction,and incubatedon ice for 5 minutes. Cells were heat-shocked
in a 42 IC waterbathfor 30 secondsand returnedto ice for a further 2 minutes. 250 VI of
SOC medium was addedand 25 to 50 gl of cells were plated onto LB-Amp agar plates
containing 100 gg/ml ampicillin. Plateswere incubatedovernight at 37 'C.
Sixteen single clones were used to independently inoculate 5 ml of LB-Amp media.
Cultures were incubated overnight at 37 T and plasmid DNA was purified using a
QlAprep Spin Miniprep kit (Qiagen). Glycerol stocks were first madeby removing 900 VI
of each culture and mixing with 100 gl of 80 % glycerol, before freezing at -80 T.

The

Rv3545c-pET17b plasmids,were purified from 3 ml of culture, following manufacturers
instructions,andeluted in 100 gl of MilliQ water,before storing at - 20 IC.
Initial screeningfor positive clones was performed by digesting the purified plasmids (7.5
Rl) with NdeI and HindIll, as described previously. This enabled the identification of
clones containing both pET17b and the Rv3545c insert but did not take into account
mutationswhich may haveoccurredduring PCR. Five of these cloneswere sentto Oxford
University for DNA sequencing, using an Applied Biosystems 9700 Thermal Cycler
(http://polaris.bioch.ox.ac.uk/dnaseq). Sequence files were aligned with the correct
Rv3545c sequence,obtained from the TBSGC, using ClustalW (Thompson et al., 1994),
and positive cloneswere identified.
One positive clone was usedto transform HMS 174 (DE3) cells (Novagen), a host used to
successfullyexpressthe homologousM. tb cytochrome P450, CYP51 Rv0764c (Bellamine
et al., 1999). The sameclone was also used to transform Rosetta2 (DE3) cells (Novagen),
a host usedto expressproteins which utilise non-E. coli codons (Novagen, 2006). 20 W of
cells were transformedwith IW of purified plasmid, as describedbefore. In each case,a
single colony was grown overnight at 37 'C in 5 ml of LB-Amp media, for HMS 174 (DE3)
cells, and LB-Amp-Carn (including 34 gg/ml chloramphenicol) media, for Rosetta2 (DE3)
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cells.

900 gl of ovemight culture was removed for a glycerol stock, as described

previously.
4.31c Expression trials of Rv3545c: Method I
The expressionand extractionprotocols detailed here are modified from those describedby
Bellamine et al. (1999). A starter culture of Rv3545c-HMS174 (DE3) was obtained by
inoculating 5 ml of LB-Amp with 3 VI of glycerol stock and incubating overnight at 37 'C
in a 50 ml falcon tube.
Overnight culture was diluted ten fold in fresh TB-Amp and grown to an OD 600 of 0.6 1.0.The haemprecursor,8-aminolevulinic acid (Sigma), was addedto a final concentration
of 2 mM and cultures were induced with I mM (final concentration) of EPTG, before
incubatingfor the specified time and temperature,whilst shaking at 185 rpm (table 4.10).
The OD 600 was recorded, before pelleting cells by centrifugation at 8,000 rpm in a
BeckmanJA20 rotor for 20 minutes, andpellets were storedat - 20 'C overnight.
To obtain the soluble fraction, thawed cells were resuspendedin 0.125 x volume of TES
buffer and incubated on a stirring platform with 0.5 mg/ml lysozyme (Sigma) for 15
minutes at 4 T.

One volume of 0.1 mM EDTA (Sigma) solution was added and then

incubatedfor a further 30 minutes, before pelleting the spheroplastsat 3,000 xg for 20
minutes. The supernatantwas incubated with I gg/ml of DNasel (Sigma) at 4T

and

ultracentrifuged at 225,000 xg for 30 minutes in a Beckman 70Ti rotor. The resulting
supernatant(supernatantA) was storedat 4 'C. Spheroplastswere resuspendedin two-fold
diluted TES buffer and sonicated at a 50 % output for 5 cycles of 30 secondbursts, each
followed by aI minute recovery period, on ice using a Branson sonicator. Lysates were
ultracentrifuged,as before. No brown/red colour, indicative of the presenceof P450, was
visible in the periplasmic fraction and so supematantA was combined with supematantB
to form the soluble fraction. All centrifugation stepswere performed at 4 T.

Fractions

were normalisedfor SDS-PAGE using equation 4.1 (Novagen, 2006).
Total fractions were preparedby pelleting I ml of cell culture in a bench-top Eppendorf
centrifugefor I minute at 14,000 rpm and resuspendingin 100 gI of Ix PBS buffer. Cells
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were sonicatedfor severalsecondsat 30 % output and then denaturedwith 150 ý11of Ix
sampleloadingbuffer at 90 'C for 5 minutes.
Normalisedsoluble fractions were denaturedat 90 'C for 5 minutes, in Ix sampleloading
buffer. Sampleswere applied to a 15 % polyacrylamide gel in Ix tris-glycine running
buffer and run at 35 mA for 30 minutes, before viewing under white light. Expression
conditions are describedin table 4.10.
Equation 4.1:
Z= OD 600 x DF
V= 80 PI /Z

Where:
Z= undiluted OD 600 reading
DIF= dilution factor of the sample
V= normalised. volume in microlitres of sample

Incubation Parameters
Media'

Additives

Reason

30

TB

None

Initial conditions

18

TB

None

Lower incubation

Expression

Time

Temp.

variable

(hours)

(cc)

Initial

6

Screen

24

Temp.

6

Glucose

24

25

temperaturescan improve

30

protein solubility (Novagen,
2006)

25

TB

0.5 % glucose

Decreaseany basal

addedto 5 ml

expression,to prevent

overnight

plasmid instability

starterculture

(Grossmanet al., 1998)

Table 4.10: Small-scale (50 ml) optimisation of in vivo expressionconditions for Rv3545c in pET17b and
HMS174 (DE3). 1Terrific broth containing 100 pg/ml arnpicillin.
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4.3.2d Expression trials of Rv3545c: Method 2
The following method is a modification of that used to successfully expressthe human
P450, CYP2C9 (Williams et al., personal communication). Rv3545c (Rosetta 2) starter
cultures (LB-Amp-Cam) were prepared and diluted in fresh TB-Amp-Cam, following the
methoddescribedin section4.3.2c. IL cultures were grown to an OD 600 of 0.35 to 0.45,
before adding 90 mg of 8-aminolevulinic acid (Sigma). Following a further incubation at
37 IC (for approximately30 minutes), cultures were induced at an OD 600 of 0.7 - 0.8 with
ImM of IPTG (final concentration) and incubated at 25 'C for 24 and 72 hours, with
shakingat 185 rpm. The OD 600 was recorded and cells were pelleted by centrifugation at
6,000 rpm in a Beckman JLA8.1 rotor for 15 minutes and snap-frozenin liquid nitrogen,
before storing at - 80 T overnight.
Ilawed cells were resuspendedin 125-lysis buffer (10 n-dper litre of culture) and disrupted
by passagethree times through a French pressurecell at 10,000 pounds per squareinch.
The soluble fraction was obtained by centrifugation at 14,000 rpm in a Beckman JA20
rotor for 30 minutes. All centrifugation steps were performed at 4 *C. Fractions were
normalisedfor SDS-PAGEas describedin section 4.3.2c.

4.3.2eLarge scaleexpressionand purification of solubleRv3545c
Rv3545cwasexpressed
andthe solublefractionobtainedasoutlinedin section4.3.2d. 6L
in 50 ml of 125-Lysisbuffer, and
of Rosetta2 (DE3)culturewaspelletedandresuspended
the soluble fraction was incubatedovernight with 15 ml of Nickel SepharoseHigh
Performance
resin(Amersham)at 4 "C on a rolling platform. The slurry was appliedto a
100 n-demptycolumn (Amersham),attachedto a downstreamperistalticpump, and the
resinwaswashedwith 10columnvolumes(150ml) eachof buffers125-NiAand 125-NiB.
Boundprotein was elutedin 2 column volumesof buffer 125-NiC and dark red/brown
fractionswerepooled(10 ml).
Protein was concentratedto 4 ml in a Vivaspin-20 30 kDa MWCO filtration unit by
centrifugation at 3,500 x g. The concentratedsamplewas loaded onto a SuperdexHi-Prep
S20026/60 gel filtration column (Amersham)in two applications. The column, attachedto
an automated ALKTA Explorer platform (Amersham), was equilibrated in 2 column
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volumes (640 ml) of 125-GFbuffer. The sample (2ml) was applied to the column and
eluted in 1.2 column volumes of the same buffer, at a flow rate of 3 ml/min with a
maximum pressurelimit of 0.5 MPa. Absorption measurementswere recorded at 280 nm
and 392 nm (the Soretpeak of high-spin P450) and peaks were collected in I ml fractions
at an absorbance(280 nra) above 200 mAu. Nine fractions from the centre of the peak
were collected (18 ml total) and concentrated to 40 mg/ml, as described previously
(concentrationdeterminedby Bradford assay).
4.3.3 Cloning and expression of Rv3545c: Results
Amplification of the Rv3545c by PCR and subsequentcloning steps were successful.
Rv3545c production was observed when following the initial conditions described in
method I (section4.3.2c),however solubility was negligible (figure 4.13A). Reducing the
incubation temperature to 25 'C did little to increase solubility, however a marginal
improvement was observedat 18 'C (rigure 4.13B). The addition of glucose during the
overnight incubation, with the aim of stabilising the plasmid by decreasing basal
expression,had no beneficial effect (rigure 4.13A).
Significant yields of soluble protein were only achievedwhen expressionincubations were
extendedto 72 hours, as describedin method 2 (section 4.3.2d). Dark red/brown pellets
(rigure 4.15A), obtainedfrom Rosetta2 (DE3) cultures incubatedat 25 T, were suggestive
of solubleP450 expressionand this was confirmed by spectrometricanalysis (section 6.3).
Large-scale expression of Rv3545c under these conditions (section 4.3.2e) produced
significant quantities of protein with a Soret peak characteristicof cytochrome P450s (in a
low-spin haern-iron system) present at 426 nm, after purification by affinity
chromatography(section 6.3.2a). Further purification by gel filtration yielded 13 mg of
pure protein per litre of culture (80 mg total) using this procedure,with a Soret peak at 392
nm (high-spin system). See rigures 4.14B and 4.15 for the large-scalepurification of
Rv3545c.
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Figure 4.13: (A) 15 % SDS-PAGE from small-scalein vivo expression trials of Rv3545c in pET17b and
HMS 174 (DE3) (section 4.3.2c). Cultures incubated at 30 T for: 6 hours, in lanes I (insoluble) and 2
(soluble); 24 hours, 3 (insoluble) and 4 (soluble). Cultures grown at 25 'C for 24 hours from starter cultures
containing 0.5 % glucose: 5 (insoluble); 6 (soluble).
(B) Cultures incubatedfor 6 hours at various temperatures. 18 "C: total, 1; insoluble, 2; soluble. 3.25 'C:
total, 4; insoluble, 5; soluble, 6.30 'C: total, 7; insoluble, 8; soluble, 9. Molecular weight markers in lanes
M. Rv3545chighlighted in red.
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Figure 4.14: (A) 15 % SDS-PAGE from small-scale in vivo expression trials of Rv3545c in pET17b and
Rosetta2 (DE3) (section4.3.2d). Cultures incubated at 25* C for 24 and 72 hours. Uninduced in lane 1;
total and soluble, 2-3 (24 hours) and total and soluble, 4-5 (72 hours).
(B) Fractionsfrom purification of Rv3545c, following large-scaleproduction and purification (section4.3.2e).
Cultures incubated at 25 'C for 72 hours. Soluble lysate in lane 1; post-affmity chromatography, 2; postgel filtration, 3. Molecular weight markersin lanesA

Rv3545c highlighted in red.
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Figure 4.15: Large-sLalein vivo expressionand purification of Rv3545c.
(A) Cell pellets from Rv3545c expressedin Rosetta 2 (DE3) for 24 and 72 hours at 25 *C (section 4.3.2d).
Both yield and intensity of the brown/red colour (indicative of haem proteins) are improved with prolonged
expressionincubations.
(B) Rv3545c after cell lysis and purification by affinity chromatography. Rosetta 2 (DE3) cultures (6 L)
grown at 25 T for 72 hours (section4.3.2e).
(C) Profile from the purification of Rv3545c by gel filtration using an S200 26/60 column (Amersham
Biosciences),from Rosetta 2 (DE3) culture (3 L) grown at 25 T for 72 hours. Absorbance at 392 nm is
predominantlydue to the presenceof cytochrome P450 in a high-spin system. Pooled fractions are shown
betweenarrows (section4.3.2e).
(D) Purification of Rv3545c by gel filtration, as before.
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4.3.4 Cloning and expression of Rv0950c, RQ628, and Rv3836: Methods
The recipesfor buffers and mediadescribedin this section are given in appendix 2.
4.3.4a PCR
Target genes were amplified directly from the genome. Oligonucleotide primers were
designedto incorporate a 5' upstream Ndel restriction site and a downstream Xhol site
(rigure 4.16) for insertion into the expressionvector, pET28a (Novagen). This positioning
within the pET28a construct resulted in the expressionof a 6-His tag at the N-terminal of
PCR reaction
each targetprotein. 1.2 ýtg of genomic DNA was included in a typical 80 ý11
solution of: 50 nM of each primer (Operon)-,0.2 mM of each dNTP (dATP, dCTP, dGTP,
and dUTP) (Novagen); 2U Taq DNA polyrnreasein storagebuffer B; and Ix Taq buffer
including 15 MM MgC12(both Promega). PCR reaction conditions were as described in
section 4.3.2a,with the exception of the annealing temperaturewhich was decreasedto 58
IC. This was necessarydue to the low Tm (64 'C) of the Rv3628-Rv primer. PCR
productswere purified from an agarosegel, asdetailed in section 4.3.2a.
Rv0950c Primers
FW 5'('A'I'A'I'(. GCAGCGATTCGCACACCTCG
RV 5'CTCGAGTCAACCGGTGTAATTGCCGACGC

Rv3628 Primers
FW 5'('A'I'A'['(; CAATTCGACGTGACCATCG
RV 5'CTCGAGTCAGTGTGTACCGGCCTTGAAGC

Rv3836 Primers
FW 5'('A'I'A'rGACAGTACCirGATGGACCCGCA
RV 5'CTCGAGTCATGGGCCGTTCATAGCATCGG

Figure 4.16: Primer sequencesused to amplify RvO950c,RQ628, and Rv3836 for in vivo expression. Bold
text identifies Ndel (red) and Xhol (blue) restriction sites. Start/stopcodons are underlined and normal text
identifies target-uniquesequences.
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43.4b Cloning of target genes
PCR products were first inserted into the cloning vector, pGernTI (Promega) by TA
cloning. Purified PCR product was included, at a vector to insert ratio of I: 1, with 50 ng
of pGemTl DNA, 3U of T4 DNA ligase, and Ix ligation buffer (all Promega)in a 10 gl
reaction. Reactionswere incubatedat room temperaturefor I hour (Rv0950c and Rv3628)
and at 4T

overnight (Rv3836). 20 W of Novablue cells (Novagen) were transformedwith

I VI of ligation reaction, as describedin section 4.3-2b. Cells were plated onto LB-Amp
platescontaining0.5 mM IPTG and 80 gg/ml X-gal, to enableblue/white colony screening.
For eachtarget, 8 single white colonies were grown overnight in LB-Amp and the plasmids
were purified as describedin section 4.3.2b. Purified plasmids were digested with Ndel
(New EnglandBiolabs) andXhol (Roche), in preparationfor subcloning into the expression
vector, pET28a (Novagen). 7.5 ýd of plasmid (from 150 pl) was added to a 20 gl reaction
with 20 U each of NdeI and Xhol and Ix reaction buffer #2 (New England Biolabs).
Reactionswere incubatedat 37 'C for 3 hours and inserts of correct size were identified by
agarosegel electrophoresis,as describedin section 4.3.2b.
Two positive clones were selectedfor each target. Both constructs and pET28a plasmid
DNA were digested with Ndel and XhoL and purified from an agarosegel. 100 ng of
digestedand purified pET28a was included in a 20 VI reaction with 0.2 pmol of purified
insert, IU of T4 DNA ligase,and Ix ligasebuffer (both Roche) and incubatedovernight at
15 OC. HMS174 (M)

and Rosetta2 (DE3) cells were transformedwith ligation reaction,
as describedin section 4.3.2b. Purified plasmids were obtained from overnight cultures
from a single colony and two clones for each target were sent to Oxford University for
DNA sequencing(http://polaris.bioch.ox.ac.uk/dnaseq). Data were analysedas outlined in
section 4.3.2b. One positive clone with the correct sequencefor each target was selected
andprogressedinto expressiontrials.

43.4c Expressiontrials of target genes
Starter cultures, LB-Kan (containing 35 Vg/mI kanamycin) for HMS174 (DE3)
cells and
LB-Kan-Cam for Rosetta 2 (DE3) cells, were prepared
as described in section 4.3.2c.
Overnight culture was diluted ten fold in fresh TB, containing the
appropriate antibiotic,
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and grown to an OD 600 of 0.6 - 1.0. Cultures were induced with I mM of IPTG before
incubating at the specified temperature(table 4.11), whilst shaking at 185 rpm. The OD
600 was recordedbefore pelleting cells by centrifugation at 8,000 rpm in a Beckman JA20
rotor for 20 minutesand storing at -20 'C overnight.
Thawed cells were resuspendedin Na-Lysis buffer and disrupted by sonication on ice,
using a Branson sonicator at 50 % output. Cells were subjected to twenty cycles of a3
secondburst followed by a7 second rest, with a resting period at the midway point to
preventoverheatingof the sample. Soluble fractions were obtainedby centrifugation at 14,
000 rpm for 30 minutes and prepared for SDS-PAGE, as described in section 4.3.2c.
Expressionconditions are describedin table 4.11.

E eoli strain
HMS174(DE3)

Rationale
Initial conditions

Time

Temp.

Volume Lysis

(hours)

(OC)

(ml)

method

6

25

50

None

50

Sonication

1000

Sonication

30
Rosetta2 (DE3)

Cellsmayprovide

6

25
30

unusualcodonsrequired
for targetprotein
expression/solubility
Rosetta
2 (DE3)

As above.Increased

24

25

incubationperiodmay
increase
expression

Table 4.11: Optimisation of in vivo expressionconditions for Rv0950c, Rv3628, and RQ836 in pET28a.
Culturesgrown in terrific broth (TB).

4.3.4d Large scaleexpression and purification of Rv3628
The expressionof Rv3628 was scaled-upto produce a sufficient quantity of protein for
purification by chromatography. The resulting yield was compared with that produced
from cell-free expression(section4.2.3d).
Rv3628 was expressedfor 6 hours at 25 'C in Rosetta2 (DE3). IL of culture was pelleted
and resuspendedin 7.5 ml of ppa-Lysis buffer and the soluble fraction was obtainedby the
French pressurecell method and centrifugation (see section 4.3.2d). The soluble fraction
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(10 n-fl)was appliedto aI ml HisTrap HP Nickel column (Amersham), equilibrated in ppaNiA buffer. Non-boundmaterial was washedin 20 column volumes of ppa-NiB buffer at I
ml/min with a maximum pressureof 0.3 MPa. Bound protein was eluted with 10 column
volumes of ppa-NiB buffer and collected in I ml fractions. A large peak in 280 nrn
absorbancewas observedafter washing with 5 column volumes of eluant. Five fractions
were pooled (5 ml) and loaded onto a5 ml HiTrap Desalting column (Amersham)
equilibratedin ppa-AxA buffer. The samplewas applied to the column at 2 ml/min with a
pressurelimit of 0.3 MPa. Finally, the single large peak was pooled (5 ml) and applied to a
5ml HiTrap QFF anion exchangecolumn (Amersham), equilibrated in the same buffer.
The column was washedwith 5 column volumes of buffer at 5 ml/min, with a maximum
pressureof 0.5 MPa. Bound protein was eluted in a gradient of 0- 100 % buffer ppa-AxB
sodium chloride) over 15 column volumes. A large, well defined peak in
absorbanceat 280 nm was observed at 75 % of eluant, was pooled (17 ml) and

(0 -IM

concentrationwas deten-ninedby Bradford assay.
4.3.5Cloning and expression of Rv0950c, Rv3628, and Rv3836: Results
All targetswere successfullyamplified by PCR and positive clones were isolated. Rv3628
was expressedin both Rosetta 2 (DE3) and HMS174 (DE3) cells, however total yield was
dramatically reduced when using the latter (figure 4.17A). Rv3628 was predominantly
expressed in a soluble form by Rosetta 2 (DE3) cells. Extended incubations of the
expressionmedia marginally improved solubility of this target. Chromatographic steps
removed- 95 % of contaminatingproteins from the large-scalepreparation,yielding 20 mg
of pure Rv3628 per litre of culture (figure 4.18). Rv0950c (figure 4.17C), and to a lesser
extent, Rv3836 (figure 4.17B) were also expressedin Rosetta 2 (DE3) cultures, however
Rv0950c remained insoluble. Solubility of Rv3836 was improved by increasing the
incubationtime to 24 hours.
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Figure 4.17: 15 % SDS-PAGE from small-scalein vivo expressiontrials of: (A) R0629; (B) Rv3836; and
(C) RvO950c,in pET28a (section 4.3.4c). Total extracts from HMS174 (DE3) (H) and Rosetta2 (DE3) (R)
culturesincubatedfor 6 hours at: 25 "C, lanes I&3; 30 'C, 2&4. Rosetta2 (DE3) cultures incubated at 25
'C for: 6 hours total (lane 5), insoluble (6), soluble (7); 24 hours uninduced (8), total (9), insoluble (10),
soluble(11). Molecular weight markersin lanesA

Target proteins highlighted in red.

143

Chapter4- Productionof proteinsfrom Mycobacterium tuberculosis

4

Rv3628

Figure 4.18: Fractions from purification of Rv3628, following large-scale production and purification
(section 4.3.4d). Cultures incubated at 25 'C for 6 hours.

