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ABSTRACT

3-Deoxyb-manno-octulosonate 8-phosphate (KDO8P) synthase is theynee
responsible for catalyzing the first reaction ie thiosynthesis of KDO. KDO is an
essential component in the cell wall of Gram-negatbacteria and plants. This
compound is not present in mammals; therefore theyraes responsible for its
biosynthesis are potential targets for the devekagmf new antibiotic agents. KDO8P
synthase catalyzes the condensation reaction betplezsphoenol pyruvate (PEP) and
D-arabinose 5-phosphate (A5P) to form KDOS8P.

Two types of KDO8P synthase have been identifiethetal-dependent type and a non
metal-dependent type. KDO8P synthase from the aga@hlorobium tepidum (Cte)
has been partially purified and partially charaegst. In line with predictions based on
sequence alone, the activity of this enzyme is déget on the presence of a divalent
metal ion and is sensitive to the presence of tie¢ainchelating agent EDTACte
KDOS8P synthase was found to have the highest actini the presence of M or

Cd.

KDOB8P synthase from the organigkaidithiobacillus ferrooxidans (Afe) has also been
cloned, purified and biochemically characterizate KDO8P synthase was also found
to be a metallo enzyme and the catalytic activtiighest in the presence of #Mror
Co?*. Afe KDO8P synthase was found to exist as a tetrameolation and is most
active within the pH range of 6.8 to 7.5 and withitemperature range of 35 °C to 40
°C. Sequence analysis suggests that this enzyme chascteristics conserved
throughout the metallo and the non-metallo KDO8Rtfsgses and is closely related to
the metal-dependent 3-deowryarabino-heptulosonate 7-phosphate (DAH7P)
synthases. The role of several active-site residiiesfe KDO8P synthase has been
investigated. A C21N mutant éffe KDO8P synthase was found to retain 0.5% of wild-
type activity and did not require a divalent metal for catalytic activity. This suggests

that the metallo and non-metallo KDO8P synthas&s kamilar catalytic mechanisms.



ACKNOWLEDGEMENTS

Thank you to my supervisor Emily Parker for all thelp and guidance and for
encouraging me to pursue postgraduate studies.h8&eprovided me with a great
environment to learn and introduced me to sometgreaple along the way. Also
thanks for the coffee and lunch shouts. I will Idokward to catching up with you over

a wine or two in Lorne sometime in the future.

Thank you to my co-supervisor Geoff Jameson fopihgl with my work both in this
project and throughout my time at Massey Univerdityish | had some more exciting
crystals for you to help me work with, but thanks the help at the end and for the
pretty pikkies!! Thank you also to Mark Patchett fwoviding theC. tepidum KDO8P
synthase for me to work on. We couldn’t have chas&rorse protein to try and purify,
but thanks anyway!

Thanks to all the team in the EJP research groifmasey University. It has been great
to be able to work with a vibrant group of studeamsl researchers. Special thanks to
Fiona Cochrane for looking over my shoulder for fingt six months of my masters,
showing me the way around a research lab, andgivie the odd Post-It note if | had
done something wrong! And to Linley Schofield, twords — chocolate cake! | have

learnt a lot from everybody in this group.

Thanks to my family for supporting me for five ysaat Massey University and for all
the free meals when | was living off a studentvaflace! Thanks especially to my wife
Monique who encouraged me to go and do what | vdatatelo and for doing her best to

stay out of my way during the last few weeks oftivg up!



TABLE OF CONTENTS

N 0 1 = Lo PP U PPPPPPPPPPP i
ACKNOWIBAGEMENTS......eeee e i
INAEX Of FIQUIES.....coiiii et Vi
INAEX Of TADIES. ...ttt ettt ettt ettt te e e e e eeeae et eesseeeeneeeaeas IX
ADDIEVIBLIONS. . ... e X
CHAPTER 1
I ntroduction
1.1 KDOB8P SYNtNASE OVEIVIEW. .. cceeeeiiiiiiiiiiiiiieiiieieeieeeieiesseesesbeeeeeneeeeeaeaee e 1
1.2 Relationship between KDOS8P synthase and DAH7P ageth................... 3
1.3Metal dependency of KDOS8P synthase...........comciiiiiiiiiiine viiiinennnn .0
1.4Functional and structural studies of KDO8P synthase......................... 9
1.5Mechanism of KDO8P Synthase............covviiiiiiiiiiiieiee e e 13
1.6 The role of the metal ion in KDO8P synthase..............uuvvvvvvviviivnininennnn. 18
1.7 AIMS Of thiS PrOJECL......coiiiiiiiiieiieet e 22
CHAPTER 2
Expression and Purification of Chlorobium tepidum KDO8P Synthase
P2 N [ 11 (oo [T i [0 PO TSP PPPP R TPPPP 23
2.2 Expression and solubility @te KDO8P synthase
2.2.1 Initial eXpression tralS............cceeeeieiiieiieiiiiiiiieiiieieeeeeeieeeeeeeeeees 24

2.2.2 Effect of DTT, PEP and KCI on solubility...........ccceeeeeeeee .25
2.2.3 Effect of Thesit™ and Complete™ proteasehindi on
solubility ofCte KDOS8P synthase................cceeeiinnn o 27
2.2.4 Effect of temperature on expression and ddlb
2.2.5 Effect of growth time on expression and siilyb..................... 29
2.3 Attempted two step purification Gte KDO8P synthase



2.3.1 Purification by anion exchange chromatogyaph..................... 30

2.3.2 Purification by cation exchange chromatolyyap...................... 31
2.3.3 Purification by hydrophobic interaction cmatography.............. 32
2.4 Stability ofCte KDOS8P Synthase.............cooiiiiiiiiiiiii e 34

2.5 Metal dependency @lte KDO8P synthase.........ccccccceevvevvvvvnvommmmme e eeee. 30
2.6 Cloning and expression of C24Xe KDO8P synthase and D2482te

KDOB8P SYNENASE......uuuutiiiii e et es e mne 37
2.7 DISCUSSION. ...uunieiiiiie ettt e e e e e e et e e s eate e e e e eaa e e e sesraneeeeeesanns 39
CHAPTER 3

Cloning, Expression, Purification and Biochemical Characterization of
Acidithiobacillus ferrooxidans KDO8P Synthase

G A [ 11 (0o [T i [0 PSPPSR PP TPPPR 41
3.2 Cloning of theAfe KDO8P synthase open reading frame..........cc........ 42
3.3 Expression and solubility 8fe KDO8P synthase...........cccccccvvvvvvviinnies 44
3.4 Two step purification of Afe KDO8P synthase
3.4.1 Purification by anion exchange chromatogyaph..................... 45
3.4.2 Purification by hydrophobic interaction chigography.............. 47
3.5 PUrification SUMMAIY..........cooeiiiii ettt eeeees 48
3.6 Characterization of wild typ&fe KDO8P synthase............ccccceeieiiennnnns 50...
3.7 Quaternary structure Afe KDO8P synthase in solution...................... 50
3.8 Metal dependency éfe KDOS8P synthase..........cccccccvvvviviiiiiiieceeeee. .51
3.9 pH profile ofAfe KDOB8P SYNthase............ccueiiiiiiiiieees e 55

3.10 Temperature profile éfe KDO8P synthase...............cccceevvvvvvnr summmun .. D6
3.11 Kinetic parameters féffe KDO8BP synthase............ccccccvvvvvnennrimmmnnn . 57
3.12 Crystallography trials

3.12.1 Purification by size exclusion chromat@ira.......................... 58
3.12.2 Initial crystal SCreening...........ccceeeeveeeeeeeuuiueeirerieineierrrenennnn. 59
3.13 Summary of characterization............ccccceeuvuueeeieiiiiiiiiiiieieeieeieeeeeeeeens 61.



CHAPTER 4
I nvestigating the Role of I mportant Amino Acidsin and around the Active Site of
Acidithiobacillus ferrooxidans KDO8P Synthase

4.1 INErOAUCTION. ...ttt ettt ettt et ee et se st s s besbeneneeeaeeeas 63
4.2 Cloning ofAfe KDO8P synthase Mutants.................eeeveeeeeeeneieeeeeeeeeeeen. 67
4.3 Expression and solubility 8fe KDO8P synthase mutant proteins............. 69

4.4 Purification ofAfe KDO8P synthase mutant proteins.............cccceev........69
4.5 Catalytic activity oAfe KDO8P synthase mutant proteins.............cc....70

4.6 Metal activation oAfe KDO8P synthase mutants................ccooeeeeeeeennes 71
4.7 Metal independent activity of C21e KDO8P synthase.......................... 74
4.8 Kinetic parameters for Afe KDOS8P synthase mista.....................eeeeennnnns 74
4.9 Conclusions and future dir€CtIONS......cceeeecriiiiiiiiiiiiee e 77
CHAPTER 5
Experimental
5.1General Methods. ..........ouiiiiiiiiiie e e 81
5.2 Experimental for chapter 2.........coooivoccee e 90
5.3 Experimental for chapter 3....... .. 93
5.4 Experimental for chapter 4. 97
REFERENCES.......cc ittt ettt mte ettt e e e st ea e e e sntte e e e e nnsseeaeesnnnne s 99



INDEX OF FIGURES

Figure Page
1.1 Reaction catalyzed by KDO8P synthase 1
1.2 Schematic diagram of the molecular organizaicthe outer envelope 2

of Gram-negative bacteria

1.3 Phylogenetic relationship between KDOS8P syrdlaams class 1 DAH7P 5
synthase

1.4 Metal bindingsite ofA. aeolicus KDO8P synthase 6

1.5  ClustalW alignment of KDO8P synthase amino seiguences 8

1.6 Comparison of monomer fold Bf coli KDO8P synthase andl aeolicus 10
KDOB8P synthase to monomer foldRffuriosus DAH7P synthase and
T. maritima DAH7P synthase

1.7 The active site ok aeolicus KDO8P synthase with A5P, PEP and’Cd 12

bound
1.8 Proposed mechanisms of KDO8P synthesis vizgeariintermediate 14
1.9  The bi-substrate inhibitor API and the propos¢ermediate of the 16
KDOB8P synthase catalyzed reaction
1.10 Proposed mechanisms of KDO8P synthesis wieearlintermediate 17
1.11 A aeolicus KDO8P synthase structure with €dA5P and PEP bound 18
1.12 Two different conformations of A5P in the aetsite of KDO8P synthase 19
1.13 Overlay oE. cali (Ec) andA. aeolicus (Aa) metal binding sites in 21
KDOS8P synthase
2.1  Expression and solubility @fte KDO8P synthase in varying lysis 26
conditions
2.2  Effect of Thesit™ and Complete™ protease inhibaorexpression and 27

solubility of Cte KDO8P synthase

Vi



2.3

2.4
2.5

2.6

2.7

2.8
2.9

3.1
3.2
3.3
3.4

3.5

3.6
3.7

3.8
3.9
3.10
3.11
3.12
3.13

Effect of growth temperature on expression andkslity of Cte KDO8P 28
synthase

Effect of growth time on expression and solubitfyCte KDO8P synthase 29
SDS-PAGE analysis of soluliite KDO8P synthase after anion exchange 31
chromatography

SDS-PAGE analysis @te KDO8P synthase after cation exchange 32
chromatography

SDS-PAGE analysis @te KDO8P synthase after hydrophobic interaction3 3

chromatography
Effect of divalent metal ions &@te KDO8P synthase activity 6 3
Expression and solubility of C24N and D246# KDO8P synthase 38
Agarose gel electrophoresis of amplifidd KDO8P synthase gene 42
Map of pT7-7 vector 43
Expression and solubility @ite KDO8P synthase in varying lysis conditions 45
SDS-PAGE analysis éffe KDO8P synthase after anion exchange 46
chromatography

SDS-PAGE analysis éffe KDO8P synthase after hydrophobic interaction7 4

chromatography

SDS-PAGE summary of two step purificationrAié KDO8BP synthase 49
Standard curve of log molecular mass vs. eiuimoe forAfe KDO8P 51
synthase

Effect of divalent metal ions @gkie KDO8P synthase activity 25
Binding affinity for Mrf*, C&* and Cd* 54
pH profile ofAfe KDO8P synthase 55
Temperature profile éffe KDO8P synthase 56
Michaelis-Menten plots for determinationkof for ASP and PEP 57
SDS-PAGE analysis #fe KDO8P synthase after size exclusion 59
chromatography

vii



3.14

4.1
4.2

4.3
4.4
4.5
4.6

Initial crystallization oAfe KDO8P synthase 61

Active site ofA. aeolicus KDO8P synthase with A5P, PEP andCbound 66
Agarose gel analysis of pT7Afe KDO8P synthase plasmid DNA 67
after site-directed mutagenesis

Gradient PCR of N57A primers with pT7ATeKDOS8P synthase template 68

Expression and solubility &fe KDO8P synthase mutant proteins 9 6
Metal activation profile oAfe KDO8P synthase mutants 71
Michaelis-Menten plots for the determinatiorkKqfof P243A 76

and D243EAfe KDO8P synthase mutants

viii



Table

2.1
2.2

3.1
3.2

3.3
4.1

4.2
4.3

INDEX OF TABLES

Page

Summary of attempted purification@fe KDO8P synthase 34
Relative activity oCte KDO8P synthase in the presence of divalent 37
metal ions

Summary of two step purification Afe KDO8P synthase 50
Realtive activity oAfe KDO8P synthase in the presence of divalent 53
metal ions

Comparison of properties of microbial KDO8Pthases 58
Comparison of mutaife KDO8P synthase specific activity after 70
purification

Metal activation oAfe KDO8P synthase mutants 73
Comparison between kinetic parameters of typ@ andAfe KDO8P 77

synthase mutants



ABBREVIATIONS

AEC Anion exchange chromatography

Afe Acidithiobacillus ferrooxidans

Amp Ampicillin

ATP Adenosine triphosphate

A5P D-Arabinose 5-phosphate

BTP 1,3bis(tris(hydroxymethyl)methylamino)propane
bp Base pairs

CEC Cation exchange chromatography

Cte Chlorobium tepidum

Da Dalton

DAH7P 3-deoxyp-arabino-heptulosonate 7-phosphate
DNA Deoxyribo nucleic acid

dNTP Deoxyribo nucleotide triphosphate

DTT Dithiothreitol

EDTA Ethylene diamine tetra-acetic acid (di-sodisalt)
E4P D-Erythrose 4-phosphate

FPLC Fast protein liquid chromatography

HCI Hydrochloric acid

HIC Hydrophobic interaction chromatography

IEC lon exchange chromatography

IPTG Isopropyl-1-thig3-p-galactopyranoside

Keat Turnover number

KCI Potassium chloride

KDO8P 3-deoxys-manno-octulosonate 8-phosphate
Km Michaelis constant

LB broth Luria-Bertani broth

LPS Lipopolysaccharide



MW Molecular weight

MWCO Molecular weight cut-off

NacCl Sodium chloride

(NH4)2SOy Ammonium sulfate

NMR Nuclear magnetic resonance

oD Optical density

PAGE Polyacrylamide gel electrophoresis
PCR Polymerase chain reaction

PEG Polyethyleneglycol

PEP Phosphoenolpyruvate

pl Isoelectric point

P; Inorganic phosphate

Psi Pounds per square inch

SDS Sodium dodecyl sulfate

SEC Size exclusion chromatography
Thesit Polyethyleneglycol dodecyl ether
uv Ultra violet

Vmax Maximum reaction velocity

Xi



CHAPTER 1

INTRODUCTION

1.1KDOS8P synthase overview

As pathogenic microorganisms become more resigtazurrent antibiotics, the need to
design novel antibacterial agents becomes greBt&ymes catalyzing reactions in
pathways unique to pathogenic bacteria make atteatargets for such compounds.
One such enzyme is 3-deorymannaoctulosonate 8-phosphate (KDO8P) synthase
(EC 2.5.1.55), an enzyme found in Gram-negativedng@c and in plants but not in

humans.

KDOB8P synthase catalyzes the aldol-like condensagaction between-arabinose 5-
phosphate (A5P) and phosphoenol pyruvate (PEP)radupe the 8 carbon sugar
KDOS8P and inorganic phosphatéFigure 1.1)

OH
) 20,PO - KDO8PS
2OQ,PO/\E/'\‘/QO + 73 TCOO — 2
OH OH .
P;
A5P PEP

Figure 1.1 Reaction catalyzed by KDO8P synthase.



KDOS8P is the phosphorylated precursor to KDO, whighan essential part of the
lipopolysaccharide (LPS) layer in the cell wall®fam-negative bactefimnd part of
the primary cell wall of higher planfsin Gram-negative bacteria KDO forms part of
lipid A which links the LPS layer to the outer memaié (Figure 1.2), and is the only
sugar residue of the LPS which has been identifiedlmost all LPS structures that
have been investigatédrhe Lipid A-inner core region is also known as émelotoxin

and promotes antigenic response associated witm-@egative inflammation and

sepsis.
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Figure 1.2 Schematic diagram of the molecular organization of the outer envelope of

Gram-negative bacteria. (Figure taken directly from Wyckoff et al (1998).4



KDO was shown to be necessary for Gram-negativeebacgrowth and homeostasis
by elimination of KDO8P synthase activity from anfgerature-sensitive mutant of the
microorganismSalmonella typhimuriurfi Even microorganisms that do not express an
antigenic region such as the K-12 strainksfcherichia colistill have the essential
components lipid A and KD®.Gram-negative bacteria that have been mutated to
produce incomplete LPS layers have also been sliovae less pathogenic and more
susceptible to antibioticsMore recently the importance of the structure fef tPS
layer has been questioned. Mutant&Eotoli K-12° andMoraxella catarrhalis’ which

contained lipid A but no KDO, were shown to be \&ab

KDOS8P synthase and other enzymes in the LPS bibsiat pathway have been
identified as targets for new antibacterial agém&chemical, functional and structural
characterization of KDO8P synthase from many diff¢érorganisms gives insight into

the enzyme’s mechanism and will aid the designowkhinhibitors.

1.2 Relationship between KDOS8P synthase and DAH7P syrdke

The first biochemically characterized KDO8P syn&hdsomE. coli, was shown not to
require any metal cofactor for activityLater characterization of the KDO8P synthase
from Aquifex aeolicusuggested that there may be another group of KD&Y8khases
that require a divalent metal cofactor for catalyactivity’* This discovery suggests
that there is an evolutionary relationship betwk&®®O8P synthase and the functionally
unrelated but mechanistically related enzyme 3-g@marabino-heptulosonate 7-
phosphate (DAH7P) synthase (EC 2.5.1.54). DAH7Rhage is a metal-dependent
enzyme that catalyzes the aldol-like condensatieactron between PEP arm
erythrose 4-phosphate (E4P) to produce the 7-cadugar DAH7P and inorganic
phosphate. This is the first committed step ofghi&imate pathway, responsible for the
biosynthesis of aromatic compourfdsDAH7P synthases can be grouped into two

families based on amino-acid sequence and moleadaght. These are referred to as



type | and type Il throughout this thesis. Typ®AH7P synthases are much larger than
their type | counterparts, with molecular massesmiund 54 kDa. Type | DAH7P
synthases have molecular masses less than 40 &Bguence identity between the two
types is less than 10% but structural analysis ath types reveal a similar core
monomer fold and similar arrangement of key ressdnethe active site, suggesting a
common ancestr{’ All DAH7P synthases that have been characteriaathte require

a divalent metal ion for activit}*™°

The type | DAH7P synthases can be further dividedh® basis of primary sequence

similarity.’* These are denoted as subfamiligsahd bk DAH7P synthase. Jense al
(2002) have illustrated the relationship betweend8P synthase and subfamity dnd
subfamily B DAH7P synthase based on primary sequence simgifar(Eigure 1.3).
Their analysis suggests that the subfangl{pAH7P synthases are more closely related
to the KDO8P synthases than to the subfanlyDAH7P synthases and that the two

enzymes may have emerged from a common ancesterprbiperties and structure of
Pyrococcus furiosu®AH7P synthase suggest that it is the most clossbted of all
characterized DAH7P synthases to the KDO8P synstfase
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Figure 1.3 Phylogenetic relationship between KDO8P synthase an  d type 1 DAH7P
synthase. 13 Phylogenetic tree is based on complete primary amino-acid
sequence alignments. The proposed route of the tree is placed closest to the
type I8 DAH7P synthases because of the groups shown, the type 18 DAH7P

synthases are the most widely distributed throughout nature.™®



1.3 Metal dependency of KDO8P synthase

Although only a small number of metallo and non-alletKDO8P synthases have been
fully or partially characterized, the phylogenetinalysis presented by Jensenal
(figure 1.3) separates the two groups on the lsseveral highly conserved residues
in and around the active site. The sequence asafygiws the non-metallo KDO8P
synthases are grouped very close to the metallo 3#D&ynthases but the non-metallo
group seem slightly more distantly related to tieDAH7P synthase¥ All proposed
active site residues of KDO8P synthase are condehreughout the metallo and non-
metallo types except for one, a Cys residue (figu#® common to the known and
proposed metallo enzymes (residue 21 Aaidithiobacillus ferrooxidansKkDO8P
synthase, the subject of this thesis) and the spording Asn residue (Asn26 B
coli) common to KDO8P synthase of the known and praposm-metallo enzymés
(Figure 1.5). The Cys residue is one of four covestrmetal binding residues

throughout the primary sequence of all metallo KIPG§nthases (see figure 1'8).

Asp233

.......... ysll
H|318? ‘ﬁw
GIUZZD
f >

s

Figure 1.4 Metal binding site of A. aeolicus KDO8P synthase (PDB code 1FWW). %
Taken from structure of A. aeolicus with A5SP, PEP and Cd** (pink) bound. Red
= O; Blue = N; Orange = S; red sphere = water. Dashed lines indicate
interactions between Cd** and conserved metal binding residues and water.

The polypeptide backbone with secondary structural elements is shown in grey.



Substitution of the Cys residue in the correspamgiosition of theAquifex pyrophilus
and A. aeolicu$® KDO8P synthases, known metallo enzymes, generatathnt
proteins that were shown to be incapable of metalibg. By substituting the Cys with
Asn theA. pyrophilusand A. aeolicusKkDO8P synthases became insensitive to EDTA
and some metal-independent activity (up to 10% &@86 wild type activity
respectively) was showii: % Studies by Oliynylet al and Shulamet al have shown
that substitution of the Asn with a CysHkn coli KDO8P synthase resulted in a mutant
enzyme that was capable of metal binding and wsated by MiA* but still retaining
high levels of non-metallo activi&y: >* In contrast, studies by lét al have proposed
that non-metalloE. coli KDO8P synthase can not be converted to a metdifign
enzyme through this single amino acid substituione?” However, the authors do
agree that the role of the metal ionAnaeolicusandA. pyrophiluskDO8P synthase is
similar to the role of Asn26 i&. coli KDO8P synthase. It has been suggested that the
metal ion has more of a structural role in maintajnthe correct orientation of the
substrates and/or reaction intermediates in theeasite and is not directly involved in

catalysis (see section 1.5 for further detdils}>

The corresponding metal-binding Cys residue is g@sesent in all known DAH7P
synthases. The Cys to Asn mutation to DAH7P symthesm P. furiosusshowed no
detectable enzymic activity with or without EDTA @dded MA" showing the
importance of a metal-ion cofactor and the cormaetal-binding residues in DAH7P

synthase$§’



Figure 1.5
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ClustalW alignment KDO8P synthase amino-acid sequen  ces
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1.4 Functional and structural studies of KDO8P syrtase

Since the characterization @ aeolicusKkDO8P synthase, the KDO8SP synthases
from A. pyrophilug' andHelicobacter pyloriJ9F° have also been shown to require a
metal ion for activity. The KDOS8P synthases fr&mcoli, S. typhimuriumNeisseria
gonorrhoeaeandNeisseria meningitidigre among those which have been shown to be
non-metallo® ' " 2 The only plant KDO8P synthase to be functionaliyd a
biochemically characterized is frodrabidopsis thalianaand this enzyme does not

require a metal ion for catalytic activity.