Soluble lysate in lane 1; post-affinity
chromatography, 2; post-gel filtration, 3. Molecular weight markersin lanes A

4.4 Discussion
4.4.1 Summary of results from the cell-free system

Positive clones were obtained for all but five of the targets, however with additional
experimental time it is likely that mutation-free clones could have been obtained for all
targets. Mutations can be introduced during amplification by PCR, although the use of
proof-reading polymeraseslimits such errors. Also, the inclusion of DMSO during PCR
for some targets may have induced mutations, making it necessaryto sequencemore
clones.
The cell-free system proved to be a highly successfulmethod for rapidly screening large
numbers of M. tb targets for expression. Initial screening, using standard reaction
conditions without additives, resulted in one third of the targets yielding soluble protein.
For targets where expression was not observed and discrete PCR products were not
available, inclusion of DMSO during PCR resulted in the correct amplification of PCR 2
templates,which subsequentlyled to the production of soluble protein for a further three
targets.
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Metals are known to act as structural elements and folding nucleation points for unfolded
proteins (ITQB[UNL, 2006). Due to the predicted metal requirement for several of the
targets,it was possiblethat the lack of such ions within the reaction solution might account
for insolubility. However addition of metal compounds to the cell-free reactions did
nothing to improve solubility, with the exception of a marginal improvement in solubility
for Rv2845c upon addition of zinc. A number of the targets have unknown metal
requirementsand so it may be necessaryto screena larger number of different ions. Also,
optimisation of ion concentration and the inclusion of proteins involved in metal
incorporation may be required to induce any noticeableimprovement in the expression of
solubleprotein.
Addition of detergentsor molecular chaperonesto the standardreaction conditions greatly
improved solubility for problematic targets. Five previously insoluble targets were made
soluble by the additon of detergents,and a further four by molecular chaperones,bringing
the total percentageof targets expressedin a soluble form to 67 %. Considering the
equivalentsuccessrate for the TBSGC is 30 % (soluble expressionobtained from 518 out
of 1558 targets,as of December 2006), this constitutes a significant improvement. Little
difference was observed between the two detergentstested, however the dnaJ-dnaK-grpE
groupof molecularchaperonesproved to be the most successfulin producing soluble M. tb
proteins(throughpromotion of correct folding), followed by the groEL-groES pair. Taking
into accountthe costs associatedwith theseadditives (the preparationof chaperonesfor use
in cell-free reactions is time consuming and detergentssuch as Digitonin are extremely
expensive)and potential difficulties during their removal, synthesisby these methodsmay
only be cost-effectivewhen significant yields are obtained.
Milligram quantities of soluble protein were obtained for 9 of the 28 original targets
screened(section 4.2.3), however only two of the newly selected8 targets gave similar
results (section 4.2.5). Although some soluble expression was observed for all of the
previously insoluble targets, by addition of detergents or molecular chaperonesto the
reaction solutions (section 4.2.5c), only Rv2388c was significantly improved. One target,
RvO950c, was thought to be soluble throughout expression trials.

However, upon

purification by affinity chromatography, the protein was 'lost' suggesting either
degradationduring the purification stage or a misinterpretation of solubility during SDSPAGE analysis.
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4.4.2 Summary of results from the in vivo system

Severaltargetswereselectedfor comparativeexpressiontrials using a traditionalin vivo
system,asdescribedin section4.3.1. Targetswereclonedinto expressionvectorswhich
were used to transformtwo expressionhosts, HMS174 (DE3) and Rosetta2 (DE3).
Positivecloneswere obtainedfor all targets. Whilst both Rv3628 and Rv3545cwere
in HMS174(DE3), yield wassignificantlyimprovedby using Rosetta2 (DE3)
expressed
hosts,andexpression
of Rv3836andRvO950cwasonly achievedusingthesecells. This is
likely to be due to Rosetta2 cells providing tRNA moleculeswith the unusualcodons
necessaryto translateMycobacteriumtuberculosisproteins efficiently (Del Tito et at.,
1995,Rosenburg,1996,and Novy et al., 2001). No differencein total expressionwas
observedbetweenculturesincubatedat 25 *C andthoseat 30 'C, but it seemssensibleto
in order to facilitate solubility (Novagen,2006). Whilst Rv3836
uselower temperatures
was expressedin a soluble form, overall yield was very low, and RvO950cremained
insolublethroughout.
Rv3628 expressedvery well without optimisation of the expressionconditions. However
only n-tinimal amounts of soluble Rv3545c were produced and altering the expression
temperatures(18 - 30 T), incubation times (6 - 24 hours), and host cell (HMS174 and
Rosetta2) made little difference to the overall solubility of this target. A literature search
of homologous P450s (such as Bellamine et al., 1999 and McLean and Cheesmanet al.,
2002) found that soluble protein was generally obtained 6 to 24 hours after induction, but
soluble yields of Rv3545c were extremely low under these conditions and were only
improved by increasingthe incubation to 72 hours. Such extendedexpressionperiods are
only possiblein nutrient-rich media such as terrific broth which containsboth glycerol and
a high proportion of yeastextract. The effect of incubation time on Rv3545c expressionis
clearly demonstratedin figure 4.15A, which shows cell pellets after 24 (light brown) and
72 hours(dark red/brown).
4.43 Advantages and disadvantagesof the cell-free expression system
One of the major benefits of this system is the ability to express target proteins either
directly from the PCR product or from constructsgeneratedin just one cloning step (Lesley
et al., 1991). 'Ibis significantly reducesthe amount of time taken to progressfrom target
selectionto protein expression. Tags to aid solubility or purification are easily incorporated
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by tailoring PCR primers to the specific requirement. The small volumes of reaction
solution requiredto producequantities of protein sufficient for analysis by SDS-PAGE also
allow for the initial screeningof large numbersof targetsin a short time frame.
Problemsassociatedwith the expressionof proteins toxic to host cells is not an issue with
this system, due to the lack of whole cells (Golf and Goldberg, 1987 and Murthy et al.,
2004). Particularly important when attempting to expressproteins from speciessuch asM.
tb, is the ability to translatesequenceswhich utilise non-E. coli codons,and this is another
advantageof the system,due to the optional inclusion of minor-tRNA's within the reaction
solution (Chumpolkulwong et al., 2006). Additional benefits are the ease with which
additives andcofactorscan be included in the reaction solutions and subsequentlyscreened
againsttarget proteinsfor solubility/correct folding (Betton, 2003 and Murthy et al., 2004).
Proteinscan also be synthesisedin a methionine-deficient environment, thus ensuring full
selenomethionineincorporation when MAD phasing is required for structuredetermination
(Kigawa et al., 2002).
Whilst the cell-free system proved to be a highly successfulmethod for expressingM. tb
proteins in this study, there are also disadvantages. The system is generally regarded as
being more expensiveto set up than the in vivo method, although the successrate may
outweigh this cost. High grade reagents and cell extract must be either commercially
obtained or produced in-house, the latter of which is a time consuming and technically
challenging process(Murthy et al., 2004). The successachieved during this project was
facilitated by performing the experimentsin a laboratory dedicatedto in vitro expression
systems. Finally, the expressionof certain metalloproteins, which are biologically active,
using this system may not be possible due to a lack of metal incorporation pathways.
However, many metalloproteins have been successfully expressed using the cell-free
system,and a recentpublication describesan optimised protocol for the expressionof zincbinding proteins (Matsudaet al., 2006).

The cell-free systemoperatesa more high-throughputapproachthan most traditional
systemsandits potentialto screenlargenumbersof targetsis oneof its major advantages.
However,althoughit is possibleto screenmanydifferentreactionconditionsin an attempt
to improvenegativeresults,largerstartingsamplepoolsclearly resultin a greatersuccess.
Moreover,it seemsthattargetsthatexpresswithout assistance
aremorelikely to produce
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satisfactoryquantities of protein when synthesisedon a large scale. That is not to say it is
impossibleto producesufficient amounts of these proteins, only that more time would be
required to optimise the scaling-up of a smaller number of targets, and this must be
balancedagainstthe cost of such procedures.
4.4.4 Advantages and disadvantages of the E. coli in vivo expression system
The key benefit of this system is the ease with which it can be set up and executed in
virtually any biological laboratory.

Standard protocols are well established and the

necessaryreagentsare readily available from commercial sources. Additional buffers and
growth media can be made in-house using standard laboratory chemicals and are easily
disinfected by autoclaving at high temperatures. This all accounts for the relatively low
cost requiredto establishsucha system.
As this method utilises whole living cells, it is often unnecessaryto include additives such
as metalswhich are required for solubility/folding or activity, as these are available within
the system. However,when overexpressingmetalloproteinsthe requirementcan exceedthe
supply and the additive or a precursormay be included for optimal results. Once positive
clones have been obtained and a successful expression strategy has been optimised,
expressioncan easily be scaledup using glycerol stocksof the original colony and repeated
whenevernecessaryto obtain more protein.
A disadvantageassociatedwith the in vivo system can be the length of time taken to
progressfrom gene to protein (Murthy et al., 2004). More than one cloning step is
generally required, although PCR products can be directly cloned into pET expression
vectors (Novagen, 2006). Also, it may be necessaryto screen a number of vector-host
combinationsto produce target protein. This can make the high-throughput expressionof
targetsextremely time consuming and whilst the procurement of reagentsand equipment
may be of minimal cost, such experimentscan be financially unviable due to the intensive
labour required. In vivo methodsare however regularly used for high-throughput protein
production, due to the availability of efficient plasmids, which improve solubility and
simplify purification, and highly inducible geneexpressionhosts(Braun and LaBaer, 2003,
Scheichet al., 2003, and Murthy et al., 2004).
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As described above, an extensive but often expensive selection of host cells are
commercially available, optimised for particular stages of cloning and expression.
Alternatively stocks of host cells can be grown in-house and made competent for
expression,but the convenienceof ready-madecells may be preferred. This comprehensive
rangeof cells are generatedeither by modifications to the host's genomeor by transforming
the bacteria with plasmid DNA, both of which provide mechanisms to aid the soluble
expressionof targetproteins. Such modifications may provide the unusual codonsrequired
to translate a target protein or promote correct folding by enhancing disulphide bond
formation within the cytoplasm (Novagen, 2004). An even wider selection of bacterial
plasmids are commercially available which offer a multitude of cloning options. Target
genesare convenientlyinsertedinto the multiple cloning site of such plasmids and proteins
can be expressed,together with tags required for signalling or purification, however these
can alsobe addedby designingsuitable primers during PCR.
Whilst the scaling up of expressionconditions is in principle very simple, many litres of
culture may be required to yield significant quantities of target protein and not all
laboratories are equipped with such facilities. Target protein may be retained in the
cytoplasm,exported to the periplasmic space,or secretedinto the medium, and extraction
can form a bottleneck. Mechanical disruption by a French pressurecell can be difficult to
operate,time consuming, and not suitable for high-throughput purposes. Also, chemical
lysis methods are not always successful. Finally, purification of target proteins from the
substantialE. coli contribution can be difficult, particularly when the overexpressedyield is
low.
4.4.5 Comparisons between the cell-free and in vivo expression systems
Whilst Rv3836 was expressedin a soluble form using the in vivo systemdescribed,overall
yield was very low. As with the insoluble RvO950c,further optimisation of the expression
conditions may have improved this. However, the similar results obtained using the cellfree systemsuggestthat improvementsmay not be possible.
Twenty milligrams of pure protein per litre of culture was obtained for Rv3628 using the in
vivo system. Comparing this with the total yield from cell-free synthesisof 27 mg (1.5 mg
per millilitre of reactionsolution), the in vivo system does appearto have the advantagein
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that the cost andeffort required to scaleup such a systemwould be minimal. Another issue
to raise during this comparison is that of metal incorporation. Rv3628, an inorganic
pyrophosphatase,requires metals such as magnesium or zinc for enzymatic activity
(Coopermanand Chiu, 1973 and Lahti and Kolakowski et al., 1990). The X-ray crystal
structure from protein synthesisedusing the cell-free method (see chapter 5), reveals the
lack of thesemetals and so representsan inactive molecule. Magnesium acetate(9.28 mM)
was included in the synthesisreaction, however this was clearly not incorporatedinto the
protein. Greater quantities of metal ions may have been required, however due to the
essentialrequirementof magnesiumfor RNA polymeraseactivity, levels of these ions were
optimised for expressionand so alteration may affect overall productivity. Another option
would be to incorporatemetals during crystallisation or to soak the apoenzymecrystals in
metal solutions prior to data collection. '17hesemethods were used to prepare Y-PPase
(Heikinheimo et al., 1996 and Harutyunyan et al., 1996) and E-PPase(Samygina et al.,
2001) holoenzymes,prior to X-ray data collection, suggestingactivating metals were not
fully incorporatedduring protein expression.
The greatest successfrom this comparative study was the expression of Rv3545c, a
cytochromeP450 125, which yielded 13 mg of pure protein per litre of culture, and yet was
predominantly insoluble using the cell-free system. The ability of cell-free systems to
expressactive haem proteins is questionable,as there are no mechanisms whereby haem
can be producedor incorporatedinto the polypeptide. In living cell systems,a precursor is
convertedto haemby its biosynthetic pathway, which is not possible in in vitro set ups due
to the lack of whole cells.
To summarise,the cell-free systemwas used to rapidly express large numbers of targets,
however the in vivo systemwas arguably the more successful. Of the four targetschosen,
three gave comparableresultsto those obtainedfrom cell-free synthesis,and the expression
of Rv3545c was dramatically improved (table 4.12). However, a clear benefit of the cellfree system is shown in section 4.2.5c, whereby relatively simple optimisation of smallscale reaction conditions yielded partially soluble protein for all of the 9 targets tested.
Similar results may be obtainable in an in vivo system,although optimisation of expression
conditions for multiple targetscould be time-consuming(Murthy et al., 2004).
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I

Cell-free expression system

Target

Function

Result

Yield'

In vivo expression system
Yield 3
Result2

RvO950c

Probable

Possibly soluble

n/a

Insoluble

n/a

metalloprotease

(aggregatedduring

n/a

Very soluble (72

90 mg

hour expression)

03 mg/L)

26.9 mg

Very soluble (6

20 mg

pyrophosphatase (without additives)
Soluble (without
Zinc

(1.5 mg/ml)

hour expression)

(20 mg/L)

6.0 mg

Soluble (24 hour

n/a

metalloprotease

(0.3 mg/ml)

expression)

pufification?)
Rv3545c

Cytochrome

Soluble (with

P450 125

molecular
chaperones)

Rv3628

Rv3836

-i-norganic

Very soluble

additives)

Table 4.12: Comparisonbetween cell free and in vivo systems for the expression of four Mycobacterium
tuberculosis targets. 'Total yield from large-scalepreparation. Text in parenthesis shows the yield per
2
ITotal yield from
millilitre of reaction solution. All soluble proteins expressedin Rosetta 2 (DE3) cells.
large-scalepreparation. Text in parenthesisshowsthe yield per litre of culture.

Due to the lack of whole cells, the cell-free system would suggestfewer host proteins are
present, which in principle would allow for an easier purification, however this was not
apparentduring this study. A similar numberof purification stepswere required to remove
- 95 % of host contaminants,following cell-free expression,as would generally be used
following in vivo expression. An example is shown in figures 4.7 and 4.18, whereby
Rv3628 was purified by 3-stepchromatographyfollowing cell-free expression,and by only
2-steps following in vivo expression. However the anion exchange step was routinely
performed after cell-free expression and may not have been necessary. The correct
engineeringof tags which aid purification (such as His-tags) during cloning stagesand the
use of efficient purification resins can be successful in removing the majority of host
contaminantsin a single step, as shown in figure 4.14B. Furthermore, a study comparing
the expressionof 63 proteinsfrom Pseudomonasaeruginosa using E coli-basedin vivo and
in vitro systems,identified a higher proportion of contaminating host proteins for in vitroexpressedproteins, following a single-stepaffinity purification (Murthy et al., 2004).
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4.4.6Additional considerations
Whilst not an inherent issuewith the cell-free system,anotherproblem encounteredduring
this study was the inability to replenish protein stocks once experimental time at RIKEN
had ended. This was due to the lack of specialist equipment and reagentsat Daresbury
Laboratory, required to perform such experiments. This resulted in the use of protein,
which had been stored for several months, in downstream applications such as
crystallisationand enzymaticassays. Also shipping the protein from Japanto England took
considerable periods of time, further increasing the chances of degradation and
precipitation.
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Chapter 5- Structure of inorganic Pvrovhosvha

(Rv3628) from MycobacteHum

tuberculosis

5.1

uction

inorganic pyrophosphatases(PPases) belong to the phosphatase superfarnily and are
ubiquitousenzymes,which play an essentialrole in biosynthetic reactions. PPasescatalyse
the hydrolysis of pyrophosphate(M), a product of reactionssuch asprotein and nucleotide
in
synthesis,to orthophosphate(Pi)2. The first PPaseX-ray crystal structure was published
1981 by Arutiunian et al (PDB code: IPYP). This 3.0 A yeast apoenzymeidentified the
I PPases.
now distinctive oligomeric fold and large polar active site, characteristicof type
it was a further 13 years before the secondstructurebecameavailable, a high resolution 2.0
A structureof ThermusthermophilusPPase(PDB ID: 2PRD).
Much of our existing knowledge of this enzyme has been gained in the last few years, 34
apoenzyme/ligand-boundstructures are now deposited in the Protein Data Bank (PDB),
from nine unique organisms: Escherichia coli (IIPW & IFAJ: Kankare, 1996; IOBW:
Harutyunyan, 1997; IND & IMJW: Avaeva, 1997 & 1998; H40 & 116T: Samygina,
2001;), Saccharomycescerevisiae (IWGI/IWGJ

& IE6A/IE9G: Heikinheimo, 1996 &

2001; IYPP: Harutyunyan, 1997; 8PRK: Tuominen, 1998; IM38: Kuranova, 2003),
Bacillus subtilis (IK23: Ahn, 2001; IWPM/IWPN: Fabrichniy, 2004), Streptococcus
gordonii (IK20, Ahn, 2001; IWPP: Fabrichniy, 2004), Streptococcus mutans (1174:
Merckel, 2001), Sulfolobus acidocaldarius (IQEZ: Leppanen, 1999), Pyrococcusfuriosus
(ITWL:

Zhou, 2004), Pyrococcus horikoshii (IUDE:

Liu, 2004), and Thennus

thertnophilus(2PRD: Teplyakov, 1994). 19 of these 34 structureswere solved in the last 7
years,predominantlydue to advancesin genomic sequencing.
A detailed introduction to inorganic pyrophosphatasesis given in section 1.2. The X-ray
crystal structureof Mtb-PPaseis presentedhere, refined to a resolution of 2.7 A. Analysis
of the structureand comparisonswith a numberof the existing structuresmentioned above,
are presentedhere.
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5.2 Protein expression and crystallisation
Mtb-PPase was synthesised using the cell-free expression method outlined in section
4.2.2g. Crystals were grown at room temperatureusing the hanging drop vapour diffusion
method. The protein concentrationwas 5 mg/ml in CF-E buffer (50 mM NaH2PO4pH 8.0,
150 mM NaCl, and I mM DTT). 2 gI of protein was mixed with an equal volume of
reservoir solution containing 2M ammonium sulphate, 2% v/v PEG 400, and 0.1 M
HEPES-Na,pH 7.5. Crystals grew in one week to a size of 100 x 200 ýM. The multiple
crystal shown in rigure 5.1 was separatedusing a thin brass needle, and the larger of the
two crystals was used to collect the full dataset. Separationand mounting of the crystal
wereperformedby Dr SvetlanaAntonyuk at the SRS.

Figure 5.1: The multiple Mtb-PPasecrystal, which was separatedand used during data collection. The larger
of the two crystals(indicated with a broken black arrow) was separatedfrom the smaller crystal (white broken
arrow) and usedto collect data.
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53 Data collection
Prior to data collection the crystal was soaked for approximately one minute in a
cryoprotectantsolution consisting of mother liquor and 25 % glycerol, before flash-cooling
to lOOK in a nitrogen cryostream. X-ray diffraction data were collected on station MAD
10.1at the SynchrotronRadiation Source,Daresbury(Cianci et al., 2005) using a Mar CCD
detectorat an X-ray wavelengthof 0.979 A. The maximum resolution obtainable was 2.7
A. The crystal to detector distance was set to 265 mm and data were collected over an
oscillation angle of I' per image, with an exposuretime of 60 secondsper frame. A total
of 360 imageswere collected. Seefigure 5.2 for the first diffraction image.

5.4Data processing
The dataset was processed using HKL2000 (Otwinowski and Minor, 1997), which
incorporates Denzo for determining the crystal's orientation and performing spot
integration, Xdisplayf for displaying the diffraction images, and Scalepack to scale and
mergethe data. The spacegroup was determinedto be P3221,with unit cell parametersof.
a= 102.022,b= 102.022,c= 80.812 A; and (x = 90,5 = 90, y= 120'3. A total of 1,234,
197 reflections were recorded, 13,447 of which were unique. The maximum resolution
wasjudged to be 2.7 A, basedupon three parameters:data being 98 % complete, with 97 %
completenessin the outer shell at this resolution; merging R-factors being 16.1 % for the
whole dataset,and 63 % for the outermost shell; and an intensity to standarddeviation of
intensity ratio, I/a(l), of 6.1 and 1.5 in the outer shell. The overall B-factor was estimated
using a Wilson plot to be 32.94 A2 (Wilson, 1949). Data collection statistics are given in
table 5.1

155

Chgpter 5- Structureof inorganic pyi:ophosphatase(Rv3628) from Mycobacterium tuberculosis

Figure 5.2: The first diffraction image from the Mtb-PPase crystal. (A) The whole image, with labels
A. (B) A region near to the resolution limit of 2.7 A.
representingthe resolution shells to 50,10,5, and 2.5
Imagegeneratedusing HKL2000 (Otwinowski and Minor, 1997).
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Resolutionrange(A)

44.00-2.70

Spacegroup

P3221

Unit cell parameters

a= 102.022,b= 102.022,c 80.812
(x= 90, P= 90, Y= 1200

Redundancy(last shell)

5.6(3.2)

AverageIlo(I) (last shell)

6.1(1.5)

Rmerge(%) (last shell)

16.1(63.0)

(%) (last shell) 98.0(87.0)
Completeness
Reflections
(Overall) 1,234,197
(Unique) 13,447
Wilson B value

32.94

Table 5.1: Mtb-PPasedataprocessingstatistics.