The monomeric molecular masses of all KDO8P symthasudied to date are around
30 kDa. All microbial KDO8P synthases have beerdigted to occur as trimers or
tetramers according to size-exclusion chromatograptperiments? * 3! The E. coli
and A. aeolicus KDO8P synthase structures have been determinedXimgy

crystallography and both crystallized as similaramers’® *2

The monomer fold of th&. coliandA. aeolicusKDOS8P synthase resembles that of the
type | DAH7P synthases and is based aroung@/@sg(barrel (figure 1.6). TheP.
furiosus DAH7P synthase structure shows a two-strangkgirpin covering the N-
terminal of the barrel similar to that observedHEoicoli KDO8SP synthas® (figure 1.6).
Other DAH7P synthases that have been structurabyacterized such a&hermotoga
maritima DAH7P synthase, show more elaborate N-termax&&nsions and these are
thought to be associated with allosteric regulatwith shikimate-pathway end
productst” 3 3*No KDOS8P synthases characterized so far showtatiosregulation,
nor doe<P. furiosusDAH7P synthasé’



A. aeolicus KDO8P synthase

P. furiosus DAH7P synthase T. maritima DAH7P synthase

Figure 1.6 Comparison of monomer fold of  E. coli KDO8P synthase (PDB code 1X8F)
and A. aeolicus KDO8P synthase (PDB code 1FWS) to monomer fold of  P.
furiosus DAH7P (PDB code 1ZCO) synthase and T. maritima DAH7P

synthase. The N-terminal extension of the g-barrel is shown in red.

The crystal structure of. aeolicusKkDO8P synthase has also been determined in
complex with PEP, A5P and a €don® (figure 1.7) as well as with PEP and ribose 5-
phosphate (R5P); PEP and E4P; and with API, a listsate inhibitor ASP PEP
I nhibitor), bound® This was achieved by performing all the crystaiéguny at 4°C
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which is cold enough to rendé. aeolicusKDO8P synthase inactive even in the
presence of both substrates. These studies haee g insight into the positions of
residues in the active site (including the Cys, AGtu and His that are conserved
throughout the primary sequences of metallo KDO§Rtheses) in relation to the

substrates. Figure 1.7 highlights the four consemetal-binding residues as well as
other residues that are conserved throughout roetalid non-metallo KDOSP

synthases. PEP is shown being held in the actieebgia number of polar or positively
charged residues surrounding the carboxyl and gtatemroups (GIn99, Lys41, Lys46,
Lys124, Argl54). A5P is shown to be held in a posito be attacked by C3 of PEP
(discussed in the following section). The residum®Ilved include Asn48, Arg49 and

Ser50, part of the LysARsnArgSer motif which is conserved throughout all KDO8P
synthases, but is not present in DAH7P synthase.ddi is also shown to be holding

A5P in position by coordinating to the C2 hydroxybupvia a water molecule. The

metal-binding residue Asp233 also appears to be position to interact with the C4

hydroxyl of A5P.

11



Arg49

Glu222——"
His185

Ser4

Figure 1.7 The active site of A. aeolicus KDO8P synthase with A5P, PEP and Cd **
bound (PDB code 1FWW). ?° Oxygen = red; Nitrogen = blue; Phosphorus =
pink; Water molecules are represented by red spheres. Pink dashed lines
represent interactions between Cd®* (pink sphere) and the surrounding
residues and water molecules. Black dashed lines represent hydrogen bonding
interactions between amino-acid residues or water molecules and the
substrates. The si face of PEP is shown facing towards the top of the page,
with the re face of the A5P carbonyl facing towards it. The four conserved

metal-binding residues are labeled in red.
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15 Mechanism of KDO8P synthase

Not all the mechanistic details of the reactioratated by KDO8P synthase are fully
understood. The structural similarities between KPGynthase and DAH7P synthase
suggest that the mechanisms may be similar butifference in metal dependency
indicates that there must be differented? **The ability to convert a metallo KDO8P
synthase into a non-metallo KDO8P synthase by mmgtdhe metal-binding Cys to an
Asn (found conserved in the non-metallo KDO8P sgséls) suggests that both types of
KDOS8P synthase catalyze the condensation reacgomysimilar chemistr§® 3’ The
inability of DAH7P synthase to be converted to a-neetallo enzyme by this single

mutation suggests a different role for the metalifocatalysi<>

It has been determined that for both KDO8P synthasg¢é DAH7P synthase the
condensation reaction proceeda cleavage of the C-O bond of PEP rather than the P-
O bond, which is more typical of PEP-utilizing enms®“° It has also been
determined that the reaction proceei@sattack of thesi face of PEP onto the face of

the A5P carbonyt! #?

A key step in the mechanism of DAH7P synthase aD@O8&P synthase is the attack of
C3 of PEP on the carbonyl group of E4P and A5Peesgely. The importance of this
step has been highlighted by substrate-specifstitdies showing that the C2 hydroxyl
group of E4P and A5P plays different roles in tlespective enzymes. In KDOS8P
synthase it has been proposed that the C2 hydaix4bP plays a critical role as the
dihedral angle about the C1-C2 bond is controliedcoordination of the C2 hydroxyl
to an Asn residue or to a metal (most likelg a water molecule). Therefore altering
the stereochemistry about C2 of A5P is catastrophtatalytic activity’® This suggests
that the position of A5P in the active site isicat. The structure of. aeolicusin
complex with ribose-5-phosphate (R5P), which hasdpposite stereochemistry about
C2 to A5P, shows that the carbonyl functionalitg hdopted a different orientation and

is not in an appropriate position for the addit&rC3 of PEP® However, 2-deoxy R5P
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has been shown to be an extremely poor substraggesting that without the
interaction at C2, 2-deoxy R5P has a much reduketihood of accessing the correct

conformation in the active sité.*®

Earlier studies proposed two possible mechanisttbvpays for the reaction catalyzed
by KDO8P synthase (figure 1.8). The first hypothegnechanism ) suggests that a
water molecule attacks at C2 of PEP and C3 of R#R # the aldehyde of ASP or
E4P. This process would involve a linear intermedffa The second hypothesis
(mechanism Il) suggests the formation of a cychiteimediate and suggests that
condensation of C3 of PEP with the carbonyl carbbrA5P is concurrent with an
attack by C3-OH of A5P on C2 of PEP*

MECHANISM |
H OH si - face
= 5
— 4
si - face H O%J\%Y\OPOL% 2
5 1 3 |~ OH OH
O3 PO

-0 HOH OH
2 g 2-
03PO z OPO3

> OH OH

LINEAR INTERMEDIATE \

Pi H -
‘ Hd'Q cH0P0;5 2
O, -
HO ;/ﬁr’COZ

OH

MECHANISM II Pi

o) nggcjzopos ) /
| 1 -
S ) [ r—— " 9, _co,

2 Y
H 3/1 0PO52- OPO32- H20

n
T v -
.. H™-OH s sl ~fdce CYCLIC INTERMEDIATE
kg H
4
o0~ ¥, OPO32-
OH OH

Figure 1.8 Proposed mechanisms of KDO8P synthase. ¥

Evidence for the linear intermediate was providgdBaasovet al who synthesized
analogues of the proposed cyclic and acyclic inéeliates and investigated their

inhibition of E. coli KDO8P synthas& They found that the cyclic compounds were
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very poor inhibitors of KDO8P synthase indicatingls compounds were not substrates
for the enzyme but analogues of the postulateditimgermediate were good inhibitors.
This suggests that the linear intermediate is apatiole fit into the active site of
KDOS8P synthase but a cyclic intermediate is notréMieecently, this group has used
time-resolved electrospray mass spectrometry (ES)-Mb monitor the KDOS8P
synthase-catalyzed reaction with its natural sabesron a millisecond timesca&feThis
study has provided for the first time direct evidernof the linear intermediate by
detecting the formation and decay of the enzymeitidatermediate on a time scale

consistent with substrate decay and product foomati

The crystal structures &. aeolicuskDO8P synthase in complex with PEP and A5P
and with API (a bi-substrate inhibitor mimickingetipostulated linear intermediZie
also provide evidence to support the first hypdgeEhe structures of the enzyme in
complex with PEP and A5P show the distance betv@zonf PEP and C3-OH of A5P
to be greater than 5 A, which is too far for a bomdorm between them and create a
cyclic intermediate without large conformationalaoges to the active site. The
structures of the enzyme in complex with API shiw inhibitor sitting in the active
site with its phosphate and phosphonate moietiesimyeng the positions of the
phosphate moieties of the two substrates. This camg was also found to be a potent

inhibitor of E. coliandA. aeolicuskDO8P synthases witK; values of 3.3tM and 7.0
UM respectively®
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OH OH

Figure 1.9 The bi-substrate inhibitor APl and the proposed int ermediate of the
KDOS8P synthase catalyzed reaction.

The current debate is centered on whether C3 &f &Eacks the carbonyl carbon (C1)
of A5P first and the water molecule attacks thendient linear intermediate (figure
1.10, scheme 1) or whether the attack by the watdecule on C2 of PEP occurs first
(figure 1.10, scheme 2%: %" Two water molecules which could be involved haeen
identified in several KDO8P synthase structures ibus unclear whether the water
molecule located on the or si face is responsible for the attack on PHBee figure
1.11). Structures dE. coliKDO8P synthase amdl. aeolicusKDO8P synthase with PEP
bound suggested that the metal-coordinated watereiiallo KDO8P synthases may be
activated by the metal ion and a carbanion interatednay be formed (figure 1.10,
scheme 2) but in non-metallo KDO8P synthase it bethe other water involved and a
carbocation intermediate may be formed (figure 1skkheme 1). This was originally
proposed to be the difference between the metalld the non-metallo KDOS8P
synthased” 2> %" A direct catalytic role of the metal ion in actim of a water
molecule has been largely discounted due to tlinfys that a single metal binding Cys

to Asn mutation can affect the metal dependenapnefenzyme, as discussed eadfer.
23

Further evidence for a common mechanism betweenllmetind non-metallo KDO8P

synthases comes from studies usiBl @nd ¢)-phosphoenol-3-fluoropyruvate (fluoro
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PEP) as alternative substrates and analyzing tbeéupts by'°F NMR* The non-
metalloE. coli KDO8P synthase and the metafo pyrophilusKkDO8P synthase both
showed high selectivity forH)-fluoro PEP versusZj-fluoro PEP suggesting that PEP
must take up the same orientation in the active eft both enzymes for optimal
catalytic activity. DAH7P synthase frokh colishowed no preference for either isomer,
again suggesting mechanistic differences betweerH DA synthase and KDOS8P

synthase and mechanistic similarities between tle¢alio and non-metallo KDO8P

synthases.
CO, -
/\ 2 20,p0 CO,
2.
H,0 Z0sP0
0 ? HO
% ('/O
HOIme HO!Mm.
Scheme 1:  20,p4 \\./
o OH ___ » OH —=—> KDOS8P
PEP w
HO HO HO
nilOH wulOH anioH HO-POS*
A5P
OPO;? OPO5? OPO,2
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M2+

Scheme 2: Ho
204PO

HOImu.

OH T’ KDO8P

2' -
coy OH ASP ooy PO
(B)
( PEP
OPO42
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Figure 1.10 Proposed mechanisms of KDO8P synthesis via a linear intermediate.

(A) = transient oxocarbenium intermediate; (B) = PEP carbanion.
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Figure 1.11 A. aeolicus KDO8P synthase structure with Cd **, A5P and PEP bound
(PDB code 1T8X).* Cd* coordination is shown with transparent bonds. WAT
= water. Nitrogen, blue; oxygen, red; carbon, orange; sulfur, yellow;

phosphorus, pale blue; cadmium, green. The si face of PEP is pointing up and

the re face is pointing down. Either the water molecule shown coordinated to
the cadmium ion or the water molecule just off the re face of PEP could be
involved in the catalytic mechanism. The water molecule coordinated to the
metal is also in a position to be able to hydrogen bond with the C2 hydroxyl of

A5P (see section 1.6). Figure taken directly from Xu et al (2005).*

1.6 The role of the metal ion in KDO8P synthase

The function of the metal ion in KDO8P synthasestii being debated. It has been
suggested through structural analysis and substpateficity studies that it is involved
in stabilizing the substrate in the active sitefablyvia an associated water molecule)

as it has been shown to be too far away from tthehgide moiety of ASP to be involved
in direct electrophilic activatioft: *> %’
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In the DAH7P synthase catalyzed reaction, struttamd modeling studies show that
the metal ion directly activates the aldehyde nyos#tE4P (Lewis acid catalysis) and is
not involved in the structural role as proposed KE@O8P synthas&® 2 33 4" The
activation of the aldehyde moiety of A5P is promgbde be through protonation
(Brgnsted acid catalysis) by the phosphate groupER? Structural and functional
characterisation of more metallo and non-metalloG8P synthases and further
analysis of relevant mutants will help define theschmanistic and evolutionary

relationship between the two groups.