5.5Solventcontent
The contents of the asymmetric unit were estimated using the Matthews coefficient
calculation(equation 5.1). The molecular weight of monomeric Mtb-PPaseis known to be
18.3kDa.

Equation5.1:
vm

=

Vcell

-Nmr
Where V,,jj is the volume of the unit cell, N is the number of monomersin the asymmetric
unit, and M, is the molecular weight of the protein. The Matthews coefficient was
calculatedto be 2.2 A3 Dal. If three monomers are located in the Mtb-PPaseasymmetric
unit, the associatedsolvent content is 50 %.

5.6Structure solutionand refinement
The structurewas solved by the molecular replacementmethod using MOLREP (Vagin and
Teplyakov, 1997),as part of the CCP4 suite (CCP4,1994). The 2.2 A crystal structureof a
monomeric E. coli pyrophosphatase(PDB ID: IFAJ) (Kankare et al., 1996), which shares
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45 % sequenceidentity with Mtb-PPase,was usedas the starting model. Initially, the most
plausible solution for only one monomerwas determined. This was then inputted asa fixed
solution during determinationof the remaining two monomerswithin the asymmetric unit.
This yielded an overall R-factor of 51 % with a correlation coefficient of 39.8 %.
The model was rebuilt using COOT (Emsley and Cowtan, 2004) and 0 (Joneset al., 1991)
and refinement was performed using the maximum likelihood method in REFMAC5
(Murshudov et al., 1997), both using an MAC G5 machine (Apple). Throughout
refinementPROCHECK (Laskowski et al., 1993) and WHATIF (Vriend, 1990) were used
to check the model's stereochemistry.
Initial rigid body refinement, using data in the rangeof 44 to 3 A, slightly reduced the Rfactor to 50 % (R-free 50 %) after twenty cycles. Prior to this, 5% of the reflections were
set asidefor determinationof the free-R factor (BrUnger, 1992). Medium main chain and
loose side-chain non-crystallographic symmetry restraints were applied to the three
monomersin the asymmetric unit, during restrained-positional and individual isotropic
temperaturerefinement. With the weighting matrix set to 0.01, the R-factor was further
lowered to 36 % (R-free 44 %) after 20 cycles. Additional data to the maximum resolution
of 2.7 A was then subjectedto another 20 cycles of refinement, with the weighting term
increasedto 0.02 and 0.03, resulting in R-factors of 34 and 33 % respectively (R-free 44
and 45 %). Successivecycles of refinement and examination of the model's fit within the
electrondensity, with the weighting term set to 0.05, decreasedthe R factor to 28 % (R-free
38%).

The ARP/wARP program within CCP4 (Lainzin, 1993) was then used to identify potential
solvent peaks. Three cycles of ARP/wARP refinement followed ten restrained cycles,
resulting in the addition of 42 waters and an R-factor of 23 % (R-free 33 %). The
modelling of a further 13 water molecules gave an R-factor of 22 % (R-free 32 %). This
was followed by multiple cycles of maximum likelihood and restrained TLS refinement
(Winn et al., 2001) and the removal of unfeasiblewater molecules,resulting in an R-factor
of 21 % (R-free 30 %).

In an attemptto improve the R-free,tight non-crystallographic
symmetryrestraintswere
appliedto both the main andsidechains. Unfeasiblewatermoleculeswere alsoremoved,
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resulting in a final R-factor of 23.2 % (R-free 27.4 %). The final refined model included 36
A2. Water molecules were only
water molecules, with an average B-factor of 19.1
modelledwhen the following criteria were met: well-defined positive peaks were visible in
both the 2Fo-Fc and Fo-Fc density maps; reasonablehydrogen bonds with protein residues
or other water molecules,and with acceptabletemperaturefactors in relation to the average
solvent B-factor. Seetable 5.2 for a summaryof the refinement processand ifigure 5.3 for
a plot of R-factorsas a function of refinementcycle.
Cycle

Maximum

R-factor

R-free

Solvent

Description

number

resolution

(%)

(%)

molecules

1

3

50

50

0

Rigid body refinement

3

36

44

0

Restrained positional and isotropic
refinement (weighting term 0.0 1).
Medium main chain/loose side chain
NCS restraints

3

5

2.7

34

44

0

As above (weighting term 0.02)

2.7

33

45

0

As above (weighting term 0.03)

2.7

29

37

0

Model rebuild and refinement
(weighting term 0.03)

7

2.7

28

38

0

As above (weighting term 0.05)

2.7

23

33

42

Addition of waters by ARP-wARP
refinement

8

2.7

22

32

53

Addition of more waters by ARPwARP refinement

9

2.7

21

30

44

TLS refinement and removal of
unfeasible water molecules

10

2.7

23.2

27.4

36

TLS and tight NCS-restrained
refinement. Removal of unfeasible
water molecules

Table 5.2: The processusedto refine the Mtb-PPasecrystal structure.
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Figure 5.3: R-factors (%) as a function of refinement cycle number. The R-factor is shown in blue and the Rfree in red.

5.7 Quality assessment
The stereochemical quality of the model was assessed using PROCHECK (Laskowski et
al., 1993) and WHATIF (Vfiend, 1990). A Ramachandran plot, generated using CCP4
(Ramachandran et al., 1963), found 90.3 % (363 residues) of all non-proline or glycine
residues to be in the "most favoured" regions, with 9.5 % (38 residues) within the
"additionally

allowed" region.

Ala145 (chain B) was found within the "generously

allowed" region.

The estimatedstandarduncertainty(ESU) (Cruickshank, 1996)basedupon the R-free value
was found to be 0.417 A. This describes the contribution of experimental data to the
positional uncertaintyof an atom with a B-factor equal to that of the Wilson B value for the
whole molecule.
Refinementand model quality statisticsare summarisedin table 5.3 and the Ramachandran
plot is shown in figure 5.4.
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Matthews coefficient (A3 Dal)

2.2

Solvent content

50

Protein atoms

3828

Solvent atoms

36

Rwork

23.2

Rfree (%)

27.4

B value
Average 19.1
Solvent 32.1
Phosphate 30.6
rmsd bonds

0.012

rmsd angles

1.362

Ramachandran plot
Most favoured regions 90.3
Additionally allowed regions 9.5
Generously allowed regions 0.2
Disallowed regions 0.0
E.S.U basedupon R-free (A)

0.417

Table 5.3: Mtb-PPaserefinementand model quality statistics.
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Figure 5A. The final Ramachandranplot for Mtb-PPasefollowing refinement, generatedby PROCHECK
using the CCP4 suite(Ramachandranet al., 1963). Seetext for description.

5.8 Analysis and comparison with other inorganic pyrophosphatases;
5.8.1Quality of the structure
The structure of Mtb-PPasewas refined to a maximum resolution of 2.7 A, consisting of
three monomersin the asymmetric unit, each containing one phosphategroup within the
active site. The final model consists of residues Gly7 to Ala166, from a total of 169
residuesin the protein sequence(residuesGlyl to Gly7 form a linker sequence,introduced
by the cell-free synthesis method). The remaining residues at the N-terminus were
disordered. Side chain density was missing for residues:Lys 143 from Cy onwards (chains
B&Q;

Arg 150 from Cý (C); Arg 159 from C8 (A); Glu 162 from C8 (A & B), and these

were modelled with zero occupancy. The side chain density for Phel2l (chain Q was
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partially missing from Cy onwards, and these atoms were modelled with an occupancy of
0.5.

The model containsa total of 3,828 protein atoms, 36 water molecules, and 3 phosphate
A2
A2 (solvent atoms), and
molecules,with averageB-factors of 19.1 (overall model), 32.1
30.6 A2 (phosphateatoms). See figure 5.5 for a plot of the average B-factors for each
residue. The stereochernicalquality of the model was generally good: 90.3 % of all nonglycine residues fell within the most favoured region of a Ramachandran plot
(Ramachandranet al., 1963), with no residues in the disallowed region (figure 5.4). The
final crystallographic R-factor was 23.2 % and the R-free was 27.4 %. Model quality
statisticsare given in table 5.3.
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Figure 5.5: A plot of the averageamino acid temperaturefactors for each Mtb-PPasechain: chain A (blue); B
(red); and C (yellow). Data generatedusing the BAVERAGE program in CCP4 (CCP4,1994). Residues
Gly I to Gly7, which form the linker sequenceaddedduring cell-free expression,are not included as they were
not visible in the electron density.
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5.8.2Overall structure and oligomeric form
The asymmetric unit of Mtb-PPase consists of three 18.2 kDa monomers, forming a
compact non-crystallographictrimer (figure 5.6). The monomers are related by a threefold non-crystallographicsymmetry axis and the C(x atomsmay be superimposedwith root
A.
meansquaredeviations(rmsd) of 0.08
All crystal structuresin this chapter were generatedusing PYMOL (DeLano Scientific),
and labeled secondary structural elements were defined by PROMOTIF (Hutchinson &
Thornton, 1996).

(C

N

Figure 5.6: Cartoon representationof the non-crystallographic Mtb-PPase trimer. Secondary
structural
labelled
elementsare
and active site residuesare representedas sticks. A nine-strandP-barrel is formed at the
centreof the tri mer by strandsP 1,3, and 6.
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The topology of the model was analysed using PROMOTIF (Hutchinson & Thornton,
1996)and is similar to that describedfor other PPases. The overall fold of each monomer
is that of a globular oblate shapedmolecule, with each monomerforming a highly distorted
P-baffel consisting of strands01 and 04 to 7; a ten-residueloop connecting P5 and P6; and
a 15-residue(x-helix (a2) following strand P8, which capsthe end of the barrel (figure 5.7).
A network of hydrogenbondssupport the P-baffel. A second15 residue a-helix (al), three
P-strands(P2 to 3 and P8), and two short (x-helices(0 and 4) surround the P-baffel. Both
long helices((xl and 2) are strictly conservedin all type I PPases,including the much larger
32.2 kDa Y-PPase(Heikinheimo et al., 1996).

Figure 5.7: A cartoon representationof the Mtb-PPasechain A. Secondarystructural elements have been
labelled, with P-sheetsshown in blue/cyan and a-helices in red. Characteristic type I PPases, highly
of
a
distorted 5 strandP-barrel is formed by strandsPI and P4 to 7.
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Each monomer forms a parallel P-sheet with the contiguous monomer, via main chain
hydrogen bonds involving residues Va]330-Leu78N

and Leu35N-Leu780

on strands ý3

and P6 of the P-barrel (figure 5.8). This P-sheet extends around the whole core of the
trimer forming a P-barrel of 9 strands, populated with hydrophobic residues: Leu35 (03)-,
Leu78, Va179, Ala8O (P6); and Leu69, Pro70, Pro72, Va.173, Phe74 (C-terminal extension
of 06). The P-sheet hydrogen bonds are reinforced by ion pair interactions between Aspl I
and Arg34 across the monomer-monomer interface and by additional hydrogen bonds
involving Thr 13 and Arg32. A number of close, inter-subunit, hydrophobic contacts exist
between the aromatic residues Tyr38-Pro7O, Tyr24-Phe74, Phe74-Phe74, and Phe74-Pro75.
All interactions were identified by the CONTACT

program within the CCP4 suite, and

subsequently checked manually using COOT (table 5.4).

Figure 5.8: The hydrogenbonds which stabilisethe Mtb-PPasetrimer,

shown here for chains A (pink) and C

(grey). Relevantresiduesare shown as sticks and P-sheetsas arrows.

166

Chapter5- Structureof inorganic pyrophosphatase(Rv3628) from Mycobacterium tuberculosis

Chain

Residue
Aspl 1 081

A

Chain
B

Residue
Arg34 M12

Interaction

Distance
(A)

Ion-pair

2.44

082

Nil 1

3.30

082

NY12

2.78

A

Thrl3 Gryl

B

Arg32 M12

H-bond

2.70

A

GIu53 OFI

B

Arg32 M12

H-bond

2.50

A

Pro70 Oy

B

Tyr38 C82

Hydrophobiccontact

3.43

A

Phe74 C81

B

Tyr24 CZ

Hydrophobiccontact

3.77

A

Phe74 Crr,
2

B

Phe74C82

Hydrophobiccontact

3.83

A

Phe74 CEI

B

Pro75 C8

Hydrophobiccontact

3.98

A

Lcu78 N

B

Va1330

H-bond

2.75

A

Leu78 0

B

Leu35 N

H-bond

2.85

A

Arg32 M12

C

Thr13 071

H-bond

2.65

A

Va133 0

C

Leu78 N

H-bond

2.81

A

Arg34 NTII

C

Aspl 1 082

Ion-pair

3.53

NT12

081

2.58

NT12

082

3.05
H-bond

2.89

Phe74 CF-2

Hydrophobic contact

3.76

C

Phe74 C81

Hydrophobic contact

3.92

C

Arg34 Ni12

Ion-pair

2.54

Leu35 N

C

Leu78 0

A

Phe74 C82

C

A

Pro75 C-y

B

Asp11 081
082

Nil I

3.47

082

N112

2.90
H-bond

2.70

Tyr24 CZ

Hydrophobic contact

3.62

C

Phe74 C62

Hydrophobic contact

3.74

Phe74 C81

C

Pro75 C-y

Hydrophobic contact

3.76

B

Leu78 N

C

Va133 0

H-bond

2.75

B

Leu78 0

C

Leu35 N

H-bond

2.75

B

Thrl3

B

Oyl

C

Arg32 NT12

Phe74 C81

C

B

Phe74

CE2

B

Table 5.4: Mtb-PPaseintra-trimer interactions,measuredby CONTACT in CCP4 (Murshudov er al., 1997).

The non-crystallographic trimers are packed into hexamers, related by twofold
crystallographic symmetry axes (figure 5.9). Hydrogen bonds are formed between
symmetry-relatedsubunitsA-C and B-B at residuesHis128NF_2and Asp135082 (3.05 A).
Homologousinteractionsexist in the E-PPasehexamer(Kankare et al., 1996 and Sivula et
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al., 1999). The lack of strong interactions within the hexamer reflects the easewith which
dissociationto trimers,occurs at low pH (Schreier, 1980). The overall surface area buried
in the intra-trimer interface is 552.2 Ik2.

Figure 5.9: The Mtb-PPasehexamer, generatedby applying symmetry operations to the crystallographic
trimer. The blue/grey structurerepresentsthe symmetrical trimer: chain D (dark blue); E (light blue); and F
(grey); generatedfrom the pink/purple trimer: chain A (deep pink), B (purple); and C (light pink). Secondary
structuralelementsare representedas cartoonsand phosphategroups as sticks.

5.8.3 The active site
Conservedresidueswhich forrn the type I PPase,active site as describedin section 1.2.7a,
are also conservedin Mtb-PPase. The deep Mtb-PPase active site is formed by residues
locatedbetweenthe C-terminal end of al and the exterior of the P-barrel, and contains the
13 residuesinvolved in either substrate/metalbinding or in catalysis.
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The active site residuesin Mtb-PPaseare: Glu15 (located within strand ý1); Lys23 (P2);
Glu25 (02); Arg37 (P3); Tyr49 (04); Asp64 (05); Asp96 (P7); and Lys98 (P7). Residues
located in the loops between the P-barrel strandsare: Asp59 (P4-05); Asp6l (P4-05); and
Asp9l (P6-07). ResiduesTyr133 and Lys134 are located on the C-terminal of OtI (Tyrl33)
and on the loop extendingfrom the ccl C-terminus (Lys 134). The 13 active site residuesin
A
eachMtb-PPasemonomercan be superimposedwith rms deviations of 0.07 (chainsA&
B), 0.08 A (chainsA&Q, and 0.07 A (chainsB&Q.
5.8.3aThe substratelproduct and metal binding sites
As described in section 1.2.4, PPases require metal ions such as Mg2l'
activity.
availability

Although

Mtb-PPase was not crystallised

of magnesium

chromatography

ions during

may have been sufficient

cell-free

in the presence of any such metal, the
expression

to incorporate

whether magnesium ions were present within

Zn 21 and Mn 2+ for
,

or cobalt

during

into the protein.

affinity-

To determine

the electron density, it was first necessary to

identify active site residues. This was performed by sequence comparison
homologues of known structure, and is shown in rigure

with Mtb-PPase

5.12 (section 5.8.4a).

Examinationof the electrondensityin the region of theseresiduesdid identify potential
magnesium1cobalt
sites,howeverupon further investigationthesewere found to not be
genuine. Firstly, the distancesbetween the "ion" and surroundingresidueswere
predominantlylonger than 3 A. Secondly,the residueslisted in table 5.5, do not
correspondwith thosedirectly involved in metal binding in Y-PPaseor E-PPase(Glu25
andAsp59,64,91, and96, Mtb-PPasenumbering)(Harutyunyanet al., 1996and 1997,
Heikinheimoet al., 1996,and Samyginaet al., 2001). Finally, they do not provide the
negativechargerequiredfor such metal coordination. Instead,the positively charged
residuessurroundingthis unknownregion of density,suggesta phosphate-binding
site
(figure 5.10). This corresponds
with datafrom the Y-PPasestructure,wherehomologous
residuesof thoselisted in table 5.5 areinvolvedin phosphatebinding(Heikinheimoet al.,
1996).Furthermore,
residueshomologousto Lys23andArg37wereproposed(Salminenet
al., 1995),andlateridentified(Samyginaet al., 2001),asproduct/substrate
bindingregions
in E-PPase.Modellingof waterinto this regionof densityyielded a averageB-factor of
6.61A2, which is significantlylower than the overall B-factor 19.1A2 (overall
of
solvent
B-factor32.1A2),suggestingthatwaterdoesnot belongin this position
either.
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Although it is was not possible to distinguish between phosphate(present in the cell-free
reactionsolution in the form of 80 mM creatinephosphateand in the protein storagebuffer
as50 mM NaH2PO4)and sulphate(presentin the crystallisation solution in the form of 2M
ammonium sulphate) in the electron density maps at this resolution, one phosphate
molecule per monomer was modelled (figures 5.10 to 5.11), coordinated to the basic
residuesArg37 and TyrI 33 (table 5.5).

Homologous residues in Y-PPase (Harutyunyan et al., 1996) and E-PPase (Samygina,
2001) have been found to bind to phosphate, denoted site PI, however no density was
found at the P2 location (Lys23 and Tyr49). Whilst the possibility exists that a sulphate
group may be present (from the crystallisation medium), modelling this group into the
structureresults in significantly elevated B-factors (59.2 A2 for sulphate and 30.6 A2 for
phosphate),suggestingthis may not be the case. Potentially, the phosphate may have
incorporated strongly enough during cell-free synthesis and subsequent storage in
phosphatebuffer, to preventsubstitution of sulphateduring crystallisation.
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L,vs23

Figure 5.10: The Mtb-PPase active site (chain A) with phosphate modelled into the region of unknown
density. PI binding sites in Y-PPaseare shown in dark blue, P2 sites in light blue, metal coordination regions
in deep pink, and other active site residues in light pink (Heikinheimo et al., 1996). The 2Fo-Fc electron
density map is shown, contouredto 1.0rms.

Chain

A

B

C

Phosphate

H-bond bond

ligand

distance (A)

Arg37 Nij2

01

3.07

Arg37 M12

04

2.62

Tyr133 on

Ol

2.62

Arg37 NT12

01

2.96

Arg37 NT12

04

2.65

Tyr133 Oll

01

2.57

Arg37 M12

01

3.05

Arg37 N712

04

2.68

Tyr133 On

01

2.64

Residue

Table 5.5: Distancesbetweenthe modelled product (phosphate)binding sites and their Mtb-PPaseligands for
each unit of the trimer. Distancesmeasuredmanually using COOT (Emsley and Cowtan, 2004).
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Figure 5.11: The active site region of Mtb-PPase.Carbon is representedin grey; oxygen in red; nitrogen in
blue; and phosphorousin orange.Distancesbetweenthe phosphategroup oxygens and its ligands are labelled
(chain A).

5.8.4 Comparisons with type I inorganic pyrophosphatases
5.8.4a Primary structure
The Rv3628 protein sequencewas obtained from the TBSGC and used to search for
homologues within both the UniProt and the PDB databases,using the NCBI BLAST2
blastp software (http://www. ebi.ac.uk/blastall/index.html). All of the twenty most similar
sequences,identified from the UniProt database,were from bacterial sources (table 5.7).
The PDB searchidentified six unique PPasestructures,one of which, yeast PPase,shares
just 25% sequenceidentity (table 5.6). This illustrates the low sequenceidentity between
prokaryotic and eukaryotic PPases. Despite this, alignment of these six sequences
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identified 17 conservedresidues(figure 5.12), including the 13 active site residuesrequired
for catalytic activity in type I PPases(seesection 1.2.7a).
Although an X-ray crystal structure is not available for human PPase(H-PPase,NCBI gi
accessioncode: 33150672),a sequencecomparison was carried out (figure 5.13). Despite
sharingonly 25 % identity with Mtb-PPase,the active site residueswere strictly conserved.
A crystal structure of human PPaseis therefore a priority in order to identify structural
differences,which could lead to the use of Mtb-PPaseas a target for rational drug design.
Species

PDB ID

Score

Length

Sequence
identity (%)

Pyrococcus

I UDE

392

195

49

2PRD

391

174

51

I QEZ

390

173

45

ITWL

377

186

47

I FAJ

358

175

45

112

286

25

horikoshii
Thermus
thermophilus
Sulfolobus
acidocaldarius
Pyrococcus
furiosus
Escherichiacoli

Saccharomyces IWGJ
cerevisiae

Table 5.6: Output from an NCBI BLAST blastp PDB databasesearchof the Rv3628 gene product, MtbPPase. Data taken from an output of the fifty highest scoring sequences(all inorganic pyrophosphatases)Sequenceslisted morethan once were removedfrom the output.
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Species

Protein

Length

Sequence
identify

Mycobacterium tuberculosis

Inorganic pyrophosphatase

162

100

Mycobacterium bovis

Inorganic pyrophosphatase

162

100

Mycobacterium leprae

Inorganic pyrophosphatase

162

89

Mycobacterium paratuberculosis

Inorganic pyrophosphatase

162

86

Rhodococcussp.