Structural studies have shown that C2-OH of AS€brrdinated to the metal ion either
directly or through a water molecule in order teéeot the monosaccharide into the

correct position to be attacked by PEP (figure 1212

(A) (B)

Figure 1.12 Two different conformations of A5SP in the active si te of KDOS8P synthase.

(A) Shows coordination of A5P to cd* (pink) through a water molecule (yellow)
(PDB code 1FWW). The structure was solved with A5P, PEP and Cd* bound.
PEP binds first in the enzymatic cycle which forces ASP to another location
allowing the water molecule to coordinate to Cd**. (B) Shows coordination of
C2-OH of A5P directly to the Cd*" ion (PDB code 1FY6). The structure was
solved with A5P and Cd** bound.”
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Since the X-ray crystal structuresf coliandA. aeolicusKkDOS8P synthase have been
solved, comparisons can be made between the agite® of a metallo and a non-
metallo KDO8P synthase. An overlayBfcoliandA. aeolicusKDOS8P synthase shows
that there are foul. aeolicusresidues bound to the metal ion {dCys11, His185,
Glu222 and Asp233 (Figure 1.1%)The His, Glu and Asp are conserved residues
throughout the KDO8P synthase (and DAH7P synthpse)ary sequences for both
metallo and non-metallo KDO8P synthases, whereaddtrth metal-binding ligand,
the Cys residue, is conserved only throughout teeaho KDO8P synthases and in its

place in the non-metallo enzymes is an absolut@hgerved Asn.

When the structures of the non-metalio coli KDO8P synthase and the metalo
aeolicusenzyme are compared in the region of the metalibinsite, it is clear that
only two of the three conserved residues, the B2 (nE. coli, 185 inA. aeolicu$ and
the Glu (239 irE. coli, 232 inA. aeolicu} are found occupying the same positions in
their respective active sites (figure 1.33)The conserved Asn dE. coli KDO8P
synthase and its equivalent conserved Cys in thelnbénding A. aeolicusenzyme
occupy similar positions. The Cys11 Af aeolicushas been replaced by Asn26Ef
coli. The fourth residue, an Asp in the primary seqaeoft both types of enzymes,
appears to occupy a significantly different positio the non-metallo enzyme from that
found for the metal binding\. aeolicusenzyme. It should be noted that in other
structures of theE. coli KDO8P synthase and the closely relatdd meningitidis
enzyme, this Asp residue is in a disordered pathefstructure, suggesting, at least in
the absence of substrates, that there is consideraibility for this residue in the non-
metallo enzyme$” *? Sequence and structural analysis suggests suirmunesidues
such as the conserved Pro2%82 ¢oli), may be responsible for the altered position of
this residue in non-metallo KDO8P synthases (Figli®) but no studies of such
residues have been reported to date. The effectsitstions to the Pro245 and Asp243
residues in the metalld. ferrooxidansKDOS8P synthase are presented and discussed in

chapter four of this thesis.
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‘ ﬁ AaH185

Figure 1.13 Overlay of E. coli (Ec) (PDB code 1G7U *’) and A. aeolicus (Aa) (PDB code
1FW82°) metal-binding sites in KDO8P synthase.  Figure taken directly from

Shulami et al (2004).%3

The His (His202 irk. coli, His185 inA. aeolicu¥ has been shown to be involved with
PEP binding in both the metallo and non-metallo KIPGsynthases as well as being
conserved throughout all DAH7P synthases and iortapt to the activity of both
enzymes (figure 1.12f: 3 The His185 residue d%. aeolicushas been mutated to Gly
with the enzyme only retaining 8% activity when guared to the wild type but still
able to bind C8 ions>’ Mutation to the His202 residue Bf coli rendered the enzyme
virtually inactive with only 1% to 4% of wild typactivity retained Shulamiet al
suggest that thE. coli Asn26 plays an important role in stabilizing Hi220 enable it
to interact correctly with PEP.In the metallo KDO8P synthases, the divalent mietal
appears to take on this role suggesting that ttedytia mechanism remains the same

for the metallo and non-metallo KDO8P synthases.
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1.7  Aims of this project

The aim of this project was to clone, express,fpuand biochemically characterize a
metallo KDO8P synthase. The KDO8P synthases froen gteen sulfur bacterium
Chlorobium tepidum (Cte) and from the chemolithoautotrophic bacterium
Acidithiobacillus ferrooxidangAfe) were chosenCte KDO8P synthase was chosen as
its primary amino acid sequence is closer to thdahe |3 DAH7P synthase subfamily
according to analysis of Jensetnal'® Afe KDOSP synthase has the Cys residue typical
of all metallo KDO8P synthases, but also has thpGAgPro (at position 243 .
ferrooxidansKDOS8P synthase) motif which is conserved throughal non-metallo

KDOB8P synthases but is only present in some ofrtéllo enzymes (See figure 1.5).

Additional aims of this project include the clonjngxpression, purification and
biochemical characterization of site-specific mtgasf Afe KDO8P synthase in order to

further explore the role of important residuesnid around the metal binding site.
Finally, exploring crystallization conditions éffe KDO8P synthase may help lead to

elucidation of the structure and ultimately assisthe design of specific inhibitors for

the KDO8P synthases of Gram-negative bacteria.
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CHAPTER 2

EXPRESSION AND PURIFICATION OF CHLOROBIUM TEPIDUM
KDO8P SYNTHASE

2.1 Introduction

Chlorobium tepidum(Cte) is a thermophilic Gram-negative green sulfur eaam
which was originally isolated in New Zealardt generally grows in dense mats in the
base of hot pools and grows best at temperatutesbp 45 °C and 55 °C and at a pH
of 4.5 — 6. The genome has been completely seqdesmog was found to have one
circular DNA molecule with 2,154,946 base piramong which is the gene encoding
KDOS8P synthasek(sA).

Cte KDO8P synthase was chosen as a target to characfer this project because of
its reported close phylogenetic relationship while type B DAH7P synthaseS Cte

KDOB8P synthase contains 280 amino-acids, has alatdd molecular mass of 30318
Da and has a theoretical isoelectric point (p)6d7. There are no reports of the

isolation or characterization of this protein i tturrent literature.

This chapter describes the expression, attemptedstep purification and partial

characterisation dfte KDO8P synthase.
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2.2  Expression and solubility ofCte KDO8P synthase

2.2.1 Initial expression trials
Glycerol stocks of BL21(DE3)/pT7-Cte KDO8P were provided for this project by Dr
Mark Patchett (Massey University, Palmerston Nofttew Zealand). The cloning
methods did not incorporate any additional N ore@ninal residues int€te KDO8P

synthase.

Cultures of BL21(DE3)/pT7-Tte KDOS8P synthase (5 mL) were grown and expression
was induced with IPTG as described in the geneethads. SDS-PAGE analysis of the
whole cell lysate showed an over-expressed pratethe predicted subunit molecular
weight for Cte KDO8P synthase (MW ~31 kDa). Following cell lysia, large
proportion of this protein was seen in the insatublction (figure 2.1, lanes 6, 9 and
12). To try to recover a higher proportion of sdéulprotein the growth conditions
(temperature and time) and lysis conditions wergdaand the results are discussed in

the following sections of this chapter.

The soluble protein fraction underwent a standatvity assay monitoring the loss of
PEP at 232 nm at 37 °C as described in chaptém&sl found that there was activity in

the presence of both substrates (L80 ASP and 20QuM PEP) and a divalent metal
cofactor (100uM Mn?*) but no activity when either a substrate or theam®n was
missing. When more protein solution was added ® rbaction mixture, the rate
increased proportionally. The absence of activejole the addition of AS5P suggests
that the observed activity is due to KDO8P synthabt’" was used as the divalent
metal cofactor in initial activity assays becaubes thad been found to be the most
activating metal in the characterization of metdldO8P synthases frorA. aeolicus

andH. pylori.**' 2 No quantitative measurements of activity were metdéis stage.

Parameters which may affect the solubility or egpi@n levels of the protein include

the concentration of IPTG used, the expressionovegsed (alternatives to pT7-7
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include pET or pUC expression vectors), the megdeduor growth of the cells or the
buffers used in cell lysis (Tris-HCI or acetatefleud instead of BTP). The protein could
also have been co-expressed with the chaperoneiqoGroEL and GroES which
could assist with achieving the correct tertiamusture (protein fold) and may have

helped produce a higher proportion of the correfttiged soluble protein.

2.2.2 Effect of DTT, PEP and KCI on solubility
Cultures of BL21(DE3)/pT7-Gte KDO8P synthase (5 mL) were grown, induced,
harvested and lysed, as described in chapterusiag a range of different lysis buffers.
The different lysis conditions trialed to try to xmaize the proportion of soluble
protein recovered were:

A: 10 mM BTP pH 8.5, 1 mM EDTA, 1 mM DTT

B: 10 mM BTP pH 8.5, 1 mM EDTA, 1 mM DTT, 20M PEP

C: 10 mM BTP pH 8.5, 1 mM EDTA, 1 mM DTT, 2@® PEP, 200 mM KClI

Portions of the whole cell lysate, the soluble tiat and the insoluble fractions were
run side-by-side on an SDS-PAGE gel. Comparisontsvden the intensity of the
insoluble and soluble bands were made to determimeh lysis buffer would be best

suited (figure 2.1).
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Figure 2.1 Expression and solubility of Cte KDOS8P synthase in varying lysis
conditions. Lanes 2 — 4: 2 uL Whole cell lysate (lane 2), 10 uL insoluble
fraction resuspended in 400 uL 1:1 6 M urea / 20 % SDS (lane 3), 10 uL soluble
fraction (lane 4) of growth without induction with IPTG (control); Lanes 5 — 7:
Whole, insoluble and soluble fractions in lysis buffer A; Lanes 8 — 10: Whole,
insoluble and soluble fractions in lysis buffer B; Lanes 11 — 13: Whole, insoluble

and soluble fractions in lysis buffer C.

The lysis buffer that was chosen to use for submeigCte KDO8P synthase
experiments was buffer B. Although the soluble iportof the protein appeared to be
very similar under all three conditions, lysis letpresence of buffer C appeared to
produce more of the insoluble KDO8P synthase tharother two. The reducing agent
DTT was included in the lysis buffer because ofré@pgorted ability to protect protein,
such asHelicobacter pyloriDAH7P synthase, from losing activity during a mstep
purification®® The decision to use BTP buffer and keep EDTA afd Present was
based on other successful purifications of DAH7Rtisgses” ** in the Parker
laboratory at Massey University, where this projees carried out, although other
reported KDO8P synthase purifications use diffelgais buffers and do not include
any of these additives: 2> *°It should be noted that partial solubility is ribe only
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cause of low activity in this protein (as discussedsection 2.4), but increasing the

solubility may help produce a higher yield of aetpprotein after purification.

2.2.3 Effect of Thesit™ and Complete™ protease inbitor on solubility of
Cte KDO8P synthase

To try to further improve the proportion of soluljpeotein expressed, the additives
Thesit™ (polyethyleneglycol dodecyl ether) and EDffde Complete™ protease
inhibitor (Roche) were added to the lysis buffeDSSPAGE analysis showed that
neither additive improved the amount of soluBte KDO8P synthase expressed (figure
2.2). Although the lanes in figure 2.2 that contagtuble protein (lanes 2, 4, 6, 8) are
over loaded, the relative intensity of the bandghalanes that contain insoluble protein
(lanes 3, 5, 7, 9) can be visually compared.

75 kDa

50 kDa

37 kDa
KDOB8P synthase

25 kDa

Figure 2.2 Effect of Thesit™ and Complete™ protease inhibitor on solubility of Cte
KDO8P synthase. Lanes 2 — 3: Soluble (lane 2) and insoluble (lane 3)
fractions. Cells lysed in buffer A (10 mM BTP pH 8.5, 1 mM EDTA, 1 mM DTT,
200 uM PEP) with 0.005 % (v/v) Thesit; Lanes 4 — 5: Soluble and insoluble
fractions, Cells lysed in buffer A + 2 % (v/v) Complete protease inhibitor; Lanes
6 — 7: Soluble and insoluble fractions, Cells lysed in buffer A with no additive;
Lanes 8 — 9: Soluble and insoluble fractions, Cells lysed in buffer A with 0.005

% (v/v) Thesit and Complete protease inhibitor.
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There was no difference in activity when equivaleolumes of each soluble fraction
underwent a standard assay. The lysis buffer usedllf subsequent experiments with
Cte KDO8P synthase was 10 mM BTP pH 8.5, 1 mM EDTANI DTT, 200uM PEP.