Inorganic diphosphatase

163

82

Mycobacterium flavescens

Inorganic pyrophosphatase

161

80

Mycobacterium vanbaalenii

Inorganic diphosphatase

161

79

Mycobacterium sp. (JLS)

Inorganic diphosphatase

162

75

Mycobacterium sp. (MCS)

Inorganic diphosphatase

162

75

Nocardiafarcinica

Putative inorganic

163

76

(PYR-1)

pyrophosphatase
Corynebacterium diphtheriae

Inorganic pyrophosphatase

158

68

Streptomycescoelicolor

Inorganic pyrophosphatase

163

68

Acidothermus cellulolyticus

Inorganic diphosphatase

161

66

Inorganic diphosphatase
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67

Putative inorganic

163

65

(11B)
Kineococcus radiotolerans
(SRS30216)
Streptomycesavermitilis

pyrophosphatase
Thermobifidafusca

Inorganicdiphosphatase

171

67

Nocardioides sp. (JS614)

Inorganicdiphosphatase

163

64

Corynebacterium efficiens

Inorganicpyrophosphatase

158

65

Corynebacterium jeikeium

Inorganicpyrophosphatase

160

64

Inorganic pyrophosphatase

158

62

(K41 1)
Corynebacterium glutamicum
(Brevibacterium flavwn)

Table 5.7: Output from an NCBI BLAST blastp UniProt databasesearchof the Rv3628 geneproduct, MtbPPase. Data taken from an output of the twenty highest scoring sequences.Sequenceslisted more than once
were removedfrom the output.
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pi

T-PPase

GS-SGSSGMQFDVTIEIPKGQR-NKYEV

26

ANLKSLPV-GDKAPEVVHMVIEVPRGSG-NKYEY

32

NPFHDLEP-GPDVPEVVYAIIEIPKGSR-NKYEL

41

--------------------------------

Mtb-PPase
(2PRD 51

Pho-PPaBe

(IUDE-A

49

Pfu-PPaBe

(1TWL A 47
45 li)

E-PPase

(IFAJ

S-PPase

(lQEZ-A

45

Y-PPase

(IWGJ_A

25

-------------------------HHHHHHSSGLVPRGSHMMNPFHDLEP-GPNVPEVVYALIEIPKGSR-NKYEL
--------------

AHHHHHHGS----------

MKLSP-GKNAPDVVNVLVEIPQGSN-IKYEY
----------------------------TYTTRQIGAKNTLEYKVYIEKDGKPVSAFHDIPLYAI)KENNIFNMVVEIPRWTN-AXLEI
P3

DHET--GRVRLD

------

T-PPase

DPDL--GAIKLD

------

RYLYTPM --RVLPGAQ ---

Pho-PPaBe

DKET--GLLKLD

------

Pfu-PPase

DKKT--GLLKLD

------

E-PPase

DKES--GALFVD

S-PPase

DDEE--GVIKVD

Y-PPase

TKEETLNPIIQDTKKGKLRFVRNCFPHHGYIHNYGAFPQT'WEDPNVSHPETKAVGDNDPI

ß5

29
59

P4

Mtb-PPase

AYPTDYGFIEDTLGD

------------

DGDPL

63

FYPGDYGFIPSTLAE

------------

DGDPL

69

RVLYTPF---HYPVDYGIIPRTWYE

------------

DGDPF

87

FYPVDYGIIPRTWYE

------------

DDDPF

78

------

RVLYSPF --RFMSTAM ---

FYPCNYGYINHTLSL

------------

DGDPV

69

------

RVLYTSM ---

NYPFNYGFIPGTLEE

------------

DGDPL

66

ß6

ß7

(13

T-PPase

DALVLLPQPVFPGVLVAARPVGMFRMVDEHGGDDKVLCVPAG--DGLVLSTYPLLPGVVVEVRVVGLLLMEDEKGGDAKVIGVVAE ---

Pho-PPase

DIKVIMREPTYPLTIIEARPIOLFKMIDSGDKDYXVLAvpvE

Mtb-PPase

32

SLLNVPA-GKDLPEDIYVVIEIPANADPIKYEI

---------------------------

50

119

üt4

(11

DPRWDHVQDIGDVPA 120
DQRLDHIQDIGDVPE

126

--- DPYFKDWKDISDVPK 144
--- DPYFKDWYDIDDVPK 135

Pfu-PPase

DIKVIMREPVYPLTIIEARPIGLFKMIDSGDKDYXVLAVPVE

E-PPase

DVLVPTPYPLQPGSVIRCRPVGVLKMTDEAGEDAXLVAVPHSK-LSKEYDHIKDVNDLPE

128

S-PPase

DVLVITNYQLYPGSVIEVRPIGILYMKDEEGEDAKIVAVPKDK-TDPSFSNIKDINDLPQ

125

Y-PPase

DVLEIGETIAYTGQVKQVKALGIMALLDEGETDWKVIAIDINDPLAPKLNDIEDVEKYFP
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08

Mtb-PPase
T-PPase
Pho-PPaBe

FELDAIKHFFVHYKDLEP--GKFVKAAD ---GVKQEIQHFFETYTALEAKKGKKVKVTG ---AFLDEIAHFFKRYKELEG --- KEIIVEG ----

oL2

WVDRAEAEAEVQRSVERFKAGTH-----

169

WRDRKAALEEVRACIARYKG--------

174

WEGAEAAKREILRAIEMYKEKFGKKE--

195

WEGAEAAKREILRAIEMYKEKFGKYE--

186

WENAEAAKAEIVASFERAKNK -------

175

S-PPase

AFLDEIAHFFKRYKELOG --- KEIIVEG ---LLKAQIAHFFEHYKDLEK--GKWVKVEG ---ATKNKIVHFFEHYKELEP--GKYVKISG
----

Y-PPase

GLLRATNEWFRIYKIPD---GKPENQFAFSGEAKNKKYALDIIKETHDSWKQLIAGKSSD

236

Y-PPase

SKGIDLTNVTLPDTPTYSKAASDAIPPASLKADAPIDKSIDKWFFISGSV

286

Pfu-PPase
E-PPase

WGSATEAKNRIQLAIKRVSGGQ ------

173

Figure 5.12: Amino acid sequencealignment (Thompson et al., 2000) of Mtb-PPaseand type I PPasesfrom
Thermus thermophilus (T-PPase); Pyrococcus horikoshii (Pho-PPase);Pyrococcus furiosus (Pfu-PPase);
Escherichia coli (E-PPase);Sulfolobus acidoculdarius (S-PPase);and Saccharomycescerevisiae (Y-PPase).
Sequenceidentity and PDB ID are shown in parenthesis. Conserved residues in all known soluble type I
PPasesare shown in boldface (Sivula el al., 1999). Catalytically essential and phosphate/metal-binding
residuesare shown in red (Y-PPase,Heikinheimo, 1996). Secondarystructural information for Mtb-PPaseis
shownabove the sequence,as determinedby PROMOTIF (Hutchinson and Thornton, 1996). Novel histidine
active site residuesin Mtb-PPaseare highlighted in yellow (Tanunenkoski et al., 2005).
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mtb-PPase
(25
H-PPase

GSSG -----------SSGMQFDVTIZIPKGQRNKYEV
---------------------MSGFSTEERAAPPSLEYRVFLKNEKGQYISPFHDIPIYADKDVFHMVVZVPRWSNAKMZI

Mtb-PPase
H-PPase

RYLYTPM --- AYPTDYGFIEDTLGD -----------DGDPL 63
DHET--GRVRLD -----ATKDPLNPIKQDVKKGKLRYVANLFPYKGYIWNYGAIPQTWEDPGHNDKHTGCCGDNDPI 120

Mtb-PPase
H-PPase

DALVLLPQPVFPGVLVAARPVGMFRMVDEHGGDDKVLCVPAG---

Mtb-PPase
H-PPase

AEVQRSVERFKAGTH
FELDAIKHFFVHYXDLEP--GKFVKAADWVDRAEAF,
-------GYLEATVDWFRRYKVPD
--- GKPENEFAFNAEFKDKDFAIDIIKSTHDHWKALVrKKTN

169
236

H-PPase

GKGISCMNTTLSESPFKCDPDAARAIVDALPPPCESACTVPTDVI)KWFHHQKN

289

DVCEIGSKVCARGEIIGVKVL<;

26
60

DPRWDHVQDIGDVPA 122

ILAMIDEGETDWKVIAINVDDPDAANYNDINDVKRLKP

180

Figure 5.13- Amino acid sequencealignment (Thompson et al., 2000) of Mtb-PPaseand PPasefrom Homo
sapiens(H-PPase,25 % sequenceidentity). Conservedresiduesin all known soluble type I PPasesare shown
in boldface (Sivula et al., 1999). Catalytically essential and phosphate/metal-bindingresiduesare shown in
red (Y-PPase,Heikinheimo, 1996).

5.8.4b Overall fold
No significant variation in the overall monomeric fold of Mtb-PPase was identified in
comparison with existing prokaryotic PPase structures of comparable size (178 ± 17
residues). When superimposed,the core tertiary structuresof all type I prokaryotic PPases
are virtually indistinguishable(figure 5.14). Cot atoms of the Mtb-PPasestructure (chain
A) were superimposedonto the structuresof severalPPasesgiving n-nsdeviations of: 1.04
A, T-PPase(Teplyakov et al., 1994);0.94A, Pho-PPase(Liu et al., 2004); 0.93 A, E-PPase
CaPPI (Samygina et al., 2001); 0.87 A, S-PPaseMg (Leppanen et al., 1999); 0.85 A, EPPaseapoenzyme(Kankareet al., 1996);and 0.80 A, Pfu-PPase(Zhou et al., 2006).
Aligning the Ca atoms (chain A) of the thirteen active site residues alone gave rms
deviations of: 2.07 A, E-PPase(apoenzyme,2.15 A); 1.94 A, Pfu-PPase(apoenzyme,2.2
A); 1.60 A, T-PPase(S04,2.0 A); 0.89 A, Pho-PPase(apoenzyme,2.7 A);
and 0.82 A, EPPase(CaPPI, 1.2 A). Variation in the orientation of the apoenzymes(Pfu-, Pho-, and EPPase)with Mtb-PPaseis a partial result of the Mtb-PPase active site adopting a different
conformation in the P04-bound state. Conversely, alternate conformations of metalbinding residuesoccur in the calcium-inhibited structure of E-PPase. Aligning the active
site residuesof Mtb-PPaseand T-PPasegave a larger rms deviation value than might be
expectedgiven that both structureshaveP04/S04 bound.
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Figure 5.14: Superimposition of three PPasestructures(chains A): Mtb-PPase P04 (representedin red); EPPaseapoenzyme(yellow) (Kankare et al., 1996); and the Y-PPase (MnPi)2 core, residues 41-230 (blue)
(Heikinheimo er al., 1996), highlights the striking similarity in the overall fold of type I PPases,despite YPPasesharingonly 25 % sequenceidentity with Mtb-PPase.The highly distorted, five strandedD-barrel and
the two large a-helices are clearly conservedwithin thesestructures.

5.8.4c Oligomeric form
The oligorneric form for prokaryotic type I PPases,described in section 1.2.7c, remains
conserved for Mtb-PPase, despite intra-trimer interactions involving poorly-conserved
residues. The Cocatoms of the Mtb-PPasenon-crystallographic trimer were superimposed
onto the S-PPaseand Pho-PPasetrimers, with rms deviations of 1.30 and 1.49 A,
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respectively. The typical hexameric arrangement, formed from two dimers, is also
conservedin Mtb-PPase(figure 5.9).

5.8.4dActive site
The active site cavity for PPaseswhich have metal and/or phosphatebound tend to adopt a
tighter conformation. In particular, residuesknown to form interactions with theseligands
are orientated differently so as to allow for closer contacts (Samygina et al., 2001).
Comparison of these orientations, by aligning individual active site residues (C(x atoms)
from different PPases,was used to further substantiatethe role of these residuesin ligand
binding (table 5.8). Although active site residuesare conservedbetween E-PPase(CaPPi)
and Mtb-PPase (Pi), conformation of some of these residues differ quite significantly.
Whilst this may be attributed to the different resolution at which X-ray data were collected
(1.2 A and 2.7 A, E-PPaseand Mtb-PPaserespectively), it seems sensible to assumethat
ligand binding would induce a structural shift within the active site.
5.8.4eComparison with T-PPase,in complex with sulphate
Conformational changes within the active sites of Mtb-PPase and other homologous
structuresmay be as a result of substrate/productbinding, metal incorporation, or due to
differencesin resolution. As describedin section 5.8.4b, aligning the Cot atoms (chain A)
of Mtb-PPaseand T-PPase(PDB ID: 2PRD) active site residuesshowed a greatervariation
than expected,consideringthe presenceof one phosphate/sulphategroup in eachmonomer.
Firstly, the orientation of the T-PPaseS04 differs from the Mtb-PPaseP04 group, with the
Mtb-PPasephosphatebeing slightly more centralised within the active site, resulting in a
greaterdistancebetween itself and Lys,134 Ný (0.40 A) (rigure 5.15). However, this is
likely to be partly due to the different resolution at which the two data setswere collected.
Of the three PI binding residues,the Arg37 and Lys134 side chains vary the most between
the two structures. Mtb-PPase Arg37 adopts a flipped conformation at atom NF-,which
results in N711facing away from the modelled phosphate. A similar shift is also seenfor
Lys134, whereby the Mtb-PPase CS and CE atoms flip, resulting in a greater distance
betweenNý and the phosphate. Finally, the main chain of Asp96 adopts a more extended
conformation in T-PPase, with the 061 atom orientated at approximately 90 * to the
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correspondingatom in Mtb-PPase. Again, these differences may be due to the improved
resolution at which the T-PPasedata were collected.

Table 5.8: Root mean square deviations (A) from superimposingthe 13 conserved active site residues of
Mtb-PPase with equivalent residues in homologous PPases,using PYMOL (DeLano Scientific). Ligands
boundto eachPPaseand the resolution at which data were collected are shown in parentheses.PPi and metalbinding residuesare highlighted in red and boldface, respectively(Heikinheimo et al., 1996, Harutyunyan et
al., 1996,and Samyginaet al., 2001). Where multiple subunitsexist, chain A was used for the alignment.
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Glu'25(3 1

Figure 5.15: Superimposition of Mtb-PPasechain A (shown in teal) and T-PPase S04 (Teplyakov et al.,
1994) (shown in light green) active site residues with high rms deviations between the two structures.
Interactionswith Mtb-PPaseresiduesand the modelled phosphateare shown as black broken lines.

5.8.4f Comparison with E-PPase,in complex with its natural inhibitor calcium
Binding of the natural inhibitor, Ca2+,to E-PPaseat the metal binding sites, MI-3, induced
a structural shift similar to that of Mn2+binding (Samygina et al., 2001). Aligning the Ox
atoms (chain A) of Mtb-PPaseand E-PPase(CaPPi) (PDB ID: 116T) active site residues
identified seven with high rms deviations (> 0.38 A) (table 5.8). The most prominent of
these deviations are in residues Glu25 and Asp96 (metal binding residues), which align
with correspondingresiduesin E-PPase(CaPPi) with rms deviations of > 0.8 A (table 5.8).
The Glu25 in Mtb-PPaseis positioned 1.57 A (C8 to P atoms) further away from PI than in
the E-PPasestructure (rigure 5.16). The side chain is flipped from Cy onwards, with a
distanceof 2.42 A betweenthe two positions of the Cy atom. The E-PPaseconformation of
theseresiduesis also seenin the Y-PPase(MnPi)2 structure, emphasisingthe role of these
residuesin metal binding. In the E-PPasestructure, Asp96 is orientated such that both 08
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atoms have close contact with a mcdelled calcium, whilst in Mtb-PPase, the 081 faces
away from this atom.
Extension of the E-PPaseAsp59 main chain towards the active site allows for a 2.75 A
closer contact between 081 and the modelled calcium, than is evident within the MtbPPasestructure. Also, an extended confon-nationexists for E-PPaseLys23 than in MtbPPase,allowing for a 1.05 A closer contact with the P2 site, which is not present in the
Mtb-PPasestructure. Finally, both Nil atoms of Arg37 form contacts with the PI site
within the E-PPasestructure. In Mtb-PPase,only N712interacts with the phosphategroup.

Asp59165)

QCal
A%pW)
1102)

I-JOI&IFU112501)

a
Cu2

Figure 5.16: Superimposition of Mtb-PPasechain A (shown in teal) and E-PPaseCaPPi (Samyginaet
al.,
2001) (shown in light green) active site residueswith high rms deviations. E-PPasecalcium atoms are shown
as spheres.
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5.8.4g Comparison with Y-PPase
Superimposingthe Ca atomsof Mtb-PPase(chain A) with the Y-PPase(PDB ID: IWGJ)
A,
core (residues41 - 230) gave an rms deviation of 2.4 whilst superimposingthe 13 active
site residuesalone gavean rms deviation of 0.92 A (table 5.8). Similar valuesare obtained
when superimposing other prokaryotic PPases with Y-PPase (data not shown), which
demonstratesthe divergenceof Y-PPasefrom prokaryotic orthologues. Y-PPaseforms an
elongated286 residuesubunit with N- and C- terminal extensionswhich form an additional
P-sheet and a long P- loop, elements found to be involved in oligomeric interactions
(Heikinheimo et al., 1996). Aside from these differences, the central core of the Y-PPase
monomer retains the tertiary fold characteristicof type I PPases,as describedpreviously.
Unlike all prokaryotic PPases,Y-PPaseforms a homodimer stabilised mainly by stacking
of aromatic rings. Mtb-PPase and Y-PPase share 25 % sequencesimilarity, with the 17
explicitly conservedresidues accounting for 9 %, explaining why the rms deviation for
superimposingactive site residuesalone is significantly lower than that for the monomer as
a whole.
5.8.4h Comparison with Mtb-PPase, in space group P6322
Soon after completion of the Mtb-PPase crystal structure in spacegroup P3221, another
Mtb-PPasestructurewas depositedin the PDB, in spacegroup P6322,to a resolution of 1.3
A (PDB ID: ISXV, Tammenkoski et al., 2005). This
was crystallised in the presenceof
1.7M ammoniumsulphateand 100 mM sodium acetate,pH 5.0. The structurewas solved
by molecular replacementusing T-PPaseas a starting model, with one monomer in the
asymmetricunit. The structurewas refined to a final R-factor of 15.4 % (R-free 16.9 %),
with 238 water molecules and one sulphate group modelled. Later, another structure
becameavailable to a resolution of 1.54.A, containing both phosphateand potassium(PDB
ID: IWCF, Benini and Wilson, to be published). This secondstructure was producedfrom
crystals grown at pH 7.0. The availability of these structures allows a comparison to be
madewith the Mtb-PPasestructuredescribedin this chapter.
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The superimposition of all chain A Ccc atoms of Mtb-PPase P3221 (in this section, referred
to as P3221) with Mtb-PPase P6322 pH 5.0 S04 (I SXV) and Mtb-PPase P6322 pH 7.0 K2Pi
(IWCF), gave rms deviations of 0.35 A and 0.34 A, respectively (rigure 5.17).
Superimposing the 13 active site residues alone gave nns deviations of 0.48 A (I SXV) and
0.36 A (IWCF). It seems likely that these differences are at least partially attributed to the
improved resolution at which the two P6322 structures were collected.

To determine the

contribution to these differences, individual active site residues were superimposed using
PYMOL (DeLano Scientific) (table 5.9).

Figure 5.17: Superimposition of three Mtb-PPase structures(chains A): Mtb-PPase P3221 (representedin
dark blue); Mtb-PPase ISXV (Tarnmenkoskier al., 2005) (light pink); and Mtb-PPase lWCF (Benini and
Wilson, to be published) (light blue).
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Rms
deviation
FRe
sidueP6322
P6322
pH7.0
pH5.0
1SXV

Glul5

Glu25
Ar,, 37
Tyr49

Asp59
Asp6l
Asp64
Asp9l
Asp96
Lys98
Tyr133
Lys134

(S04)

1.3,&

1WCF (K2Pi) 1.54N

0.083
0.035
0.004
0.458

0.077
0.041
0.048
0.464

0.093
0.511
0.220
0.084
0.165
0.662
0.041
1.371
0.220

0.073
0.607
0.135
0.134
0.083
0.800
0.045
1.372
0.154

Table 5.9: Root meansquaredeviations from superimposingthe 13 conservedactive site residues(chain A)
of Mtb-PPaseP3221(P04, pH 7.5) with Mtb-PPaseI SXV (Tammenkoski et al., 2005) and Mtb-PPase I WCF
(Benini and Wilson, to be published). Ligandsbound to each PPaseare shown in parentheses.PPi and metalbinding residuesare highlighted in red and boldface, respectively.

Of interest are the observationsof Tammenkoski et al. (2005) of two histidine residues
within the active site of ISXV, His28 and His93, the latter of which interacts with PI.
Theseare not found in any type I PPases,but are generally conservedwithin type 11PPases
(Fabfichniy et al., 2006). His93 was not regarded with interest in the Mtb-PPase P3221
structureas its adoptsa less prominent position within the active site, due to an alternate
confon-nation,which results in a significantly greater distance between itself and the
modelledphosphate(figure 5.18). In I SXV, there is localised extension of the main,chain
towards the active site, with the His93 side chain orientated such that the Nrr-2atom is
positioned 2.66 A from the sulphate 04. The His93 fing within the Mtb-PPase P3221
structure is angled such that the N81 atom is the closest to the phosphate group. The
resulting distancebetweenthe histidine NSI and the phosphate03 group is 5.41 A, clearly
too long for hydrogen bond formation. This was assumedto be a problem with the lower
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resolution at which the latter data were collected, however upon inspection of the IWCF
structure(Benini and Wilson, to be published),a similar conformation was observed,with a
6.12 A distancebetweenthe histidine N81 and the phosphate04. This is unlikely to be
causedby the different ions (sulphur/phosphorous)found in the structure, due to their nearidentical characteristics,or by an error with the I SXV model, due to the resolution at which
data were collected. Insteadthis suggestsa possiblepH-dependence.
The two crystal structures at more neutral pH (IWCF, pH7.0 and P3221, pH 7.5) did not
suggest H-bond bond fori-nation with the phosphate groups, whilst the more acidic crystal
k interaction
with a sulphate oxygen, due to protonation
structure, I SXV, identified a 2.66
of the His93 (Benini and Wilson, 2004).
0

K2

KI

()

Figure 5.18: Superimposition of three Mtb-PPaseHis93 (86) residues(chains A) in relation to the modelled
phosphate/sulphate
groups. Mtb-PPaseP3221(representedin dark blue); Mtb-PPase ISXV (Tammenkoski et
al., 2005) (dark pink), and Mtb-PPaselWCF (Benini and Wilson, to be published) (light pink). Mtb-PPase
lWCF potassium atoms are shown as spheres. The 2Fo-Fc electron density map for Mtb-PPase P3221is
shown, contouredto 1.0rms.