The buffer used was at pH 8.5 because this pHeisdéime as the pH used in the buffers
for purification by anion exchange chromatographkC) (see section 2.3).

2.2.4 Effect of temperature on expression and soliity
Three 5 mL cultures of BL21(DE3)/pT7CQte KDOS8P synthase were grown at 37 °C as
described above. After induction with IPTG, thepexdive cultures were incubated at
25 °C, 30 °C and 37 °C for 4 hours. The cells vargested, resuspended and lysed as
described in the section 2.2.1. SDS-PAGE analysith® whole cell lysate, soluble
fraction, and insoluble fraction, revealed thatwgto at 37 °C produced the highest

proportion of solubl€€te KDO8P synthase compared to insoluble (figure 2.3).

1 2 3 4 5 6 7 8 9 10
==
97 kDa W - . =
= = -
66 kDa W -_— — -
-
45 kDa W -
-— L]

. - ;e !

- ’ - -. - ! KDOS8P synthase
P BB z

Figure 2.3 Effect of growth temperature on expression and solu bility of Cte KDO8P
synthase. Lanes 2 — 4. Whole cell lysate, insoluble fraction, soluble fraction,
cells grown at 25 °C after induction; Lanes 5 — 7: Whole cell lysate, insoluble
fraction, soluble fraction, cells grown at 30 °C after induction; Lanes 8 — 10:

Whole cell lysate, insoluble fraction, soluble fraction, cells grown at 37 °C after
induction.
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All subsequent cultures of BL21(DE3)/pT7€te KDO8P synthase were grown at 37
°C before and after induction.

2.2.5 Effect of growth time on expression and solility

Five 5 mL cultures of BL21(DE3)/pT7-Zte KDO8P synthase were grown at 37 °C as
described above. After induction with IPTG, thepexdive cultures were incubated at
37 °C for 0, 3, 6, 12, and 20 hours. The cells virmrwested, resuspended and lysed as
described in the section 2.2.1. SDS-PAGE analysith® whole cell lysate, soluble
fractions, and insoluble fractions, revealed thawgh for 3, 6, and 9 hours produced
the best expression levels of soluble protein aod/th for 0 and 20 hours produced the
worst. The experiment was repeated, but with grotitites of 4 and 8 hours after
induction. SDS-PAGE analysis suggested that thex® mot a significant difference in

the proportion of soluble to insoluble protein bedn the two conditions (figure 2.4).

12 3 4 5 6 7
97 kDa W = =
66 kDa gy - -
= =

45 kpa BB - -
- - -

- aa— - - m— - KDO8P synthase
29 kDa W : -

Figure 2.4 Effect of growth time on expression and solubility of Cte KDOS8P

synthase. Lanes 2 — 4: Whole cell lysate, insoluble fraction, soluble fraction,
cell growth at 37 °C for 4 hours after induction with IPTG; Lanes 5 — 7: Whole

cell lysate, insoluble fraction, soluble fraction, cell growth at 37 °C for 8 hours
after induction.
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All subsequent cultures of BL21(DE3)/pT7€te KDO8P synthase were grown for 4 —
5 hours after induction. This growth time is a coampise between finding the best
conditions for expression and solubility, and fitfithe experiments into an 8-hour
working day.

2.3  Attempted two-step purification of Cte KDO8P synthase

2.3.1 Purification by anion exchange chromatograph(AEC)
Cultures of BL21(DE3)/pT7-Gte KDO8P synthase were grown, induced, harvested
and lysed as described in chapter 5. The soluatién of the protein was diluted with
buffer A (10 mM BTP pH 8.5, 1 mM EDTA, 1 mM DTT) dnloaded onto a
SOURCE™ 15Q column (Amersham). Bound protein wasedlwith a 90 mL linear
gradient between buffer A and buffer A + 0.2 M Na& described in chapter 5.

The fractions of eluent (3 mL) were collected ahdse that corresponded to a peak in
the UV (218 and 280 nm) trace were analyzed by BBG&E to see if they contained
KDOB8P synthase (figure 2.5). The fractions thatenidentified as containing a protein
of the size corresponding to that ©fe KDO8SP synthase (~31 kDa) were assayed for

activity using the standard assay described inteh&p
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Figure 2.5 SDS-PAGE analysis of soluble Cte KDOS8P synthase after anion exchange

chromatography. Lane 2: 2 uL crude cell lysate (soluble fraction, before
loading to column); Lane 3: 10 uL Flow through from SOURCE™ 15Q column
while loading protein; Lanes 4 — 13: 10 uL of fractions as they were eluted from

the column.

2.3.2 Puirification by cation exchange chromatograph (CEC)
The fractions that containétte KDO8P synthase of reasonable purity (figure 226k
6 - 9) were pooled and buffer and the buffer waangled to pH 6.0 in preparation for
cation exchange chromatography. It should be nttetl the pooled fractions were
chosen for purity rather than total protein recgvéy pH of 6.0 was chosen for cation
exchange chromatography to ensure that the sudgateo-acids of theCte KDOSP
synthase (pl = 6.97) would have an overall positivarge and so adsorb to the column.
The protein solution was filtered and immediatebaded onto a SOURCE™ 15S
column (Amersham). The bound protein was elutech veit90 mL linear gradient
between buffer B and buffer B + 0.2 M NaCl, as diésd in chapter 5. Fractions of
eluent were collected and fractions that correspdrnid a peak on the UV trace were
analyzed by SDS-PAGE to see if they contained KDQG8Rthase (figure 2.6).
Fractions that were identified as containing agirobf the size corresponding to that of
Cte KDOS8P synthase were assayed for activity usingstaedard assay described in
chapter 5.
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Figure 2.6 SDS-PAGE analysis of Cte KDOS8P synthase after cation exchange
chromatography. Lane 2: 5 uL pooled anion exchange fractions (before
loading to column); Lane 3: 10 uL Flow through from SOURCE™ 15S column
while loading protein; Lanes 4 — 8: 10 uL of fractions as they were eluted from

the column.

Activity assays showed that there was more KDO8RI&ge activity in the pooled
AEC fractions (0.41 U mY than in the crude soluble fraction before AEQT0U mg

1, but very little activity was detected in fracimafter CEC (0.22 U iy (see table
2.1). The small amount of KDO8P synthase detectgdSDS-PAGE after CEC
compared to the amount recovered after AEC suggésis the protein may be
precipitating out of solution either during the faufexchange or while the being loaded
onto the SOURCE™ 15S column.

2.3.3 Purification by hydrophobic interaction chromatography (HIC)
HIC was performed after anion exchange as an aliem to cation exchange.
Performing this step eliminated the buffer exchasige performed between AEC and
CEC as there is no need to eliminate salt or chémg@H of the buffer before loading
onto the column. AEC was carried out exactly asesd above, fractions containing

KDOB8P synthase were pooled and @30, was added to a final concentration of 1
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M. HIC was carried out using a SOURCE™ 15Phe colgfmersham). Bound protein
was eluted with a 100 mL linear gradient betweed %0buffer C (10 mM BTP pH 8.5,
1 mM EDTA, 1 mM DTT, 1 M (NH),SO;) and 100 % buffer A as described in chapter
5. The fractions were analyzed for KDO8P synthageSDS-PAGE (figure 2.7) and

standard activity assays.

KDOB8P synthase activity was detected in the praseintion before being loaded onto
the SOURCE™ 15Phe column (0.4 U Mdut very little activity was detected in the
fractions as they came off the column (0.07 U'in@able 2.1). This suggests that the
problem with stability may not only be during bufexchange before CEC. The protein
may not be robust enough to be subjected to 2 aduma row or may not be stable in
the presence of a high salt concentration. SDS-PAGHysis (figure 2.7) suggests that
there is lessCte KDO8P synthase present in solution after HIC thizare was after
AEC, again suggesting that protein may be predipgaout of solution after AEC or
while being loaded onto the next column. Testshefgtability ofCte KDO8P synthase

at each stage of the attempted purification areugised in the following section.

1 2 3 4
75 kDa ‘W
37kDa |
e . <4+——KDO8P synthase
25 kDa [
.

Figure 2.7 SDS-PAGE analysis of Cte KDOS8P synthase after hydrophobic interaction

chromatography. Lane 1: 5 uL Precision Plus protein standards (Bio-Rad);

Lanes 2 — 4: 10 uL of fractions as they were eluted from the column.
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Total Total Specific .
I , enzyme o % Relative
Purification Step protein . activity ield .
(mg) actl\_/ltyb (Units mg?) Yie purity
(Units)
1. Crude lysate 100 27 0.27 100 1.0
2. Anion exchange 8.1 3.3 0.41 12 1.5
3a. Cation exchange 3.0 0.65 0.22 2.4 0.81
3. Hydrophobic 4.0 0.28 0.07 1.0 0.26
interaction
Table 2.1 Summary of attempted purification of ~ Cte KDO8P synthase ?

? Purification of 250 mL culture of BL21(DE3)/pT7-7-Cte KDOSP synthase
® Determined by following the loss of PEP at 232 nm at 37 °C.

2.4  Stability of Cte KDO8P synthase

The purification by the methods described abovecti@e 2.3) was found to be
unsuccessful as there was a loss in specific actbatween AEC and the following
step(s). In order to determine when and why theymezwas losing activity, tests of
stability were performed on the crude lysate (10mig', 0.27 U mg activity) and on
the pooled fractions after AEC but before buffecteange (2.7 mg mit, 0.42 U m¢g
activity).

When left at 4 °C for 12 hours in the presenceGff @M PEP, there was no change in
activity in either the crude lysate or the fractiatirectly after AEC. The CEC or HIC

steps took place within 2 hours of AEC in the exkEmpeported in section 2.3 so no

enzymic activity should have been lost during thiee.

To test the effect the buffer exchange step hathemrotein after AEC, 1 mL aliquots

of each sample (crude lysate and pooled AEC frasjiovere added to 3 mL of buffer
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(10 mM BTP, 1 mM EDTA, 1 mM DTT) at pH 6.0, 7.5 a8 and resultant solutions

were concentrated down to ~3@Q using an Amicon Ultra 4 mL concentrator
(Millipore) by centrifugation at 4500 rpm for 15 muites. The recovery of the protein
was the same at each pH and there was similaritgcitivall of the samples at this

point. After 4 hours at 4 °C there was no deteetadtivity in any of the samples.

Because there is no loss of protein or enzymiwigigtimmediately after concentration

and buffer exchange, this suggests that the coratemt process may be destabilizing
the protein and it loses its native fold or falig of solution in the following hours. The

CEC and HIC steps both take around 3 hours to cete@nd this appears to be too
long for the unstable protein to retain activityditute solution, regardless of the buffer
conditions.

It should be noted that initially Vivaspin concexiors (polyethersulfone membranes,
VivaScience) were used and there was a large anodymmotein lost during the process
so very little protein was able to be loaded orfite SOURCE™ 15S column. The
purification reported in this chapter used AmicoltrdJ (Ultracel regenerated cellulose
membranes, Millipore) concentrators in the buffecleange and concentration steps.
These concentrators provided much better protecovery based on SDS-PAGE

analysis.

The small amount of detectable activity presergratation exchange chromatography
was also lost after 4 hours at 4 °C. This madeat difficult and too inaccurate to
perform any characterization using fractions conmfigthe SOURCE™ 15S column.
Only the crude lysate and SOURCE™ 15Q fractionewéable enough to perform any
characterization on, but it appeared that the prat@s very vulnerable at this point and
could not sustain being subjected to any furtheattnent (concentration or passing

through another column).
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2.5 Metal-dependency ofCte KDOS8P synthase

The effect of different metals on enzyme activitgsmested immediately after anion
exchange chromatography using the fraction thatamoed the highest amount of
KDOS8P synthase (lane 6, figure 2.5) as this wassthge when the highest specific
activity was measured. The protein was not conagdror washed in a salt-free buffer

due to lack of stability when undergoing these psses.

Cte KDOS8P synthase was found to be dependent on #edivanetal ion for activity as
there was no activity at all without the additiohneetal in the standard activity assay.
Furthermore, when EDTA was included to a final @ntcation of 10 mM in the
standard assay reaction mixture (including bothssabes and 10@M MnSQy), no
activity was detected (figure 2.8, table 2.2). Hssay buffer consisted of 50 mM BTP
pH 7.5 with 10uM EDTA and was pre-treated with Chelex100 resimiaimize the

presence of metal ions from other sources.

100+
90+
80+
70+
60+
50+
40+
30+
20+
10+
O,

Relative activity (%)

Mn Cd Co Mg Cu Ca 2Zn Ni EDTA

Figure 2.8 Effect of divalent metal ions on  Cte KDOS8P synthase activity.
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Divalent Relative
Metal ion activity (%)

Mn** 100
cd* 100
Co™ 64
Mg?* 46
cu® 43
ca” 10
zZn** <1
Ni** <1
EDTA 0
Table 2.2 Relative activity of Cte KDOS8P synthase in the presence of divalent metal

ions or EDTA. Activity was determined by following the absorbance change at

232 nm due to the consumption of PEP. Reaction mixtures consisted of 100 uM
A5P, 200 uM PEP, 110 uM metal ion and 10 uL of anion exchange purified Cte
KDOB8P synthase (8 mg mL'l) in BTP buffer (pH 7.4) with 10 uM EDTA in a total

volume of 1 mL. Reactions were initiated by the addition of A5P.

The metal ions that were found to activaie KDO8P synthase the most were ¥n
Cd?* and CG" but activity was also detected in the presenc€wf, Mg?* and C&"

ions. Assays were carried out usinglOof the protein solution in order to produce

measurable and comparable rates.

2.6  Cloning and expression of C24NCte KDO8P synthase and D246ACte
KDOS8P synthase

The C24N mutation t&€te KDO8P synthase was chosen because this Cys resadue
been found to be conserved throughout all knowralleeKDO8P synthases and some
non-metallo activity has been reported when itlhean replaced by Asn #. aeolicus
KDOS8P synthas& The Asp233 (corresponding to Asp246Gite KDO8SP synthase)
residue has also been shown to be a metal-bindisglue inA. aeolicusKkDO8P
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synthasé? The D246A mutation t€Cte KDO8SP synthase was chosen to determine if

this residue is absolutely required for metal-bigdand for catalytic activity.

The C24N and D246A mutations were performed usiQui&Chang@ I Site-Directed
Mutagenesis Kit (Stratagene) using pTGEKDOS8P synthase as the double-stranded
DNA template. The mutations were introduced usiyrglsetic oligonucleotide primers
(as described in chapter 5) and the resulting pismere transformed into competent
BL21(DE3) cells. Cells were grown, induced and kated using conditions identical

to those used for the wild type protein.

Expression levels of soluble KDO8P synthase ingleditions were similar for both
mutations and at similar levels to the wild type KDO8P synthase (figure 2.9).

1 2 3 4 5 6 7
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Figure 2.9 Expression and solubility of C24N and D246A  Cte KDOS8P synthase . Lanes
2—-4: C24N Cte KDOS8P synthase whole cell lysate, insoluble fraction, soluble
fraction; Lanes 5-7: D246A Cte KDO8P synthase whole cell lysate, insoluble

fraction, soluble fraction.

The soluble fractions were tested for activity gsanstandard assay and no activity was
detected in the presence or absence of metaf'(MBf") for either sample. No

purification or further testing was performed ordgé proteins.
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2.7 Discussion

Purification ofCte KDO8P synthase by anion exchange chromatograpkyswecessful
and increased purity of the enzyme by 1.5 fold €bdasn specific activity). The protein
was then stable on ice or at 4 °C for at least d@shand this sample was used for
partial characterization. It lost activity when gdted to either concentration or another
chromatography column. The well characterized ret’lDO8P synthases from
hyperthermophiled\. aeolicusandA. pyrophiluswere both purified by heat treatment
followed by one chromatography step (anion exchpisgewere not subjected to an
intermediate concentration step or a second coftnfiCte KDO8P synthase would
have to be as thermostable as the KDO8P synthasetfre twoAquifexorganisms to
be able to be purified by this method. The theraduisty of Cte KDO8P synthase was
not examined during this project. KDO8P synthasemfH. pylori was purified by
anion exchange followed by hydrophobic exchangermlatography® *° This method

proved to be unsuccessful for purificationGie KDO8P synthase.

The primary amino-acid sequenceCie KDO8P synthase shows that this enzyme has
the four residues that have been shown to be regpenfor metal-binding and are
conserved throughout the metallo KDO8P synthasebe Tpurification and
characterization presented in this chapter is irmgeta but it has shown tha&lte
KDOB8P synthase is sensitive to the presence of EBid\is activated by the addition
of Mn** or Cd* suggesting that it is in fact a metallo enzymepesdicted by the
primary sequence. This result is consistent witreomore well characterized metallo
KDOS8P synthases with respect to the metal ions hichvthey are most activated.
KDOS8P synthase from the organighn aeolicushas also shown greatest activation in
the presence of M or Cd* ions™ A. pyrophiluskDO8P synthase shows highest
activity in the presence of €dor Mn?* ions* andH. pyloriJ99 is most activated by
Cd?* ions?® A. ferrooxidansKDO8P synthase shows greatest activity in thegmes of
Mn?*, Cd* and Cd" (discussed in detail in chapter three of this i#)esThis
comparison shows that all characterized metallo RB@ynthases to date are activated
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by Mn?* or Cd*. KDO8P synthase froi@. psittacihas also been partially characterized

and also shows activation by Kfrions®®

Further characterization @fte KDO8P synthase was not carried out in this study td
the instability of the enzyme after purification.i$ unclear whether the protein was
denaturing due to the buffers, chromatography occentration processes used, or was
remaining in solution but losing activity over thiene period taken for purification
using the described methods. What is clear isthieexpression of solubféte KDO8SP
synthase was very poor as SDS-PAGE analysis ofriide lysate of BL21(DE3)/pT7-
7-Cte KDO8P synthase showed a higher portion of thegpmah the insoluble fraction
than in the soluble fraction. This suggests et KDO8P synthase is not very stable
when expressed using this systemEincoli. Co-expression o€te KDO8P synthase
with theE. colichaperone proteins GroEL and GroES may reduce ldisgpand assist

in achieving expression of more soluble proteirt,ibis not certain whether this would
give rise to a more stablete KDO8P synthase. Alternate expression vectors ssch
PET or pGEM, or to use expression cells such agabm B systems may need to be
tried to produce a more stalilie KDO8P synthase. Careful analysis of the conditions
including temperature, buffer additives and buffencentrations needs to be carried out
to determine which factors are important €te KDO8P synthase stability. This was
not carried out as part of this project due to shecessful cloning, expression and
solubilization of KDO8P synthase frof ferrooxidangAfe) which was carried out in
parallel to theCte KDO8P synthase work. Further characterizationAté KDO8P

synthase is presented in the following two chaptéthis thesis.
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CHAPTER 3

CLONING, EXPRESSION, PURIFICATION AND
CHARACTERIZATION OF ACIDITHIOBACILLUS
FERROOXIDANS KDO8P SYNTHASE

3.1 Introduction

Acidithiobacillus ferrooxidans (Afe) formerly Thiobacillus ferrooxidans,is a
chemolithoautotrophic Gram-negative bacteriinit uses energy and electrons from
ferrous iron, sulfur and various reduced sulfur poonds byusing oxygen as the
electron acceptoY. The organism is found in places where iron antlisare abundant
such as mines and coal deposits. It grows bestgidratures between 30 °C and 35 °C
and at a pH between pH 1.3 and pH#.5.

The KDOS8P synthase gene frofdie (ATCC 23270) is 846 nucleotides long and the
encoded protein product is 281 amino-acids in lengith a calculated molecular
weight of 30603.96 Da and a theoretical pl of 5bHe protein was chosen for this
project because: aj\fe KDO8P synthase is grouped among the metallo KDO8P
synthases based on amino-acid sequence but it dtableen isolated or characterized
previously; b)Afe KDO8P synthase has the AspGlyPro243 motif whicleasserved
among the non-metallo KDO8P synthases but is oaipesimes present among the
metallo??
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This chapter presents the cloning of the KDO8PI®se gene from the genomic DNA
of Afe (ATCC 23270), the expression and solubility, the-step purification used to
isolate Afe KDO8P synthase and the subsequent biochemicabcieaization. The
results are discussed alongside, and comparedthier avell characterized metallo
KDOS8P synthases.

3.2 Cloning of theAfe KDO8P synthase open reading frame

Synthetic oligonucleotide primers were used to @mpthe Afe KDO8P synthase open
reading frame (ORF) from the genomic DNA Afe (ATCC 23270) as described in
detail in chapter 5. The resulting PCR producthef torrect size was identified on an

agarose gel (figure 3.1) and gel purified.

1000 bp
850 bp Afe KDO8P synthase
RF (846 bp)
650 bp

Figure 3.1 Agarose gel electrophoresis of amplified Afe KDO8P synthase gene

Lane 1: 5 uL DNA ladder (Invitrogen); Lanes 2 and 3: Duplicate 50 uL PCR reactions containing
~1 ug genomic DNA, 15 pmol of each primer, 250 uM of each of the dNTPs, 1x polymerase
buffer + MgSO,4 and 2 units of Pwo DNA polymerase. The brightest band (indicated with a red

arrow) was cut from the gel and purified.
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Hincll

Multiple cloning sitt

Bglll

T7:22857 T7 promoter

ﬁ
CGATTCGAACTECTGATAGACTICGAAATTAATACGACTCACTATAGGGAGACCACAAC

Asu| Asul

GGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAT ATGGCTAGA
rbs

Xbel Ndel
Xbel Psil

ATTCGCGCCCG GGGATCC#CTAGAGTCGAC(?TGCAG CCCAAG CTTATC(iA )

T7:2297.
EccRI BamHI Sal Hindlll Clal

Figure 3.2 Map of pT7-7 vector. A schematic diagram of pT7-7 showing the various
restriction endonuclease cleavage sites (short arrows) including Ndel and
BamHI, the ribosome binding site (rbs), T7 promoter region, ampicillin

resistance gene (Amp") and origin of replication site (ori).
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The resulting PCR producAfe KDO8P synthase gene) was digested wWittd and
BanHI| and ligated intoNdd / BanHI digested pT7-7 (see figure 3.2) to form the
construct pT7-7Afe KDO8P synthase. The pT7Afe KDO8P synthase was used to
transformE. coli XL1-Blue cells. The cloning process was found &successful by
obtaining the DNA sequence of plasmid prepared fiioase cells, and the plasmid was
used to transforri. coli BL21(DE3) cells (for further details refer to cheap5).

3.3 Expression and solubility ofAfe KDO8P synthase

BL21(DE3)/pT7-7Afe KDOS8P synthase cultures were grown and expressias
induced with IPTG as described in the general nith&DS-PAGE analysis of the
whole cell lysate showed an over-expressed pratethe predicted subunit molecular
weight for Afe KDO8P synthase (MW ~31 kDa) (figure 3.3, lanesb28 and 11).
Following centrifugation a large proportion of tpeotein was present in the soluble
fraction (figure 3.3, lanes 4, 7, 10 and 13). Saldifferent lysis buffers were used to

identify any changes in solubility due to a giveldiive.

The lysis conditions used were:

A 10 mM BTP pH 7.0, 1 mM EDTA

B 10 mM BTP pH 7.0, 1 mM EDTA, 1 mM DTT

C 10 mM BTP pH 7.0, 1 mM EDTA, 1 mM DTT, 20&1 PEP
D

10 mM BTP pH 7.0, 1 mM EDTA, 1 mM DTT, 2@M PEP, 0.2 M KCI

The soluble fractions were all tested for activiging a standard assay at 37 °C with
Mn?* as the metal cofactor (refer to chapter 4, secti@for discussion of activating
metal ions forAfe KDO8P synthase). All fractions had KDO8P synthassvity and
the fractions in lysis buffers C and D were showrbe the most active. Lysis was

performed at pH 7.0 as this is more than 1 pH aingive the theoretical isoelectric point
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(p!l) of Afe KDO8P synthase (5.56). At this pH the protein widog expected to have an
overall negative charge and therefore be in a feuaitable for purification by anion
exchange chromatography (AEC). Lysis buffer D wasedu for all subsequent

experiments wittAfe KDO8P synthase.