The orientation of His28 remainsfairly similar between the three structures. Mutations of
this residue resulted in a marked decreasein catalytic activity, with the H28K mutation
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resulting in a four-fold loss in the presenceof magnesium (Tammenkoski et al., 2005).
Interestingly however, activity was increased three-fold in the presence of zinc ions,
highlighting the non-essentialnatureof thesehistidines (Tammenkoski et al., 2005).
The lWCF structurecontainsmetal ions, however examination of the structure found these
two potassiumatoms do not locate the activating metal binding sites typical of type I
PPases. Residuesinvolved in metal binding within type 11PPasesdo not account for the
positioning of these ions either, despite the identification of type 11-like active site
histidines within Mtb-PPase.
Further conformational differences of interest, within the active site residues of the three
Mtb-PPasestructures,are described here (figure 5.19). The Ne atoms of Arg37 in both
Mtb-PPaseP6322structuresare rotated by approximately 180 ' in comparison with the
P3221 counterpart, resulting in both Nil atoms facing towards the phosphate/sulphate
groups. In the P3221structure,only the N712group makes contactwith the phosphate(2.62
A). In Y-PPase,both Nil atoms make direct contact with phosphateoxygens,
suggesting
this should alsobe the casein the P3221structure.

The main chain betweenGly57 and Asp6l and aroundAsp96 of Mtb-PPaseP3221is
slightly twisted, in comparisonwith the Mtb-PPaseP6322structures. In the lWCF
structure,the08 1 groupof Asp96is also1.36 k closerto the modelledpotassium,thanin
the metal-freeMtb-PPaseP3221structure. This residueis known to participatein metal
binding, and althoughthe position of this potassiumion does not representa catalytic
binding site, it is likely that the negative charge of the Asp96 side chain enables
coordinationwith this atom.
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Figure 5.19: Superimpositionof active site residues(chains A) with high rms deviations betweenthe three
Mtb-PPasestructures. Mtb-PPaseP3221(representedin dark blue); Mtb-PPase ISXV (Tarnmenkoski et al.,
2005) (teal); and Mtb-PPase lWCF (Benini and Wilson, to be published) (light pink). Mtb-PPase lWCF
potassium atoms are shown as spheres. Hydrogen bonds between Mtb-PPase P3221 and the modelled
phosphate,and betweenMtb-PPaseI SXV and sulphateare shown as black broken lines.

5.8.5 Structural comparisons with type 11inorganic pyrophosphatases
In comparisonwith the 34 X-ray crystal structures currently available for type I PPases,
only six type 11structuresexist. These are from three organisms: Bacillus subtilis (BsPPase),complexed with Mn (Ahn et al., 2001), S04, and MnS04 (both Fabrichniy et al.,
2004); Streptococcusgordonii (Sg-PPase),complexed with MnS04 (Ahn et al., 2001) and
ZnS04 (Fabrichniy et al., 2004); and Streptococcusmutans (Sm-PPase),complexed with
MgMnS04 (Merckel et al., 2001).
Superimposition of the main chain Cot atoms of the Mtb-PPase and Bs-PPase (S04)
structures(chain A), gave an rrns deviation of 15.89 A, which is expecteddue to the low
sequenceidentity between these two enzymes. As the primary sequencesbetween type I
and 11PPasesare so distinct (Fabrichniy et al., 2004), sequenceanalysis was not perfon-ned.
Bs-PPaseforms a functional dimer, with each monomer folding into two distinct domains.
The larger N-ten-ninalregion connectsto the smaller C-terminal domain via a six-residue
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linker. This is in comparisonwith the biologically active Mtb-PPasehexamer,which forms
from six, single domain monomers. The Mtb-PPaseactive site is partially buried within the
enzyme,with most of the surfaceresiduesat the hexamerinterface. In Bs-PPase,the active
site resideswithin the N- and C-terminal domain interface (flgure 5.20). Within the active
site of both enzymesis the presenceof two histidine residues,which bind to manganesein
the Bs-PPase(MnSO4)structure. The Mtb-PPase His93 is thought to be analogousto the
Bs-PPaseHis98 (Tammenkoskiet al., 2005).
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A

B

Figure 5.20: Comparisonof the location of Bs-PPaseand Mtb-PPaseactive sites. (A) Bs-PPase(S04) chain
A: N-terminal domain shown in dark blue, C-terminal domain in cyan; and the linker region in deep pink
(Fabrichniy er al., 2004). The active site is located at the domain interface, representedby the two active site
sulphategroups (deep pink sticks). (B) Mtb-PPase(PO4): Chain C is shown as deep pink ribbons and the
symmetrically-derivedchain E, in blue. The active site is located at the hexameric interface, as represented
by the active site phosphategroups,shown as sticks.
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5.9 Conclusions
A type I inorganic pyrophosphatasefrom Mycobacterium tuberculosis has been overexpressedusing a cell-free protein expressionsystem, and its three dimensional structure
has beendeterminedto a resolution of 2.7 A. Sequenceanalysis highlighted 17 residues
explicitly conserved throughout type I PPaseswhich form the active site, 13 of which
participate in substrate/productor metal binding (Sivula et al., 1999). Comparison of the
structure with other prokaryotic type I PPaseshighlighted the striking similarity in the
overall fold and orientation of active site residues. Although a structurefor humanPPaseis
not available,the alreadywell documentedsimilarity in the fold and conservationof active
site residuesfor type I PPasessuggestH-PPasemay adopt analogouscharacteristics. This
is further substantiatedby a 52 % sequenceidentity between H-PPase and the well
characterisedY-PPase.Whilst Y-PPaseand Mtb-PPaseshare only 25 % identity, the core
of the much larger Y-PPasemonomer can be superimposedonto Mtb-PPase in a similar
mannerto that of prokaryotic PPases.Comparativeanalysis of the orientation of active site
residues in Mtb-PPase and various ligand-bound hornologues, emphasised the role of
specific residuesin phosphateand metal binding.
The higher resolution structureof Mtb-PPasein spacegroup P6322(I SXV) identified two
novel active site histidines, one of which, His93, coordinateswith the modelled sulphate
group (Tammenkoskiet al., 2005). Such coordination is not visible within the Mtb-PPase
structuredescribedhere (pH 7.5), or in the P6322(pH 7.0) structure solved by Benini and
Wilson (to be published), suggestinga pH-dependence. How crucial these histidines are
for Mtb-PPasecatalysis remainsto be seen, since mutations of theseresidues only hamper
activity in the presenceof magnesium (Tammenkoski et al., 2005). They propose that
His93 may act as a general acid during catalysis in acidic conditions, however further
investigationsare required (Tarnmenkoskiet al., 2005).
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Chapter 6- Characterisation of cytochrome P450 125 (Rv3545c) from MvcobaCteyiUm
tuberculosis

6.1Introduction
An in-depth discussionof cytochrome P450 backgroundhas been described in section 1.3
and so will not be reiterated here. An interest in P450s has been developed during the
course of this research, with initial work centring on the crystallisation of the plant
CYP74C3,hydroperoxidelyase from Medicago truncatula. Despite considerableefforts in
this area, no crystals suitable for X-ray diffraction were produced and so efforts were
focusedtowards the expressionand crystallisation of Mycobacterium tuberculosis targets.
identification of potential targetsby literature review identified 22 probable P450s, one of
which (Mtb-CYP125, encodedby the gene Rv3545c) was of particular interest due to its
essentialnatureduring in vivo infection in mice (Sassettiand Rubin, 2003) and the lack of
existing structural information. This target was progressedinto cell-free expressiontrials,
however gave disappointingresults (sections4.2.4 to 4.2.5). Further attemptsat obtaining
soluble protein were successfulusing an E. coli expressionsystem (sections4.3.2 to 4.3.3),
which allowed for progression into crystallisation trials and characterisation by
spectroscopy,both of which are describedin this chapter.

Further characterisationof Mtb-CYP125 by computational methods are also described in
this chapter, to highlight sequencesimilarities between P450 homologues, and to predict
secondarystructuralinformation and domain architecture.
All buffers describedin this chapterare detailed in appendix2.

6.2Bioinfonmatics

6.2.1Introduction
Bioinformatics can be described as the "mathematical, statistical and computing methods
that aim to solve biological problems using DNA and amino acid sequencesand related
informatioW' (Fredj Tekaia at the Institut Pasteur). For this
purpose,bioinformatics was
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P450 family, and to gain knowledge of
used to comparehomologuesfrom the cytochrome
the organisationof the Rv3545c gene.

6.2.2Methodsand results

6.2.2a Homologous protein searches
The Rv3545c protein sequencewas obtained from the Tuberculosis Structural Genomics
Consortium (TBSGC) and used to searchfor homologues within both the UniProt and the
blastp
NCBI
BLAST2
databases
the
software
PDB
using
(http://www. ebi-ac.ukfblastall/index.htn-fl).
The UniProt searchprovided confirmation that the correct sequenceof the Rv3545c geneproduct had been obtained, by showing a 100 % match with a putative cytochrome P450
125 from both Mycobacterium tuberculosis and Mycobacterium bovis (table 6.1). Two
further bacterial Mtb-CYPI 25 homologueswere identified in Rhodococcussp. (RHA 1) and
Nocardiodes sp. (JS614), with sequence identities of 68 % and 55 % respectively.
Additional searchesusing the NCBI database(http://www. ncbi.nlm.nib.gov) confirmed the
existenceof only four CYP 125proteins to date.

The Rv3545cgeneproductwas also found to share42 % sequenceidentity with M. tb
from a further nine specieswere
CYP124,encodedby the geneRv2266. P450sequences
found with sequenceidentitiesabove35 %, from four Mycobacteriumspecies,and one
each from Salinispora, Nocardia, Frankia, Rubrobacter, and Streptomyces. Two
MycobactefiumLinalool 8-monooxygenase
sequenceswere identified, both with 37 %
identity. Finally, a hypotheticalproteinfrom Mycobacteriumparatuberculosiswas found
to share82 % identity with Rv3545c,anda Nigl) from Streptomyces
violaceonigerto share
35 %. Seetable 6.1for a summaryof the output.
The PDB searchidentified eight unique sequences,whoseprotein structuresare known, and
which share26 - 34 % identity with Rv3545c (table 6.2). The highest scoring of which
was a P450terpfrom Pseudomonassp. which shared29 % sequenceidentity, demonstrating
the low identity betweenP450sfrom different families.
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Species

Protein

Length

Sequence
identify (%)

Mycobacteriumtuberculosis

Putative cytochromeP450 125

433

1W

Mycobacteriumbovis

PutativecytochromeP450 125

433

100

Mycobacterium

Hypothetical protein

416

82

CytochromeP450

419

74

Mycobacteriumsp. (MCS)

Cytochrome P450

427

73

Mycobacteriumsp. (KMS)

CytochromeP450

427

73

Mycobacteriumflavescens

Cytochrome P450

417

74

Rhodococcussp. (RHA I)

Cytochrome P450 125

471

68

Nocardia farcinica

CytochromeP450

422

68

paratuberculosis
Mycobacteriumvanbaalenii
(PYR-1)

(PYR-GCK)

monooxygenase
Salinispora tropica (CNB-440)

CytochromeP450

408

58

Streptomycesavermitilis

CytochromeP450 hydroxylase

414

57

Nocardioidessp. US614)

ProbablecytochromeP450 125

413

55

MYcobacteriumtuberculosis

PutativecytochromeP450 124

428

42

Mycobacteriumbovis

Putative cytochrome,P450 124

428

42

Mycobacteriumsp. (JLS)

Linalool 8-monooxygenase

433

37

Mycobacteriumsp. (MCS)

Linalool 8-monooxygenase

433

37

Rubrobacterxylanophilus

CytochromeP450

414

36

Streptomycesviolaceoniger

NigD

419

35

Frankia alni (ACN14a)

PutativecytochromeP450

423

36

(DSM 9941 / NBRC 16129)

Table 6.1: Output from an NCBI BLAST blastp UniProt databasesearchof the Rv3545c gene product, MtbCYP125. Data taken from an output of the fifty highest scoring sequences. Sequenceslisted more than once
were removedfrom the output.
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Species

7

tein

PDB

Score

Length

Sequence
identity (%)

ID
Pseudomonassp.

CytochromeP450terp I I CPT

420

428

28

Streptomyces

Cytochrome

2C7X

404

436

34

venezuelae

P450pikC 107LI
I Z8Q

384

404

30

2DOE

369

407

31

1108

357

368

28

334

403

28

Saccharopolyspora Cytochrome
erythraea

P450eryF 107AI

Streptomyces

Cytochrome P450

coelicolor a3 (2)

158A2

Sulfolobus

CytochromeP450

solfataricus

CYPI 19

Fusarium

Cytochrome P450nor IEHG

OxYSPOrUm
Citrobacter braakii

Cytochrome P450cin

IT2B

1 331

397

26

Amycolatopis

Cytochrome

ILGF

324

398

29

orientalis

P450oxyB

1

Table 6.2: Output from an NCBI BLAST blastp PDB databasesearch of the Rv3545c gene product, MtbCYP125. Data taken from an output of the fifty highest scoring sequences. Sequenceslisted more than once
were removedfrom the output.

6.2.2b Sequencealignment and secondary structure prediction
The protein sequenceof Mtb-CYP125 was aligned with the homologousproteins identified
in table 6.2 using ClustalW (Thompson et al., 1994 and www. ebi.ac.uk/clustalw/).
Secondarystructural elementsof Rv3545c and the homologous P450terp(Hasemannet al.,
1994)were predicted using the PROF-secfunction of PredictProtein (Rost et al., 2003 and
http://www. predictprotein.org). The aligned sequences were annotated to include
secondarystructural information of P450terp from both the prediction software and from
crystallographicexperiments,to allow a comparisonof the two methods to be made (figure
6.1).

Due to the low sequenceidentity between P450s, the alignment cannot be considered
complete and a number of key residues may not be marked as being conserved. Those
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which are, are generallylocatedclose to the haem-bindingregion, and in particular the Cysloop (highlighted in flgure 6.1 with a thick underline). The only explicitly conservedP450
residue, the cysteinate proximal haem-ligand, is also conserved within Mtb-CYP125 at
position Cys377. The three residues involved in hydrogen bonding between side chain
nitrogen atoms and D-ring propionate oxygens in P450terp (Hasemann et al., 1994):
His124; Arg128; and His375, are also present. Four of the six residues found to form
extended hydrogen networks with propionate-bound water molecules in P450terp are
retained(Phe317,Arg318, Tyr341, and His375), however this region is generally less well
conserved.

The EXXR motif (Glu305and Arg308) within the K helix, conservedin most P450s,is
also conservedin this protein, as is His375 from the "meander"region which forms
hydrogenbonds with Glu305 homologuesin P450BM-3 and P450cam(Petersonand
1995). A regionof the I helix, structurallyconservedin P450BM-3and
Graham-Lorence,
P450cam,containsa residueessentialfor catalysisin someP450s,and is presentin the
Mtb-CYP125sequence(Thr272), togetherwith Glu271 which forms the (E/D)T pair
describedin sections1.3.7aand1.3.7c(AikensandSligar,1994andToshaet al., 2003).
PredictProtein predicted 13 discrete a-helical (- 41 %) and 7 P-sheet (- 8 %) regions,
encodedby the Mtb-CYP125 amino acid sequence. A significant similarity was observed
for the P450terp secondary structural information derived from both experimental and
computational methods (rigure 6.1 and Haseman et at., 1994). However the length of
predicted secondary structure did not always match that of the actual data, and the
computationalmethod failed to recognise3 a-helical and 7 O-sheetregions. Despite this,
an approximation of Mtb-CYP125 secondary structure can be made using the
computational data, when compared to that of P450terp. Similar secondary structural
elementsare apparentthroughoutthe two proteins, of particular interest is the suggestionof
an (x-helix at Mtb-CYP125 residuesAsp255 to Va1267,a catalytically important region (cd)
in a number of prokaryotic P450s with known structures (Poulos et al., 1995).
Surprisingly, no secondarystructurewas predicted at Mtb-CYP125 residuesLyslOl to Val
I 11, which has been experimentally determined to be involved in substratebinding in
P450terp,P450BM3, and P450carn(Hasemannet al., 1995), however this was also missing
from the P450terp prediction. Identical predictions of 0-strand structure at Mtb-CYP125
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residues Thi-319to Leu321 and corresponding P450terp residues were identified. This
region hasalso beenimplicated in substratebinding.
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Figure 6.1: Multiple sequencealignment of Mtb-CYPI 25 homologues,aligned using ClustalW (Thompson et
al, 1994). Sequenceidentities to Mtb-CYP125 are shown in parentheses. Key residues are highlighted:
conserved residues(boldface); explicitly conserved proximal cysteinate ligand (red); generally conserved
Cys-loop region (thick underline). Underlined residuesand annotationscorrespondto the secondarystructure
of P450terp as determined by X-ray crystallography (Hasemann et al., 1994). Coloured text represents
predictedsecondarystructuralelements(a-helices in red and P-sheetsin blue) for Mtb-CYP125 and P450terp,
as determinedby sequenceanalysisusing the PROF-secfunction of PredictProtein(Rost et al., 2003).

6.2.2cDomain organisation
The SMART database(genomic mode) was usedto characterisethe domain architectureof
the Rv3545c geneproduct. PFAM domain and signal peptide searchesperformed on the
Mtb-CYP125 protein sequenceidentified only one domain, that of a cytochrome P450.
This is to be expectedas despite requiring a redox partner, only a very few P450s encode
this on a single polypeptide (figure 6.2), asdescribedin section 1.3.2.

1
I

100
I

200
--I

Figure 6.2: Domain organisation of Mtb-CYP125, taken from the SMART database(http://smart.embiheidelberg.de/).
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6.3 Ultra-violet/visible absorption spectroscopy

6.3.1 Introduction
Spectroscopictechniquesare widely used during the characterisationof haem proteins and
provide abundantinformation about the molecule's identity, purity, and specific activity.
Such methods are also useful in determining oxidation state, estimating spin state, and
assessingligand binding (Li, 2001). Spectral measurementsof cytochrome P450s are
especiallywell establishedand a numberof experimentsare discussedfurther here.
Due to the highly characteristicshift in maximal absorbanceto 450 nm upon binding of CO
to ferrous P450 (Omura and Sato, 1964), the presence of haem-thiolate proteins can be
identified by spectroscopy.Binding of substrateligands can often be inferred from spectral
changeswhich occur, due to the accompanyingspin-stateshifts, inducedby the blocking of
water accessto the distal haerniron position (Sligar, 1976 and Li, 2001). It may also be
possible to identify the oxidation states of a P450 haem iron, although spectral shifts
betweenthe two statesare often negligible (Li, 2001).

6.3.2Methodsand results
Mtb-CYP125wasexpressed
to
andpurifiedasdescribedin section4.3.2eandconcentrated
40 mg/ml (826 Rm) using a Vivapsin-6 30kDa MWCO centrifuge filtration unit.
Concentrationwas determinedby absorbanceat 280 nm, using a theoreticalextinction
were performedusing
coefficientof 62.8 M-lcm-' (TBSGQ. All spectralmeasurements
UVWinLab 2 softwareon a Lambdal6 dual UV/visible spectrophotometer
(both Perkin
from 270nni to 700nrn with aI nrnslit width.
Elmer). Scansweremeasured
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6.3.2a Spin state and substrate binding

Initial Measurements
A spectrumwas measuredafter eachpurification step. Two identical 500 pl quartz cuvettes
6.3) were used to blank the system.
containing the appropriatepurification buffer (table
The buffer in one cuvette was replaced with Mtb-CYP125, diluted to 5 ýtm in the same
buffer, anda spectralscanwas measured.

Mtb-CYP125 purification stage I Buffer
Nickel-affinity chromatography

Buffer composition

I 125-NiC 500 mM KPi pH 7.4
300 mM Imidazole
10 mM 0-mercaptoethanot

Gel filtration chromatography

125-GF

50 mM KPi pH 7.4
500 mM KCI
I mM DTT

Table 6.3: Spectralcharacterisationof Mtb-CYP125 after each purification step. Buffers shown were used to
dilute protein stocksand as blanks.

The nickel-affinity preparation gave a spectrum characteristic of oxidised P450 in a lowspin (LS) state (Li, 2001), as defined by a sharp426 nm Soret peak with fainter ccand P
peaksat 540 nm and 575 nm (figure 6.3). After further purification by gel filtration, a blue
type-I shift typical of a high-spin (HS) system was observed (Li, 2001). The Soret peak
shifted to 392 nm and a small, broaderpeak at 640 rim, replacedthe previous (x and P peaks
(figure 6.3). A similar shift is also seen in the plant P450, hydroperoxide lyase (HPL),
from Medicago truncatula (Hughes et al., 2006), and in P450BM-3 (Li, 2001) (see section
1.3.8). This is thought to be due to a water molecule coordinating to the distal haem-iron
position in the LS system, which is sterically blocked by the presenceof "substrate" in the
HS system.
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Wavelength(nm)

Figure 6.3: UV/visible spectraof Mtb-CYP125 after purification by (1) nickel-affinity chromatographyin LS
form (blue) and (2) nickel-affinity and gel filtration chromatography,in HS form (red). Curves normalised at
280 rim.

Inhibition by imidazole
It was hypothesisedthat the different buffer components (table 6.3) used during each
purification stepmay accountfor the spectraldifferencesobserved. As describedin section
1.3.6a,imidazole acts as an inhibitor of P450sby binding reversibly to the distal site of the
haem-iron,causing a type-11red shift in the Soretmaximum (section 1.3.8).
This would accountfor the LS stateof the nickel-affinity preparationin the presenceof 300
mM imidazole. Desalting by gel filtration would, in the absenceof substrate,result in the
transfer of water back to the sixth position. However in the presenceof substrate,water
accessis blocked and the haernshifts to a HS fifth co-ordinatedsystem.
A spectralscan of the nickel-affinity preparation(5 ýtm) was performed using 125-NiC as a
blank (scan 1, rigure 6.4). A further 5 pm was diluted into imidazole-free buffer (I 25-Ni-1)
andthe spectrumwas repeated,using 125-Ni-I buffer asa blank (scan2). Finally, the MtbCYP 125 used in scan 2 was diluted to 2.5 ýtm in imidazole buffer (end concentration 300
mM) and the spectrumrepeatedusing 125-NiC as a blank (scan3).
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Removing the imidazole from Mtb-CYP125 resulted in a LS to HS shift, characterisedby
the change in Soret peak from 426 nm to 392 nm. A return to the LS system was
accomplishedby reintroducing imidazole into the system, demonstrating the reversible
inhibition of Mtb-CYP125 by this compound(figure 6.4).

Wavelength(nm)

Figure 6.4: UV/visible spectraof Mtb-CYP125: Inhibition by imidazole. Mtb-CYP125 in: (1) 300 MM
imidazole buffer, in LS form (blue); (2) diluted into in-tidazole-freebuffer, in HS form (red); and (3) 300 MM
imidzole reintroduced,in LS form (yellow). All curves normalisedat 280 nm.

Identirication of substrate
The ability of the haem iron to alternatebetweentwo spin statessuggeststhat a (pseudo)
substratemust remain in the system when not bound. As phosphatewas included in both
purification buffers at high concentrations(above500 mM), it was thought that it might be
mimicking a naturalsubstrate,blocking accessof water to the distal haem.iron position.
A spectralscan of the gel filtration preparation (5 ýtm) was performed using 125-GF as a
blank. The same sample was then buffer exchangedinto a phosphate-freebuffer (buffer
125-P)using a Vivaspin-6 30 kDa MWCO filtration unit. 125-Pbuffer was used to blank
the spectrophotometer. No return to a low-spin system was observed upon dilution of
phosphatefrom the system(figure 6.5).
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Figure 6.5: UV/visible spectraof Mtb-CYP125: Identification of substrate. Mtb-CYP125 in: (1) 500 mM
phosphatebuffer, in HS form (blue); and (2) buffer exchangedinto phosphate-freebuffer, in HS form (red).
Curves normalisedat 280 mn.

Cation binding site
As describedin section 1.3.7h,structural characterisationof P450camidentified an increase
in substrateaffinity upon cation binding (Peterson, 1971). Although no such binding site
has been identified in any other structurally characterisedP450 (Li, 2001), it was thought
that the high concentrations (above 500 mM) of potassium included in the purification
Also, increased salt
buffers may be contributing to "substrate" binding affinity.
concentrationshave been found to induce a spin-shift (low to high-spin) in a P450cam
(Lange et al., 1980),CY PI A2 (Yun et al., 1996), andCYP2B I (Yun et al., 1998).
A spectral scan of the gel filtration preparation (5ýtm) was performed using 125-GF as a
blank. A further 5 gm of Mtb-CYP125 was buffer exchangeinto a potassium/phosphatefree buffer (I 25-K) and a spectrumwas obtainedusing 125-K as a blank. No shift occurred
upon dilution of potassium and phosphate from the gel filtration preparation of MtbCYP125 (rigure 6.6).
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Wavelength(nm)

Figure 6.6: UV/visible spectraof Mtb-CYP125: Cation binding site. Mtb-CYP125 in: (1) 50 mM KPi, pH
7.4 + 500 mM KCI, in HS form (blue); (2) buffer exchangedinto potassium and phosphate-freebuffer, also in
HS form (red). Curves normalisedat 280 nm.

To see if removal of the two buffer components from the nickel-affinity preparation
prevented a HS shift upon dilution of imidazole, Mtb-CYP125 (5 ýLm) was buffer
exchanged into potassium/phosphate/imidazole-freebuffer (125-K) and a spectrum
recorded. Again no spin shift occurred, signifying either strong "substrate" binding or that
potassiumexerts little or no effect on Mtb-CYP125 substratebinding (figure 6.7).

Wavelength(nm)

Figure 6.7: UV/visible spectraof Mtb-CYP125: Cation binding site (in the presenceof imidazole). MtbCYP125 in: (1) 500 mM KPi + 300 mM Imidazole, in LS form (blue); (2) buffer exchanged into
buffer, in HS form (red). Curves normalisedat 280 nm.
potassiunVphosphate/imidazole-free
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63.2b CO-binding assay
To confirm the function of the Rv3545c geneproduct, inferred through sequencehomology
to be a cytochrome P450, the CO-binding assay was performed (see section 1.3.8). The
protocol was modified from Nelson (1998), in that dithionite was usedto reducethe protein
prior to inclusion of CO gas.

Mtb-CYP125 in high-spin state (substrate-bound)

Briefly, two identical500 VI quartzcuvetteswere sealedwith rubber capsand degassed
with N2- 125-GFbuffer (without DTT) wasdegassedin the sameway andusedto dilute
flask. A 50 mM sodiumdithionite (Sigma)
Mtb-CYP125to 10 Vm in a sealed,degassed
buffer. Bothcuvetteswere
solutionwasmadefreshbeforeeachexperimentin thedegassed
blankedin 500 VI of degassed
buffer over a rangeof 240 to 700 nm. 260 VI of buffer was
Mtbremovedfrom the "sample"cuvetteandreplacedwith 250 41of HS,substrate-bound
CYP125(5 [im), and 10 W of the dithionitesolution(I mM). The cuvettewas incubated
for ten minutesat room temperature,to allow reductionof the Mtb-CYP125haem iron.
The cuvettewas then gentlybubbledwith 5 ml of CO gas,using a syringe. A "blank"
spectrumwasalsorecorded,identicalto that of the "sample"cuvette,exceptlacking CO.
Differencespectrawereobtainedby subtractingthe "blank" from thatof the "sample"data.
The spectrumproducedfrom oxidised HS Mtb-CYP125 had a Soret peak at 392 nm with a
418 nm shoulder(rigure 6.8), which becamemuch broader upon reduction with dithionite.
The typical Soretpeak of ferrous P450s is around 408 nm, so this suggestsreduction had at
least partially occurred(Li, 2001). Incubating the reduced samplewith CO for ten minutes
resultedin the characteristic450 nm absorbancemaximum, together with a distinct 420 nm
peak of similar size. The difference spectrum offers a more accuraterepresentationof this
data, asthe contribution of reduced Mtb-CYP125 alone is removed from the 420 nm peak
in the presenceof CO. The resultant spectrum illustrates a wide trough at about 392 nm
with a peak at 450 nm, signifying conversion of Mtb-CYP125 to the Mtb-CYP125-CO
complex. The peakseenat 420 nm may representpartial conversionof Mtb-CYP125 to the
inactive cytochrome P420, the value of which is negative due to the broadening the
of
resting P450 Soret peak upon reduction, resulting in a greater absorbanceat 420 nm than
that of the CO-complex.
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Wavelength(nm)
Figure 6.8: UV/visible spectraof Mtb-CYP125 (substrate-bound,HS): CO-binding assay. Mtb-CYP125 in:
(1) ferric state(blue); (2) reducedby I mM sodium dithionite ("blank") (red); (3) ferrous state,bubbled with 5
ml of CO ("sample") (yellow); (4) the difference spectrum obtained by subtracting the "blank" from the
"sample" data(green).

Effect of glycerol on P450 conversion to P420 (substrate-bound)
Due to the partial conversionof ferrous P450 to its inactive form, P420, in the presenceof
CO, an additional preparationof Mtb-CYP125 was purified in buffers containing glycerol.
Glycerol is known to protect the hydrophobic region within P450s, thereby limiting the
damagecausedto the proximal cysteinate ligand (Falzon et al., 1986 and Nebbia et al.,
1999).

IL of Mtb-CYP 125 culture was grown and purified as described in section 4.3.2e, with the
exception that all buffers contained 20 % glycerol.
ýtrn in 125-GF buffer including 20 % glycerol.

The protein was concentrated to 826

Both preparations of Mtb-CYP125

(with

and without glycerol) were subjected to the CO-binding assay, as described previously.
Figure 6.9 shows the difference spectra for both preparations.

Some protection was conferred by including 20 % glycerol in the protein preparation,
evidencedby a larger P450 to P420 ratio than for the glycerol-free protein, however P420
conversionwas not eliminatedentirely.
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Figure 6.9: UV/visible spectraof ferrous Mtb-CYP125 (substrate-bound,HS) in the presenceof CO: Effect
of glycerol on P450 conversionto P420. Difference spectraof Mtb-CYP125 in: (1) buffer 125-GF(blue) and
(2) buffer 125-GF+ 20 % glycerol (red).

Effect of time on inactivation of P450 to P420 (substrate-bound)
To investigate the conversion of P450 to P420 over time, CO-difference spectra were
recordedat increasingintervals after reduction. 5 ml of CO was bubbled anaerobicallyinto
the ferric Mtb-CYP125 cuvette, before adding I mM sodium dithionite. Spectra were
recordedover 0 to 25 minutes. Identical 'blank' spectra,lacking CO, were also recorded.
Figure 6.10 shows a time-dependentincrease in both P420 and P450 species, with no
obvious conversionof the P450-COcomplex to its inactive form.
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Figure 6.10: UV/visible spectraof ferrous Mtb-CYP 125 (substrate-bound,HS) in the presenceof CO: Effect
of time on conversionof P450 to P420. Spectraof Mtb-CYP125 in buffer 125-GF, bubbled with 5 ml of CO.
Time after reduction by I mM dithionite: 0 min (blue); 4 rrýns (red); 10 mins (yellow); 15 mins (green); 20
mins (black); and 25 mins (light blue).

Mtb-CYP125 in low-spin state (substrate-free)
The CO-binding assay was performed, following nickel-affinity chromatography, using
Mtb-CYP125 in a substrate-free, low-spin state.
Buffer 125-NiC (without Pmercaptoethanol)was used as a blank. The redox potential of substrate-freeP450 differs
from that of the substrate complex, as observed by a shift from - 170 to -300 mV in
P450camupon loss of substrate(see section 1.3.5) (Sligar and Gunsalus, 1976 and Li,
2001). In addition to this, inhibitors such as imidazole which bind to the distal haem iron
position, also induce an increase in redox potential (Ortiz de Montellano and Correia,
1995). As the redox potential of dithionite is - 550 mV, its ability to reduce the LS
imidazole-bound Mtb-CYP125 is decreased, in comparison with the HS form.

To

counteractthis, 10 mM of dithionite was used to reduce the protein and a spectrum was
recordedover 0 to 60 minutesin the presenceof CO, to ensurefull reduction of the P450.
The spectrumproducedfrom oxidised LS Mtb-CYP 125 exhibits a
well-defined Soret peak
at 426 nm (figure 6.11), with a very slight blue shift upon reduction. Incubating the
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reducedsamplewith CO for 25 minutes resulted in a further blue shift to about 420 nm,
together with the characteristic450 nrn absorbancemaximum. The difference spectrum
clearly highlights the 426 nni trough together with the 450nm Soret peak, along with a
negative420 nm peak.

Wavelength (nm)

Figure 6.11: UV/visible spectraof Mtb-CYP125 (substrate-free,LS): CO-binding assay. Mtb-CYP125 in:
(1) ferric state (blue); (2) reduced with 10 mM sodium dithionite ("blank") (red); (3) ferrous state, bubbled
with 5 ml of CO ("sample") (yellow); and (4) the difference spectrum obtained by subtracting the "blank"
from the "sample" data (green).

6.4 Circular dichroism

6.4.1Introduction
In order to identify secondarystructural elementswithin Mtb-CYP125, and to complement
data obtainedthrough computationalmethods(section6.2.2b), circular dichroism (CD) was
performed. To enable comparisons to be made with another P450, a CD spectrum of
hydroperoxidelyase(CYP74C3) from Medicago truncatula (HPL) was also recorded.

6.4.2 Methods and results
All CD data werecollected on station 12.1 at the SynchrotronRadiation Source,Daresbury.
The detector was first calibrated using a standardprotein solution of cunphosulphonicacid
(CSA) at a concentration of 10 mg/ml. A blank spectrum of water alone was subtracted
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from the CSA data. This resultedin a2:

I ratio between a negative peak at 192 nm and

positive peak at 290 nm, characteristic of a successful calibration. Prior to sample
application, the system was purged with nitrogen gas to prevent absorption of
contaminatingoxygenduring data collection.
Purified HPL was kindly provided by Drs. Richard Hughes and Eric Belfield at the John
Innes Centre,Norwich. Protein concentrationswere determinedby absorbanceat 290 nrn
derived
from
ProtPararn
theoretical
extinction
coefficients
using
(http://www.expasy.org/tools/protparam.htm]). Mtb-CYP125 and HPL were diluted to 5
mg/mI in low salt buffer: Mtb-CYP125 in 50 rnM potassiumphosphatepH 7.4; and HPL in
10 mM sodium phosphatepH 7.9. This dilution of ionic strength was necessaryto
decreasethe absorption contribution of salt in the "far" UV regions, particularly at
wavelengthsbelow 200 nm. 30 gl of samplewas inserted into a sample cell with a 0.02
mm pathlength,and securedin a sampleholder. The required concentrationof protein was
determinedusing the following equation:

Equation 6.1:
0.1
C

Where p= the cell pathlength, c= concentration of protein, and 0.1 refers to the cell
pathlengthusedduring CSA calibration.
Data were collected over a complete rangeof 170 to 260 nm, to incorporateboth the "far"
and"near" UV regions,with an incrementof 0.5 nm and a dwell period of 1.0 second. The
scan resolution was set to I nm to maximise the light passing through the cell at each
increment. Scanswere repeatedthree times for Mtb-CYP125 and twice for HPL. Blank
spectracontainingbuffer alone were performedbefore each samplescan.
The blank data were subtracted from the sample, before normalisation using the CSA
calibration curve, by an in-house data reduction program. The web-based program,
Dichroweb was then used to analysethe data (Lobley et al., 2002, Whitmore and Wallace,
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2004, and http-//www.cryst.bbk.ac.uk/cdweb/htnAome. html).

Three algorithms were

used during data analysis: CDSSTR (Compton and Johnson, 1986 and Sreerama and
Woody, 2000); SELCON3 (Sreeremaand Woody, 1993 and Sreeremaet al., 1999); and
CONTINLL (Provencherand Glockner, 1981 and Van Stokkum et al., 1990). Although all
three methodshave been found to be comparable (Sreeramaand Woody, 2000), it was
thought reliability may be improved by comparing outputs.
The resulting CD data plots for both Mtb-CYP125 and HPL are shown in figures 6.12 and
6.13. Only one datasetfor each protein is shown graphically: Mtb-CYP125 (sample 3,
table 6.4); and HPL (sample 2, table 6.4). The agreement between experimental and
optimiseddatasetsis more accurateusing CDSSTR for both proteins. This program fits the
experimental data against an optimised set of CD data points within the database. A
comparisonof the experimentaldata for Mtb-CYP125 and HPL is shown in flgure 6.14.
The resulting secondarystructural predictions from an averageof all three algorithms (and
from CDSSTR alone) for Mtb-CYP125 are: - 33 %±3.0 (31 %±1.2) (x-helix; - 14 %
2.6 (14 %±2.5) P-sheet;- 19 %±1.3 (19 %±1
loops/tums; and - 34 % :j--2.0 (34 %
-0)
2.0) unordered.

The resultingsecondarystructuralpredictionsfrom an averageof all threealgorithms(and
from CDSSTRalone)for HPL are:- 45 %±5.0 (48 %±2.0) a-helix;
-9%±6.0 (5 %±
2.0) P-sheet;- 17 %±3.2 (18 %±0.5) loops/turns;and - 29 %±2.4 (29 %±1.0)
unordered.
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Figure 6.12: Graphical output of the experimental (green), optin-dsed(blue), and difference (pink) spectra
from CD datasetsof Mtb-CYP125 (sample 3, table 6.4). The optimýiseddatasetswere determined by: (A)
CDSSTR;(B) CONTINLL; and (C) SELCON3.
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Figure 6.13: Graphical output of the experimental (green), optimised (blue), and difference (pink) spectra
from CD datasetsof HPL (sample 2, table 6.4). The optimised datasetswere determined by: (A) CDSSTR;
(B) CONTINLL; and (C) SELCON3.
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Figure 6.14: Comparisonof the experimentalCD spectrafor Mtb-CYP 125 (blue) and HPL (red).
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0.999
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0.351
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0.091
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0.039

0.289

0.999

AVERAGE(%)

35.1

9.8

9.1
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Table 6.4: Analysis from CD measurementsof Mtb-CYP125 and HPL from Medicago
truncatula using
CDSSTR,CONTINLL, and SELCON3 via Dichroweb (http://www.
cryst.bbk.ac.uk/cdweb).
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6.5 Electron paramagnetic resonance (EPR)

6.5.1 Introduction
Electron paramagneticresonance (EPR) was used to confirm the spin-state of MtbCYP125, determinedby comparative analysis of UV/visible spectra with published data
(section 6.3.2a). Both substrate-freeand substrate-boundsystems were measuredin the
presenceand absenceof imidazole, respectively.

6.5.2Methodsand results
EPR spectrawere collected using a Bruker ESP300E spectrometerfitted with an X-band
microwave bridge (SuperX, ER 049X), dielectric resonator (ER4118 SPT-NI), and a
variable temperature liquid helium flow cryostat (Oxford Instruments auto-tuning
temperaturecontroller ITC503). Spectrawere obtained at the EPSRC National Centre for
EPR Spectroscopy,Manchester,with the help of Dr. Radoslaw Kowalczyk. Mtb-CYP125
(substrate-bound)was purified as describedin section4.3.2e and concentratedto 96 mg/ml
(2 mM) in 50 mM potassiumphosphatepH 7.4,500 mM potassiumchloride, and I mM
dithioreitol. Data were recorded at 10 K, with a microwave power of 200 mW and a
frequency of 9.43 GHz. The sample was thawed and 300 mM imidazole was added,
resulting in an inhibited, substrate-freesystem (section 6.3.2a). Data were recorded at 30
K, with a microwave power of 50 mW, at a frequency of 9.38 GHz, due to overloading of
the signal in the low-spin region at lower temperatures. g-values were estimated using the
following calculation:

Equation 6.2:
g= (h/jiB) v/B
Where:
h= Planck's constant
ji = Bohr's magnetron
B= the experimentalmagneticfield
v= frequency
The value of (h/gB) during theseexperimentswas 714.4775.
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At 10 K, the substrate-boundMtb-CYP125 exhibited a spectrum characteristic of a
predominantlyhigh-spin (S = 5/2) haem iron system, with correspondingg-values at 8.05,
3.56, and 1.68 (figure 6.15). Inclusion of the reversible inhibitor, imidazole, which binds
to the distal haemiron position, resultedin a spin-shift to a low-spin (S = 1/2) system, with
g-valuesat 2.47,2.27, and 1.88 (figure 6.16).
350000-

250000ý
8.052
150000 ý

50000

I

3.556
1.681

T-1-

-50000 1

1000

I

2000

3000

4000

5000

Magneticfield (mT)

Figure 6.15: EPR spectrumof Mtb-CYP125 (substrate-bound),measuredat 10 K. The corresponding gvalues,characteristicof a high-spin haem iron system,are labelled.

Magneticfield(mT)
Figure 6.16: EPR spectrumof Mtb-CYP125 (substrate-free)inhibited by imidazole (300 mM), measured
at
30 K. The correspondingg-values,characteristicof a low-spin haerniron
system,are labelled.
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6.6 Crystallisation

6.6.1Introduction
Despitethe abundanceof cytochromeP450swithin nature, only 169 structuresare available
within the Protein Data Bank, 45 of which are various forms of the most structurally
characterisedP450, P450cam. P450s are often difficult to crystallise, particularly the
membrane-boundenzymes, which often require engineering to remove transmembrane
domainsin order to facilitate solubility prior to crystallisation.

Robotic crystallisationwas used to identify initial hits, to enable a large number of
conditionsto be screenedrapidly. A smaller number of manual screenswere also
performed,andpotentialhits wereoptimisedmanually.

6.6.2 Methods and results
Mtb-CYP125 was expressedand purified as described in section 4.3.2e and concentrated
Purity was determined
using Vivaspin-6 30 kDa centrifuge filtration units.
spectroscopicallywith a ratio of 392 nm (Mtb-CYP125, HS) to 280 nm of > 1.0. The
protein was centrifuged for 5 minutes at 14,000 rpm using a bench-top Eppendorf
centrifuge at 4 'C, immediately prior to crystallisation, to remove precipitate. All screens
were set up at room temperatureand incubated at 20 'C. Buffer conditions and protein
concentrationswere varied (table 6.5), to increase the number of different conditions
screened. The HS gel-filtration preparation of Mtb-CYP125 was screened at three
concentrations(10,20, and 40 mg/ml) in high-salt buffer (B - D, table 6.5), and also at a
lower ionic strength at 20 and 40 mg/ml (F - G, table 6.5). Crystallisation trials of the
imidazole-boundnickel-affinity preparation (LS) were also performed, as it was thought
imidazole-binding may induce a conformational shift conducive to crystal formation (A,
table 6.5). Finally, the crystallisation conditions from three Mtb-CYP125 homologues
were also tested,in buffers H to J (table 6.5).
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preýaration

Final

Concentration

ID

chromatography step

mg/mI

A

Nickel-affinity

20

Buffer

500 mM KPi pH 7.4
300 mM Imidazole

1w-

Gel filtration

40

50 mM M

pH 7.4

500 mM KCI
C

Gel filtration

20

50 mM KPi pH 7.4
500 mM KCI

D

Gel filtration

10

50 rnM KPi pH 7.4
500 rnM KCI

E

Gel filtration

20

50 rnM KPI pH 7.4
20 % Glycerol
250 rn.M KCI

F

Gel filtration

40

50 mM M

pH 7.4

150 mM KCI
G

Gel filtration

20

50 mM KPi pH 7.4
150 rnM KCI

H

Get filtration

40

50 rnM KPi pH

Gel filtration

10

50 rnM Tris-HCI pH 7.4

Gel filtration

to

10 rnM Tris-HCI pH 7.5
50 rnM NaCl

Table 6.5: Mtb-CYP125 preparationsand buffer conditions usedfor protein crystallisation.