1 2 3 4 5 6 7 8 11 1
66 kDa Wl i - ' '
-
45kDa W - ; -
— [T - o
- — - - e— ﬁ -KDO8P
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- ]

Figure 3.3 Expression and solubility of Afe KDOS8P synthase in varying lysis
conditions. Lanes 2 — 4: 2 uL Whole cell lysate (lane 2), 10 uL insoluble
fraction resuspended in 400 uL 1:1 6 M urea / 20 % SDS (lane 3), 10 uL soluble

fraction (lane 4) in lysis buffer A; Lanes 5 — 7: Whole, insoluble and soluble
fractions in lysis buffer B; Lanes 8 — 10: Whole, insoluble and soluble fractions
in lysis buffer C; Lanes 11 — 13: Whole, insoluble and soluble fractions in lysis

buffer D.

3.4  Two-step purification of Afe KDO8P synthase

3.4.1 Purification by anion exchange chromatographyAEC)
A culture of BL21(DE3)/pT7-7Afe KDO8P synthase was grown. Cells were harvested
by centrifugation 5 hours after induction with IPB@d stored at -80 °C overnight. The
frozen cell pellet was thawed and resuspendedsiis lyuffer (as described above) and
lysed by French Press followed by sonication. Aftetl debris were removed by
centrifugation, the soluble protein was dilutedhatuffer A (10 mM BTP pH 7.0, 1
mM EDTA, 1 mM DTT) and loaded onto a SOURCE™ 15Quom (see chapter 5 for
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details). Bound protein was eluted from the columith a 90 mL linear gradient
between buffer A and buffer A + 0.2 M NaCl.

Fractions of eluent were collected and fractiorag ttorresponded to a peak in the UV
trace were analyzed by SDS-PAGE to see if theyamoatl KDO8P synthase (figure
3.3). The fractions that were identified as contagra protein of the size corresponding
to that of Afe KDO8P synthase (~31 kDa) were assayed for activsipng a standard
assay as described in chapter 5.
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Figure 3.4 SDS-PAGE analysis of Afe KDOS8P synthase after anion exchange
chromatography. Lane 2: 2 uL crude cell lysate (soluble fraction before
loading to column); Lane 3: 10 uL Flow through from SOURCE™ 15Q column
while loading protein; Lanes 4 — 11: 10 uL of fractions collected as they were

eluted from the column.

AEC proved to be an effective method for partiglyrifying Afe KDO8P synthase. A
major protein contaminant of ~37 kDa is preserthaflow through (figure 3.3, lane 3)
indicating that it has not adsorbed to the colu@ther major contaminants (~50 kDa
and ~90 kDa) still remain in some fractions (fig@td, lanes 4 — 6) but thide KDO8P

synthase is more pure (purification factor = 2.0El¥ and the recovery of the protein
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off the column (45% yield, see table 3.1) is higtltetn when the same technique was
used for purification o€te KDO8P synthase (12% yield).

3.4.2 Purification by hydrophobic interaction chromatography
The fractions corresponding to lanes 5 — 10 ofreg8.3 were pooled and (NHSO,
was added to a final concentration of 1 M. HIC wasried out using a SOURCE™
15Phe column as described in chapter 5. Bound ipretas eluted from the column
with a 100 mL linear gradient between 100 % bu@eand 100% buffer A. It should be
noted that the fractions pooled after AEC were ehd®r purity rather than for total
KDOB8P synthase recovery, thus some protein wasrdhkis step.

The chromatogram was dominated by a strong pedingltrom the column when the
buffer contained ~0.2 M (NhLSO, suggesting the presence of a relatively pure prote
in the corresponding fractions of eluent. SDS-PA&Talysis of the fractions as they
came off the column shows thAfe KDO8P synthase is present in a much higher
amount than any other protein present (figuresaBdl 3.5). The fractions were pooled
and concentrated to 10 mg fhiand tested for activity using a standard ass&7&C
with Mn** as the metal cofactor (refer to section 3.8 fecdssion of activating metal
ions forAfe KDO8P synthase).

1234 56 7 8 910111213
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Figure 3.5 SDS-PAGE analysis of Afe KDOS8P synthase after hydrophobic interaction
chromatography. Lane 2: 10 uL pooled AEC fractions (before addition of
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(NH,;).S0O,4 and loading to SOURCE™ 15Phe column); Lane 3: 10 puL Flow
through from SOURCE™ 15Phe column while protein was being loaded; Lanes
4 -13: 10 uL of fractions collected as they were eluted from the column.

Fractions corresponding to lanes 6 — 10 were pooled and concentrated for

characterization.

3.5 Purification Summary

After purification by AEC and HIC the specific adty of Afe KDO8P synthase had
increased almost 10 fold over the specific activoityhe crude lysate (Table 3.1), which
indicates a successful purification even thoughetlage traces of contaminating protein
still present (figure 3.6, lane 5).

The purification of Afe KDO8P synthase by these methods is consistent thigh
purification of other metallo KDO8P synthases. KIFO$/nthase fromA. aeolicusand

A. pyrophiluswere both purified using a two-step procedure iwing heat treatment
followed by anion exchange chromatography whichegd\3 fold and 8 fold overall
purification respectively™ *° The percentage yield dffe KDO8P synthase (17%) is
lower than that achieved for thfe aeolicus(47%) andA. pyrophilus(35%) proteins.
This could be due to the loss Afe KDO8P synthase between AEC and HIC as the
AEC fractions were chosen according to purity amine fractions containing
significant levels of KDOS8P synthase, but with nmmaontamination from other
proteins, were discarded. This is justified by ¢mel result of achieving a 10-fold more

pure protein which is soluble and stable.

The protein was further purified by size-exclusadmomatography (SEC), but only for
crystallization trials as discussed in the follogvichapter and not for characterization
and kinetic studies. The specific activity aftee ttwo-step purification was deemed
sufficiently high, such that subjecting the protémnanother column just to eliminate

very minor contaminants was not considered berafatithis stage.
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The Afe KDO8P synthase was flash frozen in liquid nitrogew stored at -80 °C in 100
uL aliquots. These samples were used in the chaizetien and kinetic studies

described later in this chapter.

1 2 3 4 5%
97 kDa D SRS ==
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e
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Figure 3.6 SDS-PAGE summary of two-step purification of ~ Afe KDO8P synthase.
(2) 2 uL crude lysate; (3) 10 uL pooled AEC fractions; (4) 5 uL pooled HIC
fractions; (5) 1 uL pooled HIC fractions concentrated to ~10 mg mL™. Lane 5

highlights the fact that there are minor contaminants of high molecular mass
still present after purification by HIC.

Lane 5 of the gel has been overloaded to emphasize the trace contaminants in
the protein sample.
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Total Total Specific :
e . enzyme - % Relative

Purification Step protein e activity : .

(mg) activity (Units mg'%) Yield | purity

9 (Units)® 9
1. Crude lysate 230 79 0.34 100 1.0
2. Anion exchange 50 35 0.7 45 2.1
3. Hydrophobic 4.0 14 3.4 17 | 9.9
interaction
Table 3.1 Summary of two-step purification of ~ Afe KDO8P synthase °

& purification of 250 mL culture of BL21(DE3)/pT7-7 Afe KDOSP synthase
® Determined by following the loss of PEP at 232 nm at 37 °C.

3.6  Characterization of wild-type Afe KDO8P synthase

Pure samples oAfe KDO8P synthase as prepared by the methods distussave
(concentrated to 10 mg ritLand stored at -80 °C) were used for the biochdmica
characterization presented in the following sediof this chapter. Discussed in the
following sections is determination of the quateynstructure, metal-dependency, pH
and temperature effects, kinetic characterizatimh @eliminary crystallization trials of
Afe KDO8P synthase. These results are discussed aen@nd compared to) results

for other more well characterized KDOS8P synthases.

3.7 Quaternary structure of Afe KDO8P synthase in solution

To determine the quaternary structureAdé KDO8P synthase in solution SEC was
used with protein standards of a known moleculasand@he mass offe KDO8P
synthase was estimated off a standard curve obfdfpe molecular mass of protein

standards against elution time from the Superdex26mn (Amersham). The
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calculated monomeric molecular mass Aife KDO8P synthase is 30604 kDa. The
molecular mass ofAfe KDO8P synthase determined by this method was fdonioe
approximately 123 kDa which is consistent with éirig tetrameric in solution (figure
3.7). This is the expected result as all other ofiial KDO8P synthases that have been

characterized have also been found to be tetranmesialution® 3% 3!
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Afe KDO8P synthase Alcohol dehydrogense 150 kDa
~123kba @ —— =P - - -2
2 |
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Figure 3.7 Standard curve of log (molecular mass) vs. elution time for Afe KDO8P

synthase. SEC was carried out using buffer consisting of 10 mM BTP pH 7.0,
10 uM EDTA, 200 uM PEP and 50 mM KCI at a flow rate of 0.4 ml min™. The

molecular mass of Afe KDO8P synthase was determined to be 123 kDa by this
method which is approximately 4 times the size of the monomeric unit (30604

Da). Experimental details of SEC are explained in chapter 5.

3.8 Metal-dependency oAfe KDO8P synthase

Afe KDO8P synthase was found to have metal-dependivitpa and was sensitive to
the presence of the metal-chelator EDTA. There m@asletectable activity without a
divalent metal ion present or when including 10 rEATA in the standard activity

assay. Activity could be restored with the inclusaf a variety of divalent metal ions
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(figure 3.8). Activity was best in the presence Mih?*, C&* and Cd" but N#*, F&",
Zn** and CG* were also found to be activating (figure 3.8, ¢aBl2). All buffers and
substrate solutions had been pre-treated with & h@@=resin to minimize the presence
of metal ions from other sources. These resulteveer expected sino&fe KDO8P
synthase has the same primary amino-acid sequdracacteristics that have defined
the metal-dependent KDO8P synthases in other stidighe most well characterized
of the metallo KDO8P synthases are frémaeolicusand A. pyrophilus’® * These
enzymes have shown highest levels of activity ia fitesence of Mii and Cd"
respectively (although M was the most activating metal ion fév. pyrophilus
KDOS8P synthase after incubation with 10 mM EDTA)n#was also shown to be the
most activating metal ion for KDO8P synthase frémpsittact® and C. tepidum(as
discussed in chapter two of this thesis) wheredd iSdhe preferred metal ion cofactor
for H. pylori.*®
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Figure 3.8 Effect of divalent metal ions on  Afe KDO8P synthase activity. Assays were

carried out at 37 °C using 100 uM A5P, 200 uM PEP and 110 uM of the
respective metal ions and 1 uL Afe KDO8P synthase (10 mg mL'l) in a final
volume of 1 mL in BTP buffer (pH 7.2) with 10 uM EDTA. Reaction mixtures

containing BTP buffer, PEP, MnSO, and enzyme were incubated for six

minutes and the reaction was initiated by the addition of A5P.
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Divalent (2°) Relative
Metal lon Activity (%)

Mn?* 100
co* 98
cd* 76
Ni** 10
Fe? 5.4
zZn* 3.6
cu® 2.9
ca™ 0
Ba* 0
EDTA 0
Table 3.2 Relative activity of Afe KDOS8P synthase in the presence of divalent metal

ions. Activity was measured by following the change in absorbance at 232 nm

due to the consumption of PEP.