6.6.2aRoboticscreening
The broad matrix 96-well screenswhich were available in our laboratory, were used to
identify initial hits (table 6.6) (Qiagen, formerly Nextal Biotechnologies). With the
exception of H to J, all buffer/sample conditions described in table 6.5 were screened
againstthese precipitant conditions. Due to the limited quantity of protein retained from
the nickel-affinity preparation (A, table 6.5), only two 96-well screens were performed
usingthis sample. These were the JCSG and PEGS screens,which gave promising results
using the gel-filtration Mtb-CYP125 preparations(table 6.7 and figure 6.17).
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Screen

PreparationID'

NextalAMS04

B/C/FJF/G

NextalCations

B/C/E/F/G

NextalClassics

B/C/E/F/G

NextalCryo

B/C/E/F/G

NextalJCSG

A/B/C/FJF/G

NextalMPD

B/C/E/F/G

NextalPACT

B/CAEIF/G

NextalPEGS

A/B/C/FJF/G

Table 6.6: Robotic broad-matrix crystallisation conditions used for initial screeningof Mtb-CYP125. 'The
purification and buffer conditionsof the protein, as describedin table 6.5.

200 n] of protein was mixed with an equal volume of precipitant over an 80 VI reservoir, in
a 96-well sitting-drop plate, using a Screenmaker96 +8 (Innovadyne Technologies) robot.
Plateswere then coveredwith a heat-sealableplastic sheet and viewed using a Crystal Pro
robot with Crystal L. I.M. S. software (both Tritek Corporation) at regular intervals.
A numberof hits were obtainedusing the PEGS, JCSG, and PACT screens,in the form of
brown/red clusters of small crystalline plates, which appearedafter approximately one
week (table 6.7 and figure 6.17). Colourless crystals were disregardeddue to the intense
colour of Mtb-CYPI 25 in solution. A requirementfor PEG was observedin all hits but the
overall crystal morphology was largely unaffectedby changesin salt content, and no single
crystals were observed in any condition. The most promising condition from the PEG
screen was that of 20 % PEG 3350 with 0.2 M ammonium chloride, which gave large
clusters of plates. Slightly less compactedclusters were obtained when using the lower
protein concentrationof 20 mg/ml for this condition. Increasing the molecular weight of
PEG to 6000 and including 0.1 M MES pH 6.0, gavebetter defined and less densely packed
clustersof crystals,although again no single crystalswere visible.
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Hit

Preparation

number

ID'

I

E

I

Condition

Description

PEGS

E5

20 % PEG 3350

Multiple tightly

0.2 M Magnesium

packedclusters of

chloride

dark brown needles

20 % PEG 3350
0.2 M Ammonium

Tightly packed
cluster of dark brown

chloride

needles

20 % PEG 3350

2 tightly packed
clustersof dark

PEGS

B

3

Well

PEGS

C

2

E9

E9

0.2 M Ammonium

C

4

B

I

Screen

PEGS

JCSG

E12

A5

I chloride
20 % PEG 3350

brown needles
Multiple clusters of

0.2 M Ammonium iodide

brown needles

20 % PEG 3350

Multiple tightly

0.2 M Magnesium formate

packedclusters of
dark brown needles

PACT

6C

B7

0.1 M MES pH 6.0

Large cluster of

20 % PEG 6000

brown/pink needles

0.2 M Sodium chloride
7

C

PACT

Bg

0.1 M MES pH 6.0

Large cluster of

20 % PEG 6000

brown/pink needles

0.2 M Ammonium
chloride

8

9

C

C

PACT

PACT

B9

BIO

0.1 M MES pH 6.0
20 % PEG 6000

Medium clusters of

0.2 M Lithium chloride
0.1 M MES pH 6.0

needles

20 % PEG 6000

clustersof

0.2 M Magnesium

brown/pink needles

small brown/pink

Less denselypacked

chloride
Table 6.7: Main hits obtainedfrom the robotic screeningof crystallisation conditions for Mtb-CYP125 using
broad-matrix Nextal screens. IThe purification and buffer conditions of the protein (table 6.5). Refer to
figure 6.17 for photographsof crystal hits.
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Figure 6.17: Mtb-CYP 125 crystalsobtainedfrom robotic screening,seetable 6.7 for descriptions.

6.6.2b Manual screening
Manual screeningof suitable conditions for Mtb-CYP125 crystallisation were performed
using a standard 24-well pre-greasedplate, suitable for hanging-drop vapour-diffusion
crystallisation (VDX plate, Hampton Research). 1 to 2 ýtl of protein was mixed, using a
pipette, with an equal volume of precipitant on a siliconised cover slip, suspendedover a
500 gi reservoir and incubatedat 20 'C. Both commercially sourced(Hampton Research)
and hand-madescreensbasedupon conditions used to crystallise severalhomologueswere
performed (tables 6.8 and 6.9). Commercial screens were selected if they included
conditions which had not beenscreenedduring the robotic trials. Only a limited number of
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manual screenswere performed as coloured crystals were identified in the robotic trials,
and so optimisation of these conditions were priofitised. Mtb-CYP125 was screenedat 10
mg/ml, asa startingconcentrationfor the crystallisation trials.
No significant hits were produced using the screens described in tables 6.8 and 6.9.
However small colourless crystals were produced from a number of these conditions, but
were presumedto be salt as they did not show the deep red/brown colour of the MtbCYP125protein.
Preparation ID'
D
D
D
D
D

Screen
Hampton ResearchCrystal Screen I
Hampton ResearchCrystal Screen2
Hampton ResearchCryo
Hampton ResearchSalt RX I
Hampton ResearchSodium Malonate

Table 6.8: Manual broad-matrixcrystallisation screensused to identify hits for Mtb-CYP 125.1 The
purification and buffer conditions of the protein (table 6.5).

Preparation
ID'

Screen

H

0.1 M PipespH 6.4 - 6.8
P450terp
12- 24 % PEG 12 k
0.1 M MES pH 5.0 - 6.0
CYP 121
Mycobacterium
0.8 - 3.2 M Ammonium
tuberculosis
sulphate
0.1 M Sodiumcacodylate CYP51 ct- Aývcobacterium
pH 6.2 - 6.5
tuberculosis
sterol
18-25 %PEG 4k
methylase
I
10 % Isopropanol

1

Protein

Species

Sequence
identity
with MtbCYP125
Pseudomonassp. 29 "Ic

PDB ID

I CPT

27%

23%

Table 6.9: Manual crystallisation screens used during crystallisation trials
of Mtb-CYP125, based upon
I
conditions used to crystallise homologous proteins. The purification and buffer conditions of Mtb-CYP125
6.5) 234

(table

.

Hasemannet al., 1994. Leys et al., 2003. Podustet al., 2004.

6.6.2cOptimisation
A numberof hits, obtained by robotic screening,were optimised by fine screeningof the
conditions. Predominantlythis was done using the manual hanging-drop method, but one
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screenwas set up in a 96-well sitting-drop plate, using a Microlab STARlet (Hamilton
Research)liquid handlerand a Screenmaker96 +8 (Innovadyne Technologies)robot.
Precipitant, salt, and pH were varied during this step, together with the concentration of
protein usedand the ratio of protein to precipitant (table 6.10). In the absenceof crystals in
somewells, small clustersof crystals from the robotic screenswere usedto seedfresh drops
after 5 to 7 days. Clusters were either crushed using a needle and streak-seeded,or
transferredintact to a drop using a loop.
Screeningaround the initial conditions did not visibly improve crystal morphology and still
resulted in the growth of multiple crystals (table 6.11 and figure 6.18). A slight
improvementwas observedhowever by increasingthe ammonium chloride concentrationto
0.4 M in the presenceof 22 % PEG 3350, which yielded crystals less densely packed than
previously (optimisation number 1, table 6.11). Increasingthe molecular weight of PEG to
20 k also had a similar effect. In all screensperformed, crystals only grew spontaneously
when freshprotein (stored at 4 'C for <3 weeks, following purification) was used. In some
cases, seeding could induce the growth of crystals after this time, although after
approximately4 weeks,no crystallisation was observed.
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Optimisation
number

Hit
I
number

Preparation
ID 2

Screen

Methoe

Ratio4

C

15 - 25 % PEG 3350
0.1 - OAM Ammonium chloride
15 - 25 % PEG 3350
0.1 - 0.4 M Ammonium chloride
0.1 M buffer pH 4.6 (NaAc), 6.5
(MES), 7.5 (Hepes), 8.4 ( ris-HCI)
15- 24 % PEG 3350
0.1 - 0.4 M Ammonium chloride
0.1 - 0.4 M buffer pH 6.5 (MES),
7.5 (Hepes),8.5 (Tris-HCI)

H-D

I: I

H-D

1 :1

S-D

1: 1

H-D

1: 1

22C

1

2C

_
42C
A

20 - 25 % PEG 3350

52C
L63B

77

4C

8

4C

9

4B

10

4C

7B

12

7

--

0.3 - 0.6 M Ammonium chloride
12- 25 % PEG 3350
H-D
0.1 - 0.6 M Ammonium chloride
S-D
15- 24 % PEG 3350
0.1 -0
Ammonium chloride
.4M
0.1 - 0.4 M buffer pH 6.5 (MES),
7.5 (Hepes),8.5 (Tris-HCI)
15- 25 % PEG 3350
H-D
0.1 - 0.4 M Ammonium iodide
H-D
15 - 25 % PEG 3350
0.1 - 0.4 M Ammonium iodide
0.1 M buffer pH 4.6 (NaAc), 6.5
(MES), 7.5 (Hepes), 8.4 (Tris-HCI)
15- 24 % PEG 3350
S-D
0.1 - 0.4 M Ammonium chloride
0.1 - 0.4 M buffer pH 6.5 (MES),
T 7.5 (Hepes),8.5 (Tris-HCI)
15
I - 24 % PEG 3350
S-D
0.1 - 0.4 M Ammonium chloride
0
0.1 - 0.4 M buffer pH 6.5 (MES),
0
7.5 (Hepes), 8.5 (Tris-HCI)
19 - 24 % PEG 6k/8k/ I 20k/20k
H-D
0.1 - 0.4 M Ammonium chloride
0.1 M MES pH 6.0
19-24 %PEG 6k/gk/120k/20k
H-D
0.1 - 0.4 M Ammonium chloride
0.1 M MES pH 6.0

1: 2
1 :1

1: 1
1: 1

1: 1

1: 1

1: 1

1 :1

Table 6.10: Optin-tisation of Mtb-CYP125 crystallisation conditions from initial robotic screening hits.
'Robotic screening hit (table 6.7). 2Purification and buffer conditions of the protein (table 6.5). 3The
crystallisationmethod used,with "H-D" specifying manualhanging-dropvapour diffusion and "S-D", robotic
sitting-drop vapour diffusion. 4The ratio of protein to precipitant.
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Hit
number
10

Optimisation
number'
1

Preparation
iD2
C

Condition

Seeded3

Description

22 % PEG 3350 & 0.4
M Ammonium chloride

No

11

5

C

Yes

12

12

C

13

12

C

23 % PEG 3350 & 0.6
M Ammonium chloride
21 % PEG l2k, 0.2 M
Ammonium chloride &
0.1 M MES pH 6.0
19 % PEG 20k, 0.2 M
Ammonium chloride &
0.1 M MES pH 6.0

14

12

C

No

15

12

C

22 % PEG 20k, 0.2 M
Ammonium chloride &
0.1 M MES pH 6.0
23 % PEG 20k, 0.2 M
Ammonium chloride &
0.1 M MES pH 6.0

Lessdensely
packedclusters
of brown/red
needles
Thin clusters of
brown needles
Multiple clusters
of dark brown
needles
Less densely
packedclusters
of brown/pink
needles
Thin clusters of
brown/pink
needles
Small clusters of
brown/pink
needles

No

No

No

Table 6.11: Most improved hits from optimisation of Mtb-CYP125 crystallisation conditions. All obtained
by manual hanging-drop vapour diffusion crystallisation. IThe optimisation screen (table 6.10). 2The
3
purification and buffer conditions of the protein (table 6.5). Crystals grown after streak-seeding with
crushedneedleclusters after 7 days (seedsobtained from optimisation number 4, table 6.7). Photographsof
the crystalsare shownin figure 6.18.

P% 10

13 Wj

11

14

12

1.15

4

Figure 6.18: Mtb-CYP125 crystals obtained from manual optimisation

of robotic hit numbers2 and 3 (table

6.7). No significant changein crystal morphology was observed,although the
number of plates per cluster
were somewhatreduced. Descriptionsof crystal conditions are given in table 6.11.
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6.6.2d X-ray crystallography data collection
The most promising (least densely packed) clusters of crystals were used for X-ray data
collection on station MAD 10.1 at the SynchrotronRadiation Source, Daresbury. Theseare
listed in table 6.12. In the absence of single crystals, it was necessaryto attempt to
separate the multiple crystals using a needle. Crystals were briefly soaked in a
cryoprotectantof mother liquor containing 20 % glycerol, mounted using a cryo-loop, and
flash-cooledto 100 K in a nitrogen cryostream. An X-ray diffraction pattern was collected
using an exposure time of 90 seconds,from each crystal. Data were collected over an
oscillation rangeof 1.0', at a wavelengthof 1.17A, with the crystal to detector distanceset
to 300 mm.
only very weak diffraction was observedfrom all of the crystals, at a maximum resolution
of 3A for hit number 2 (table 6.12). It was not possible to separatethe crystals entirely
and so multiple-crystal diffraction was also observed. In an attempt to improve diffraction,
the cryostream was interrupted briefly to enable annealing of the crystal to occur. This
produced a slightly more defined diffraction pattern for hit number 7 (table 6.12), to a
maximum resolution of 3A (figure 6.19), as identified using HKL2000 (Otwinowski and
Minor, 1997),however it was not possible to reproducibly deten-nineunit cell parameters.
Additional cryoprotectantswere also tested,however these did not improve the diffraction
quality.
Hit number'

Preparation ID 2

Condition

2

C

3

B

20 17(PEG 3350 & 0.2 M Ammonium chloride
20 % PEG 3350 & 0.2 M Ammonium chloride

5

B

20 % PEG 3350 & 0.2 M Magnesiumformate

6

C

20 % PEG 6k, 0.2 M Sodium chloride & 0.1 M MES pH 6.0

7

C

20 % PEG 6k, 0.2 M Ammonium chloride & 0.1 M MES pH
6.0

8

C

9

C

20 % PEG 6k, 0.2 M Lithium chloride & 0.1 M MES pH 6.0
20 % PEG 6k, 0.2 M Magnesiumchloride & 0.1 M MES pH
6.0

10
C

22 % PEG 3350 & 0.4 M Ammonium chloride
23 % PEG 3350 & 0.6 M Ammonium chloride

Table 6.12: Mtb-CYP125 crystals used during X-ray data
collection. 'Robotic screening hit (tables 6.7 &
2
6. lIandflgures6.17&6.18).
Purification and buffer conditions of the protein (table 6.5).
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Figure 6.19: The weak diffraction pattern generatedfrom multiple Mtb-CYP 125 crystals grown in 20 % PEG
6000,0.2 M ammonium chloride, and 0.1 M MES pH 6.0 (hit number 7, table 6.12). The whole image is
shown in (A) and (B) shows a region close to the maximum resolution limit of 3 A, where a number of very
weak diffraction spotsare just visible. Figure produced using HKL2000 (Otwinowski and Minor, 1997).

6.7 Discussion

6.7.1 Comparison of P450 sequences
From the homology searchesperformed in section 6.2.2a, CYP125 was identified in two
other non-Mycobacterial species,Rhodococcussp. (RHAI) and Nocardiodes sp. (JS614),
the latter sharesonly 55 % sequenceidentity with Mtb-CYP125. The unknown protein
from Mycobacteriumparatuberculosis may sharethe same functional annotation as MtbCYP125 due to the high sequenceidentity between the two proteins. No three-dimensional
structures of proteins from the CYP125 family exist to date, highlighting the need for
structural information regardingMtb-CYP125.
Alignment of Mtb-CYP125 with P450 homologuesof known structure identified conserved
regions of catalytic and architectural importance,most notably around the Cys-loop. This
strong conservationsuggeststhe region within Mtb-CYP125 will exhibit a structure similar
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to that found in other P450s, such as P450eryF (Cupp-Vickery et al., 2001). The
identification of a threonine residue (Thr272) within the probable I-helix region of MtbCYP125 suggeststhis enzymedoes not require a water molecule to stabilise the oxy-ferryl
bond, as is the casefor P450eryF(Cupp-Vickery and Poulos, 1995 and Poulos et al, 1995).
Furthermore, conservation in Mtb-CYP125, of polar/charged residues involved in haem
coordination in a number of P450s, also suggests a similar configuration (see section
1.3.7g). The lack of homology in regions implicated in substrate access and binding is
common in P450s,reflecting the large number of different substratesmetabolisedby these
enzymes.

6.7.2Secondarystructure
Circular dichroism was used to corroborate secondary structural information gained from
bioinformatics methods. Prediction software such as PredictProtein can identify potential
localised structure for an idealised sample. CD, however, cannot be used to identify
specific regions, but does provide a more accurate representation of the protein in its
existing state. This partially explains the differences observedbetween the two methods,
whereby CD (all algorithms) and PreditProtein calculated Mtb-CYP125 to contain 33 and
41 % a-helix and 14 and 8% O-sheet,respectively (table 6.4). Apart from these
differences,both suggesta predominantly helical structure, which is to be expected for a
cytochrorneP450(Poulos et al., 1987and Ravichandranet al., 1993).
Analysis of the CD measurementsusing three algorithms, calculated HPL to contain an
averageof - 45 % a-helix and just -9% P-sheet. Figure 6.14 clearly shows two troughs,
characteristicof helical structure, present at - 210 and 225 nm within the HPL sample,
which are much less prominent within Mtb-CYP125. Increasedhelical content has also
been observed in two Mtb-CYP125 homologues: greater than 50 % in Mtb-CYP121
(McLean and Cheesmanet al., 2002); and - 44 % in CYPI 19 from S. solfataricus (Maves
and Sligar, 2006), further suggesting that the CD-determined helical content of MtbCYP125 is lower than expected. Partial degradation of the
sample during storage at 4T
may account for some of this discrepancy,as the content of unordered structure (~ 34 %)
was slightly higher than in the HPL sample(- 29 %).
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An alternativeexplanation is describedin section 1.3.8, where Yun et al. (1996) identified
an increaseda-helical content of CYPIA2 in the presence of increasing ionic strength.
Initial measurementsin the absenceof sodium chloride yielded just - 30 % a-helix content,
similar to the result obtained for Mtb-CYP125, which was also measured in an low salt
envirom-nent(50 mM potassiumphosphate,pH 7.4). Inclusion of 0.1 M sodium chloride in
the CYPIA2 sampleincreasedthe value to - 49 %. This may account for the low, CDdetermined,helical content of Mtb-CYP125.

6.73 Effect of "substrate" on spin-state
The ability of Mtb-CYP125 to alternatebetween spin-states,in otherwise identical buffer
systems,upon reversible inhibition by imidazole, is of interest due to the unknown nature
of its substrate. Since the main buffer component, phosphate,was found not to have an
effect on spin statewhen diluted out, whatever compoundis mimicking a natural substrate,
must bind to the protein with high affinity to remain within the system when not bound
during affinity-cbromatography. Alternative suggestionsare that the "substrate" is retained
from this purification step and binds to Mtb-CYP125 during desalting (of imidazole) by
gel-filtration, or that the "substrate" binds to a co-purifying protein. In either caseit seems
unlikely that this compound representsa native substrate,unless a complex was formed
within the E. coli host cell during expression. The action of phosphateon altering the spin
statecannot,however,be ruled out entirely and may require competitive dilution by another
compound.
Ionic strength is known to play an important role in the catalytic activity of some P450s
(Yun et al., 1996)and high concentrationsof sodium chloride have been found to stabilise
theseenzymesby preferential hydration (Timasheff and Arakawa, 1989). Spectral shifts,
indicating alterations in spin-state, have been observed in a number of P450s in the
presence of high salt concentrations (Yun et al., 1999). However, removal of both
phosphateand potassium chloride from the high-spin Mtb-CYP125, did not result in a
return to the resting, low-spin system. This suggestseither strong "substrate" binding or
that potassiumexerts little or no effect on the binding of substrateto Mtb-CYP125. As an
effect of potassiumon substratebinding affinity has, to date, only been found in P450cam,
the latter seemsmost likely (Peterson,1971,Pouloset al., 1997,and Mueller et al., 1995).
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EPR measurements of Mtb-CYP125
of a predominantly

high-spin

(substrate-bound)

haem iron system.

were consistent with those published
3.97,1.78)

however

spectrum,

authors (8.03,3.51,1.68)

The g-values

(8.05 g,, 3.56 gy, 1.68 g")

for P450cam in the presence of D-camphor

(Tsai et al., 1970 and Lipscomb,

from the HPL

resulted in a spectrum characteristic

1980).

Similar

(7.85,

g-values were also obtained

this sample was deemed to be substrate-free

by the

(Hughes et al., 2006).

Inclusion of imidazole shifted the spin state to low-spin, with g-values (2.47,2.27,1.88),
P450BM-3 (2.42,2.26,
similar to the substrate-freelow-spin P450carn(2.45,2.26,1.91),
1.96) (Miles et al., 1992), and Mtb-CYP121 (2.48,2.25,1.90) (McLean et al., 2005).
Again these values correspondto those identified in the low-spin HPL system, however
Overall, these
substratewas presentin this sample(2.39,2.24,1.93) (Hughes et al., 2006).
data confirm the Mtb-CYP125 spin-statesof substrate-bound(high-spin) and substrate-free
(low-spin) systems,asdeterminedby UV/visible spectroscopy.

6.7.4CO-bindingassay
Togetherwith the UV/visible spectraof ferric Mtb-CYP125 describedin section 6.3.2a, the
CO-binding assay of ferrous protein confirmed the cytochrome P450 annotation of this
forms, a distinct peak at 450 nrn
enzyme. In both the substrate-freeand substrate-bound
was observedupon anaerobicaddition of CO. The shift was especially prominent in the
substrate-boundsystem, due to the shift in Soret peak from 392 nm to 450 rim. In both
cases, reduction with dithionite did not alter the maximal absorbance wavelength
significantly, however a large decreasein intensity was observed in the substrate-bound
protein, resulting in a much broader peak, as is characteristic of P450s (McLean and
Cheesmanet al., 2002).
The presenceof a secondpeak at 420 rim for both forms of Mtb-CYP125 was initially
thought to meanpartial degradationof the protein during purification. Glycerol is known
to confer limited protection against such conversion and so was included during the
purification of additional protein. A repeatCO-binding assayfound less P420 conversion
than in the glycerol-free preparation,however did not eliminate it entirely.
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FurtherCO-binding experimentsperformed using Mtb-CYP 125, in the absenceof glycerol,
showed a time-dependent increase in the production of both P420- and P450-CO
complexes. P420 often forms in the ferrous state, possibly due to protonation of the
cysteinate-S- group, which forms a neutral cysteine, and so is unlikely to have formed
within the oxidisedprotein (Pereraet al., 2002). This suggeststhe issue was a limitation of
the experimentand not an inherentproblem with the protein itself.
Also, full conversionto P420 was observed upon loss of the proximal cysteinateligand in
the P450camC357H mutant (section 1.3.7a),which was not apparent in the Mtb-CYP125
spectra(Yoshioka et al., 2001). 'Ibis suggeststhat the partial conversion observedfor MtbCYP125 is of less significance. Furthermore,characterisationof the Mtb-CYý121 enzyme
observedaggregationand precipitation upon addition of large excessesof dithionite, and
partial conversionto P420 was noted in the presenceof CO (McLean and Cheesmanet al.,
2002). The subsequentcrystal structure of ferric Mtb-CYP121 found an intact cysteinate
ligand, demonstratingthe cause of P420 conversion to be entirely due to the CO-binding
experiment(Leys et al., 2003).

6.7.5 Protein crystallography

Despiteobtainingdark brown/redMtb-CYP125crystalsfrom a numberof crystallisation
conditions,it was not possibleto collect a full data set. This was primarily due to the
morphologyof the crystals,tiny platesclusteredtogetherinto groupsof varyingsize. This
madeseparationof individualcrystalsimpossibleanddespiteextensiveoptimisationof the
conditions,no alternatecrystal morphologyhasbeenobserved.The large conformational
changeswhich may occurduring substratebindingmay affect crystal morphology,andso
moleculewould be of interest. The inclusion of such a
crystallisationof a substrate-free
high concentration
of imidazole,neededto displacethe substrate,is likely to interferewith
crystallisation(Li and Poulos,2004), howevera numberof P450 structureshave been
determinedin the presenceof azolecompounds(Yanoet al., 2000,Scottet al.,
successfully
2004,andVerrasetal., 2006).
Althoughthe weakdiffractionfrom multiplecrystals,describedin section6.6.2d,could not
unambiguouslyestablishunit cell parameters,the presenceof diffraction up to 3A is
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promising. Since the functional annotation of Mtb-CYP125 has been confirmed through
spectroscopicanalysis,a structurewould provide significant information, particularly in the
presenceof azole inhibitors.
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Overall

conclusions

and future

work

The aim of the research presented in this thesis was to overproduce a number of
uncharacterised metalloproteins from Mycobacterium tuberculosis, and to provide
structural information regarding thesetargets. Initially, a cell-free systemwas exploited to
expressmultiple targets,primarily for its high-throughput capabilities, and was performed
at the RIKEN Yokohama Institute due to their continued successin this area (Kigawa, 1999
and 2002, Yokoyama, 2003, and Matsuda et al., 2006). This method was used to express
milligram quantities of soluble protein for 9 out of the 28 targets, in six weeks. It is
in
unlikely that comparableresults would have beenobtainable using an in vivo system the
short timeframe, unless a high-throughput system was in place (Murthy et al., 2004).
Limited optimisation of the reaction conditions, for targets which did not express or were
insoluble, werealso performed,however no improvements were identified.
A second12 week visit to RIKEN focusedon the expressionof 8 new targets,together with
a more thorough optimisation of expression conditions for several insoluble targets.
Soluble expressionwas obtained for four of the new targets, two predicted zinc-binding
proteins, one iron-binding protein, and one unknown metalloprotein. Optimisation of the
remaining targetsproved highly successful,with partial solubility obtained for all proteins
upon addition of detergentsor molecular chaperones,to the cell-free reactions. However
the yield of solubleprotein in thesecaseswas often low and problems aroseduring removal
of theseadditives. It seemsthat where possible, it is beneficial to expressprotein without
the inclusion of such additives.
Expression of four targets using the in vivo E. coli method gave similar results to those
obtained by the cell-free method, however solubility of Mtb-CYP125 (Rv3545c) was
significantly improved. Negligible levels of soluble protein were obtained for this target
using in vivo expression conditions similar to those used to express homologous
cytochromeP450s,whereby solubleprotein was obtained6 to 24 hours following induction
(Bellamine et al., 1999 and McLean and Cheesmanet al., 2002). Increased incubation
times of 72 hours were required to produce significant quantities of soluble Mtb-CYP125,
howeverthe reasonfor this remainsunknown.
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The successrate of synthesising soluble haem. proteins using the cell-free system is
reportedto be low, due to problems associatedwith the incorporation of the large prosthetic
group (Matsuda,personalcommunication). Due to the presenceof whole cells within the
in vivo system,it was possible to include a smaller precursor within the expressionmedia,
which was then convertedto the functional haem group.
The cell-free system described in this thesis provides a rapid method for the highthroughput identification of target solubility. For structural genomics projects, this is
clearly advantageousas soluble targetscan quickly be identified and progressedinto largescale synthesis,in preparation for downstream applications. A turnover of less than two
days can be achieved from target isolation to analysis of protein expression using this
system, whilst a typical (non-high-throughput) E. coli in vivo method would require
approximatelydouble this. However, negative aspectsassociatedwith the cell-free system
include the potential high cost to set up and the requirement for high-grade reagentsand
cell extracts(Murthy et al., 2004). Commercially sourcedplasmids and host cells, together
with standardmolecular biology laboratory equipment, can be used to set up an in vivo
systemwith little complication.
Overall, the cell-free systemwas extremely successfulat producing soluble protein for the
metalloproteinstargeted. However similar results were obtained, albeit on a smaller scale,
using the in vivo system. In the absenceof a dedicatedin vitro protein expressionfacility
and a constant supply of high-grade cell-free components,the in vivo system appearsto be
preferentialbut time-consuming. It would be useful to expressa larger number of targets
using the in vivo system, in order to provide a more detailed comparison. Of particular
interest would be a detailed comparison of the timescales required, number of soluble
targetsproducedand purification stepsrequired, yield following purification, and biological
activity.

The 2.7 A resolutionstructureof Mtb-PPase:
(Rv3628)showedan overall monomericfold
characteristicof prokaryotic type I PPases. Despiteintra-trimer interactionsinvolving
poorly-conserved residues, the oligomeric form also remained conserved.
Substrate/product
andmetalbinding is well documentedin Y-PPase(Harutyunyanet al.,
1996andHeikinheimoet al., 1996)andE-PPase(Harutyunyanet al., 1997andSamygina
et al., 2001),with little variationexhibitedbetweenthe two enzymes.Althoughno metal
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ions were identified within the Mtb-PPase structure, one phosphategroup was modelled at
site PI, forming bonds with Arg37, Tyr133, and Lys134. Homologous interactions exist in
both the yeastand E. coli structures. The conservationof all 17 active site residues (Sivula
et al., 1999) and the similarity in overall structure and PI binding site of Mtb-PPase with
homologous structures,suggestsmetal coordination and the P2 binding site will also be
similar.
Superimposition of key active site residues of Mtb-PPase with the calcium-inhibited EPPasestructure (Samygina et al., 2001) showed a marked difference in the position and
orientation of Glu25, Asp59, and Asp96. Since the calcium ions in E-PPase locate the
activating metal sites, such differences are expected as these residues are known to
participate in metal coordination. Also, Lys23 was found to adopt a more extended
conformation in the E-PPasestructure, forming a hydrogen bond with the P2 site. 'Mis
phosphategroup was not presentin the Mtb-PPasestructure and so explains this structural
difference.

Comparison with two recent Mtb-PPase structures, both in space group P6322
(Tammenkoskiet al., 2005 and Benini and Wilson, to be published), highlighted a possible
pH-dependentrole of His93 within the active site. Mutation of this residue was found to
only hamper activity in the presenceof magnesium (Tammenkoski et al., 2006) and so
whether His93 is of catalytic importance, in the presenceof other activating metal ions,
remainsunclear.

Evidencefor a critical role of PPasein both E. coli (Chenet al., 1990)andS. cerevisiae
(Lundin et al., 1991) suggestMtb-PPasemay be an attractivetarget for therapeutic
interventionand future developmentof specific inhibitors. Although three structuresof
Mtb-PPasenowexist, nonerepresentthe catalyticallyactiveenzyme,andso crystallisation
in thepresenceof activatingmetalsandphosphatelpyrophosphate,
would be of interest. It
also remainsof high priority to determinethe H-PPasestructurein order to identify
structuraldifferencesbetweenthe two enzymes,so that therapeuticMtb-PPaseinhibitors
can be realised. Potential inhibitors may target non-activesite residueswhich have
but arenot requiredin H-PPase.
essentialcatalyticrolesin Mtb-PPase,

234

ChgRter7- Overall conclusionsand future work

Characterisationof the Rv3545c gene product (Mtb-CYP125) confirmed its functional
annotation as a cytochrome P450. This target was chosen for expression and
characterisationstudies becauseof its essentialnature during the in vivo infection of mice
with M. tb, togetherwith our group's ongoing interest in cytochromes. Sequencehomology
searches identified only two further non-Mycobacterial CYP125s in the UNIPROT
databaseand no crystal structures currently exist for this protein. Alignment of MtbCYP125 with P450 homologues of known structure identified a number of conserved
residues within the Cys-loop, including the explicitly conserved cysteine residue, which
provides the proximal thiolate ligand to the haem.iron. Also of interest is the identification
of a threonine residue (Thr272) within the probable I-helix, which suggestsMtb-CYP125
does not require a water molecule to stabilise the oxy-ferryl bond, as is the case for
P450eryF(Cupp-Vickery and Poulos, 1995 andPoulos et al, 1995).
Bioinformatics and circular dichroism (CD) were used to calculate the secondarystructural
elementsof Mtb-CYP125. CD measurementsshowed the enzyme to contain 33 % a-helix
and 14 % P-sheet. The a-helical content deviates somewhatfrom the expectedvalue for
P450s of > 40 % (McLean and Cheesmanet al., 2002 and Maves and Sligar, 2006). The
low ionic strength at which Mtb-CYP125 CD data were collected may account for this
(Yun et al., 1996)and so further experimentsconductedat varying salt concentrationwould
be useful. The prediction software,PredictProtein,estimatedMtb-CYP125 to contain 41 %
a-helical structure,further suggestingthat the CD-derived value may be inaccurate.
Routine spectroscopicanalysis of the protein following affinity chromatography and gel
filtration identified an interesting Soret shift between the two purification steps. Further
investigation found this shift to be caused by the reversible dilution of the inhibitor,
imidazole, during gel filtration.
The resulting spectrum after gel filtration was
characteristicof P450 in a high-spin system, with substrateblocking the accessof water to
the distal haem iron ligand (Li, 2001), and was confirmed by subsequent EPR
measurements.A physiological substrateof Mtb-CYP125 remains unknown and due to the
vast numberof substratesmetabolisedby the P450 superfamily, no compound has yet been
inferred from sequencehomology. Unless a native substrate was encounteredin the
cell
during expressionand remainedin the system throughout purification, it
remains unclear
why this shift is observed. There is clearly a necessityto determinethe crystal structureof
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this enzymeto determinewhat, if any, compoundis bound to the active site. A successful
methodfor the expressionand purification of Mtb-CYP125 is documentedin this thesis and
further optimisation of the crystallisation conditions may produce crystals suitable for high
resolution X-ray diffraction. Also of interest, given the potential of Mtb-CYP125 to act as
a novel drug target, would be a crystal structure complexed with inhibitors such as azole
compounds.
Tuberculosisis a devastating diseaseand much remains unknown about its pathogenicity
andhow it evadesthe host immune systemwith suchefficiency. Given the current reliance
on five chernotherapeuticsand the resultant widespread resistance,it is crucial that new
drug targets are identified and characterised. The high-throughput cell-free expression
system described in this thesis proved highly successful for the rapid identification of
soluble targets, which could then be synthesisedon a large-scale to produce milligram
quantities of protein. This may representa viable option for the production of multiple
targets in preparation for downstream applications, enabling the characterisation of
potential drug targets,and ultimately leading to the production of novel antimycobacterials.
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Figure Al: Examplesof gene targets successfullyamplified by 2-step PCR, visualised by I% agarosegel
(section4.2.3a). V3and 2d PCR productsfor: Rv2718, lanes I-2; Rv2776c, 3-4; Rv2986c,
electrophorcsi%
5- 6-.R0042c, 7-8.
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Figure A2: 10 % SDS-PAGE from cell-free time-course expression study of targets which were not
expressedcorrectly (section 4.2.3c). Total extracts (T) and soluble fractions (S) from small-scale reactions
incubatedat 37 *C over 0 to 24 hours. Rv0359: 0 hours, lanes I-2; 2 hours, 3-4; 4 hours, 5-6; 6 hours, 7
- 8; 8 hours, 9- 10;24 hours, 11 - 12. Rv2718: 0 hours, lanes 13 - 14; 2 hours, 15 - 16; 4 hours, 17 - 18; 6
hours, 19 - 20; 8 hours, 21 - 22; 24 hours, 23 - 24. Molecular weight markers in lane M. Target proteins
highlighted in red and unknowncontaminantsin yellow.
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Figure A3: 10 % SDS-PAGE from optimisation of cell-free expression conditions by the addition of
detergents(section 4.2.5c). Total extracts (T) and soluble fractions (S) from small-scalereactions incubated
at 30 *C for 4 hours. (A) Rv0185, (B) Rv2776c, (C) Rv3717, (D) Rv3915, (E) Rv2388c, and (F) Rv0247c:
No detergent in lanes I-2;

Brij-35,3 -4 (0.5 %) and 5-6 (1 %)-,Digitonin, 7-8 (0.5 %) and 9- 10 (1
Molecular weight marker in lane M. Target proteins highlighted in red.
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Figure A4: 10 % SDS-PAGE from optimisation of cell-free expression conditions by the addition of
detergent%
(%ection4.2.5c). Total extracts(T) and soluble fractions (S) from small-scalereactions incubated
at 30 *C for 4 hour%.(A) Rv3534c and (B) Rv3545c: No detergent in lanes I-2; Brij-35,3 -4 (0.5 %) and 5
7-8 (0.5 17t)and 9- 10 (1 %). Molecular weight marker in lane M. Target proteins
-60 %). Digitonin.
highlighted in red
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Figure A5: 10 % SDS-PAGE from optimisation of Rv0185 expression conditions by the addition of
molecular chaperones(section4.2.5c). Total extracts(T) and soluble fractions (S) from small-scale reactions
incubatedat Yr C for 4 hours. No chaperones in lanes I-2; with dnaj-dnaK-grpE-groEL-groES, 3-4;
groEL-groES, 5-6. dnaJ-dnaK-grpE, 7-8; groEL-groES-trigger factor, 9- 10; trigger factor, 11 - 12.
Fractionsfrom affinity chromatographyof Rv0185 synthesisedin the presenceof dnaJ-dnaK-grpE:Total, 13;
Soluble, 14, Flow-through, 15; Wash, 16; Elution, 17. Molecular
weight markers in lane M. Rv0185
highlighted in red and chaperonesin blue.
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Figure A6: 10 % SDS-PAGE from optimisation of expression conditions by the addition of molecular
chaperones(section 4.2.5c). Total extracts (T) and soluble fractions (S) from small-scalereactions incubated
at 30' C for 4 hours. (A) Rv0247c,(B) Rv2776c, and (C) Rv3717: No chaperones in lanes I-2; with dnajdnaK-grpE-groEL-groES, 3-4; groEL-groES, 5-6; dnaj-dnaK-grpE, 7-8; groEL-groES-trigger
factor, 9- 10, trigger factor, II- 12. Fractionsfrom affinity chromatographyof target protein synthesised
in the presenceof dnaJ-dnaK-grpE:Total, 13; Soluble, 14; Flow-through, 15; Wash, 16; Elution, 17; Flowthrough after ATP incubation, 18; Elution after ATP incubation, 19. Molecular weight markers in lane
M. RvOI85 highlighted in red and chaperonesin blue.
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Figure A7: 10 % SDS-PAGE from optimisation of expression conditions by the addition of molecular
chaperones(section 4.2.5c). Total extracts(T) and soluble fractions (S) from small-scalereactions incubated
at 30' C for 4 hours. (A) RQ915, (B) Rv2388c, (C) Rv3534c, and (D) Rv3545c: No chaperones in lanes I2, with dnaj-dnaK-grpE-groEL-groES, 3-4; groEL-groES, 5-6; dnaj-dnaK-grpE, 7-8; groELgroES-trigger factor, 9- 10, trigger factor, 11 - 12. Fractions from affinity chromatography of target
protein synthesisedin the presenceof dnaJ-dnaK-grpE:Total, 13; Soluble, 14; Flow-through, 15;Wash, 16;
Elution, 17. Molecular weight markers in lane M. Target proteins highlighted in red and chaperonesin blue.
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AiDiDendix 2- Buffer and media compositions

1x Rvl25-GF

1x PBS

50 mM Potassium
pH 7.4
phosphate

8g NaCl

500mM KCI
I mM dTT

0.2 g KCI
1.44g Na2HP04
0.24 g KH2PO4

Ix 125-K
50 mM Tris-HCIpH 7.4
Ix 125-Lysis
500 mM PotassiumphosphatepH 7.4
10 mM Imidazole
5 mM MgSO4
10mM P-mercaptoethanol
1/1000diluted proteaseinhibitor complex III
(Calbiochem)
I gg/ml DNAsel
Ix 125-NIA
500 mM PotassiumphosphatepH 7.4
10 mM Imidazole
10 mM P-mercaptoethanol

Ix 125-NiB
500 niM PotassiumphosphatepH 7.4
20 mM Imidazole
10 mM P-mercaptoethanol
1x 125-NIC
500 mM PotassiumphosphatepH 7.4
300 mM Imidazole
10mM ý-mercaptoethanol
1x 125-NI-I
500 mM PotassiumphosphatepH 7.4

To IL in H20 adjustedto pH 7.4

1x ppa-AxA
50 mM Tris-HCI pH 8.0
50 mM NaCl
I mM dTT
1x ppa-AxB
50 mM Tris-HCI pH 8.0
1M NaCl
I mM dTT

1x ppa-Lysis
50 mM Tris-HC1pH 8.0
750 mM NaCl
I niM dTT
I/ 1000dilutedproteaseinhibitorcomplexIII
(Calbiochem)
1 gg/ml DNAseI
Ix ppa-NiA
50 niM Tris-HCIpH 8.0
750 rnM NaCl
1 rnM dTT
1/1000dilutedproteaseinhibitorcomplexIII
(Calbiochem)
1x ppa-NiB
50 mM Tris-HCIpH 8.0
300 mM NaCl
750 mM Imidazole
I mN4dTT
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Appgndix 2 -. Buffer and media compositions
1x 125-P

1x S30

50 mM Tris-HCI pH 7.4
500 mM KCI

10 mM Tris-acetatepH 8.2
6OmM potassiumacetate

1x 125-S

SOC medium

50 mM PotassiumphosphatepH 7.4

2% Tryptone
0.5 % Yeast extract

1x CF-A

0.4 % glucose

50 mM NaH2PO4 pH 8.0

10 rnM NaCI

750 mM NaCI

2.5 mM KCI

1/1000 dilution

Complete

protease inhibitors

(Roche)

5

MM

MgC12

I mM DTT

5MM

MgSO4

Ix CF-B

50 x TAE

50 mM NaH2PO4pH 8.0

242 g Tris base

300 mM NaCl

57.1 n-dGlacial acetic acid

500 mM Imidazole

18.6 g EDTA

1/1000 dilution Completeproteaseinhibitors (Roche)

To I Lin

H20

I mM DTT

10 x TBE
50 mM NaH2PO4 pH 8.0

108g Tris base
55 g Boric acid

50 mM NaCl

9.3 g Na4EDTA

I mM dTT

To IL in H20 (endpH 8.3)

Ix CF-D

Terrific broth (TB)

50 mM NaH2po4pH 8.0
IM NaCl

12g tryptone
24 g yeastextract

I mM dTT

4 n-Aglycerol

1x CF-C

To 900ml in

H20

Ix CF-E
50 mM NaH2PO4pH 8.0
150 mM NaCl

2.31 g KH2P04 monobasic

I mM dTT

To 100ml in H20

1x CF-F

Autoclave separatelyand add phosphate

20 mM Tris-HCI pH 8.0

solution once cooled below 60 *C.

12.54 g K2HP04 dibasic

10 mM NaCl
I mM dTT
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Appgndix 2- Buffer and media compositions

1x CF-G

10 x TES

20 mM Tris-HCI pH 8.0

108 g Tris base

IM NaCl
I mM dTT

55 g Boric acid
9.3 g Na4 EDTA

1x CF-H

To IL in water. Do not adjust pH (pH 8.3).

20 mM Tris-HCI pH 8.0
150 mM NaCl

1x TES

I mM dTT

10 niM Tris-HCI pH 7.4
5 mM EDTA

6x Loadingdye solution

I% SDS

10mM Tris-HCIpH 7.6
blue
0.03%bromophenol

Autoclave.

0.03% xylenecyanolFF

10 x Tris-glycine running buffer

60 % glycerol

30.3 g Tris base

60mM EDTA

144 g Glycine
10 g SDS

Luria-Bertani (LB) broth

To IL in

H20

10 g Bacto-Untone
5g Yeast extract
10 g NaCl
To IL in H20. Autoclave.

1x Na-Lysis
50 mM SodiumphosphatepH 8.0
750 mM NaCl
I mM dTT
I/ 1000diluted proteaseinhibitor complex III
(Calbiochem)
I gg/ml DNAsel
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