To determine the affinity of the metal ions fafe KDOS8P synthase, standard activity
assays were performed with constant and saturksyrgds of ASP and PEP and varying
concentrations of the metal (L0 to 400uM). Mn?*, C&* and Cd* show the most
activation ofAfe KDO8P synthase activity when present at levelSGiM to 100uM
(figure 3.9). Although Mf" and C43" activate activity to similar levels, Goappears to
have an inhibitory effect if present in concentvai over 10Q:M, as does the lesser
activating metal ion C4d. Inhibition of activity has also been shown by*Cand Mrf*
for KDO8P synthase from botA. aeolicusand A. pyrophilusbut only at metal ion
concentrations of 1 mM or above ' H. pylori KDO8P synthase shows inhibition of
activity by C#* and, to a lesser extent Znat concentrations above 1M?° which
resembles the results shown here Afe KDOSP synthase in the presence of Car
Cd®*. The overall effect of Cii on H. pylori KDO8P synthase is unusual, for it also
enhanced enzymatic activity with higher potencyntaf* did at lower concentrations

(1 uM — 10 uM), but Cd"* is considered the most activating metal ion dugremater

activation through to saturating levéfsAll subsequent assays for further biochemical

characterization of wild-typéfe KDO8P synthase were performed using®Mas the
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metal-ion cofactor at levels of 101 to 200uM to ensure there was saturation but not

inhibition of activity.
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Figure 3.9 Binding affinity for Mn %" (A), Co? (B) and Cd** (C). Duplicate assays were
performed with 100 uM A5P, 200 uM PEP, 1 uL purified Afe KDO8P synthase
(10 mg mL™) in BTP buffer (50 mM, pH 7.2) at 37 °C. The same sample of
purified protein was used for A, B and C. All reactions were initiated by the
addition of A5P and activities were determined in duplicate. Error bars indicate
standard deviation values. Apparent K, values for Mn**, Co®* and Cd** were 2

+0.2 uM, 6 + 2.0 uM and 5.6 + 1.6 uM respectively indicating that Mn** binds

more efficiently than the other activating metal ions.
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3.9  pH profile of Afe KDO8P synthase

Afe KDOS8P synthase is active over a broad pH rangk aititleast 75% of maximum
activity being between pH 6.8 and pH 8.3 (figur@03. The range of pH over which
there was significant activity was similar to thél pange observed foH. pylori

KDOB8P synthase for which the highest activity waseyved between pH 6.5 and pH
7.5. KDOS8P synthase frol. aeolicusandA. pyrophilusare both most active between
pH 5.5 and pH 6.6" % All subsequent assays for characterisationAfsf KDOSP

synthase were performed at pH 7.2 as this wasitieest point on the pH profile plot
and also would not dramatically alter the condgiasmder which the enzyme was

purified and stored (pH 7.0).
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Figure 3.10 pH profile of Afe KDOSP synthase. AA min™ = change in absorbance per
minute at 232 nm as PEP is consumed. BTP (50 mM) was used to buffer
solutions in the range pH 6.1 to pH 8.8 (blue), whereas acetate (50 mM) was
used to buffer solutions between pH 4.5 and pH 6.2 (red). All assays included
100 uM A5P, 200 uM PEP, 100 uM MnSO, and 1 uL of purified Afe KDO8P
synthase (10 mg mL™) in a total volume of 1 mL of buffer at 37 °C. Reactions
were initiated by the addition of A5P. Activity was measured in duplicate with

error bars indicating standard deviation values.
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3.10 Temperature profile ofAfe KDO8P synthase

Afe KDO8P synthase was shown to have high levels pyrait activity over a broad
temperature range (30 °C to 50 °C). The temperatumichAfe KDO8P synthase was
found to be most active under the standard assaglittans used was 37 °C (figure
3.11). The reaction mixtures were all equilibratedhe given temperature for exactly
six minutes to ensure the conditions would be stest for every assay. All subsequent
assays for characterization Afe KDO8P synthase were performed at 37 °C. This assay
temperature has been used for characterization BO3P synthase from other
mesophilic and thermophilic organisms. As the ergyrfrom the hyperthermophilic
organismsA. aeolicusand A. pyrophilusshow greatest activity at 95 °C and 80 °C

respectively, assays for these enzymes were canieat these temperaturés®°
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Figure 3.11 Temperature profile of Afe KDOS8P synthase. AA mint = change in
absorbance per minute at 232 nm as PEP is consumed. All assays included
100 M A5P, 200 uM PEP, 100 uM MnSO, and 1 uL of purified Afe KDO8P

synthase (10 mg mL'l) in a total volume of 1 mL of buffer at 37 °C. Reactions
were initiated by the addition of A5P. The assay buffers used were 50 mM BTP

adjusted to pH 7.2 after equilibration to each temperature tested.
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3.11 Kinetic parameters forAfe KDO8P synthase

The steady-state kinetic parameters for purifAdelKDO8P synthase were measured by
following the consumption of PEP at pH 7.2 and & titial rate values were
determined as a function of various concentratimisone substrate at fixed
concentration of the other. The Michaelis-Mentenstant K,;) and turnover number
(kcap were determined by fitting the data to the MidsaMenten equation using
Enzfitter (Biosoft). The appare#t,, values for ASP and PEP were 5.3 + \6 and 34

+ 3.0uM respectively and thi.s (A5P and PEP) was 3.4 + 0.1 digure 3.12).

The kinetic parameters from this study are withime trange reported from
characterization of other KDO8P synthases; howdherrange of parameters reported
is broad. Table 3.3 summarizes the propertie&fefKDO8P synthase alongside the

properties of some other well characterized KDOgRsmses.
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Figure 3.12 Michaelis-Menten plots for determination of K for A5P (A) and PEP (B).
The reaction consisted of A5P (2.4 uM to 240 uM), PEP (15 uM to 1 mM),

MnSO, (100 uM) and 1 uL of purified Afe KDO8P synthase (10 mg mL™) in BTP

buffer (50 mM, pH 7.2) at 37 °C. All reactions were equilibrated without A5P for
6 minutes and initiated by the addition of A5P.
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Source of Assay Activation by divalent
Km AS5P Km PEP B .
KDO8P temperature (”TVI) (er/I) Keat (™) metal (decreasing Reference
synthase (°C) order of effect)
. Mn2+, C02+’ Cdz+Y Ni2+, )
A. ferrooxidans 37 53+0.6 34+£3 34+0.1 Fe?" 7n?" Cu?* This study
. Mn?*, Cd®*, Co®*, Ni*", 1
A. aeolicus 90 748 284 20+£0.11 cu®. ca? zn**, Mg?
H. pylori J99 37 48+0.3 1.8+05 |1.2%0.03 |cd*, cu®,zn*, Mg* 26
N. gonorrhoeae 37 85+0.1 3.1+0.2 1.0+0.1 non metallo 59
N. meningitidis 37 57+0.5 25+02 |80+0.1 non metallo 27
E. coli 37 20 5.9 2.5 non metallo 10
Table 3.3 Comparison of properties of microbial KDO8P synthas e.

3.12 Crystallography trials

3.12.1 Purification by size-exclusion chromatograph(SEC)
Stored aliquots of purifiedfe KDO8P synthase were pooled (5d0final volume) and
further purified by SEC for crystallization tria(sefer to chapter 5 for details). The
fractions that corresponded to a peak in the U¥etraere analyzed by SDS-PAGE
(figure 3.13). The results shofe KDO8P synthase being eluted from the column
without the minor contaminants it had after HIC g(sgection 3.5 for details). The
chromatogram showed a major peak correspondingD®3P synthase and a very
small peak with a lower retention time which sudgéke presence of another protein
of higher molecular weight, as indicated by the HESults. The two peaks do not
overlap and no trace of the contaminant has betactée by SDS-PAGE (figure 3.13).
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Figure 3.13 SDS-PAGE analysis of Afe KDOB8P synthase after size-exclusion
chromatography. Lanes 2 — 10: 8 uL of 0.5 mL fractions as they came off the
column. Buffer used contained 10 mM BTP pH 7.0, 10 uM EDTA, 200 uM PEP
and 50 mM KCI at a flow rate of 0.4 ml min™ through a Superdex200 SEC

column. Fractions corresponding to lanes 4 — 9 were pooled and concentrated

for crystallization trials.

3.12.2 Initial crystal screening
The initial screenings for crystallization conditowere performed using hanging-drop
vapor diffusion (1uL protein + 1ulL reservoir solution) on 24-well plates at room
temperature with a concentrated solutionAté KDOSP synthase (50 mg ). The
Hampton Crystal screens | and Il (Hampton Reseangte used and the following
conditions produced crystals within 24 hours:
A: 0.1 M Hepes-Na pH 7.5, 1.5 M lithium sulfate mondtate
B: 0.1 M Tris-HCI pH 8.5, 0.2 M lithium sulfate monainate, 30% (w/v)
polyethyleneglycol (PEG) 4000
C: 0.1 M Tris-HCI pH 8.5, 0.2 M tri-sodium citrate giffrate, 30% (v/v)
PEG 400

D: 0.2 M Magnesium formate
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50% of the initial conditions resulted in precipit@ and 20% did not form crystals or
precipitate. Crystals formed in conditions C andab listed above) did not diffract X-

rays at all so may not have contained protein atysir the crystals may have been of
poor quality (disordered). Crystals from conditigh&nd B both diffracted poorly, but

showed some signs characteristic of protein crysiehe crystals were approximately
0.2 mm in length and 0.1 mm wide with rounded edaed uneven faces, and there
were many small droplet-like crystals forming sitankously in the background which
indicates the protein concentration may have beerhigh causing the crystals to form
too quickly (figure 3.14, A). The diffraction pattes indicated multiple protein crystals

may be stacked together which could be why thesfaoel edges appear so uneven.

The conditions A and B were repeated using 20 mg arid 10 mg mL: Afe KDO8SP
synthase and preparing and storing the crystalst@y4 °C as well as at room
temperature to try slowing crystal formation. At®@ mL* crystals grown in condition
A formed within the same time frame as for the 5§ mL" solution but they were
much smaller and ordered in shape, although thiéyatl rough faces (figure 3.14, B).
There were still many crystals forming simultandpus the background but they were
needle-like and 1-dimensional. At 10 mg ™ino crystals formed at either room

temperature or at 4 °C in any of the standard algstreening conditions trialed.

The Hampton Additive Screen | (Hampton Researcly peaformed using sitting-drop
vapor diffusion on 96-well plates with condition (8.1 M Hepes-Na pH 7.5, 1.5 M
lithium sulfate monohydrate) as the reservoir solutand theAfe KDO8P synthase
concentration at 20 mg L The various additives to the original reservailugion
changed the morphology of the crystals (produciegdte-, rod- and plate-like crystals)
and in some cases produced fewer, larger, and semloioking crystals, which was the
intended short-term goal. However, most crystadsndit diffract X-rays, and those that
did (figure 3.14, C) produced very similar diffrect patterns to the patterns produced

by the large crystals from the original 24-welltgka This indicated that there may have

60



still been multiple layers of 2-dimensional crystadtuck together, even in the

apparently thin, needle-like crystals.

Figure 3.14 Initial crystallization of Afe KDOS8P synthase. Crystals were grown at 22 °C
using hanging-drop (A and B) or sitting-drop (C) vapor diffusion and a reservoir
solution of 0.1 M Hepes-Na pH 7.5, 1.5 M lithium sulfate monohydrate. (A) 50
mg mL™" protein concentration. Crystal dimensions approximately 0.2 mm x 0.1
mm. (B) 20 mg mL™* protein concentration. Dimensions of largest crystals: 0.1
mm x 0.05 mm. (C) 20 mg mL™* protein concentration with 30% (v/v)
isopropanol. Dimensions of largest crystals: 0.1 mm x 0.05 mm. Crystals shown

in C showed diffraction patterns of multiple crystals stacked together.

3.13 Summary of characterization

The results presented in this chapter indicate Al@iKDOB8P synthase is sensitive to
the metal chelating agent EDTA and is dependerat divalent metal ion for activity, as
predicted from the primary amino-acid sequelicBhe most activating metal ions are
Mn?*, C&* and Cd" with apparenK,, values of 2.uM, 6.0 uM and 5.5uM for the
respective metal ions, which is similar to whatolsserved for the metallo KDO8P
synthases fromA. aeolicus A. pyrophilus H. pylori and C. tepidurd® % ?° The
preferred activating metal ioim vitro is M** as inhibition ofAfe KDO8P synthase

activity is shown in the presence of®Cand Cd* at levels of 20@M or more.
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Afe KDO8P synthase was found to exist as a tetrameoluation and is most active
within the pH range of 6.8 to 7.5 and within a temgture range of 35 °C to 40 °C.

In the presence of 100M Mn?" at 37 °C and pH 7.2Afe KDO8P synthase has an
apparenKy, of 5.3uM for A5P, 34uM for PEP and a turnover numbée4) of 3.4 §'.

These kinetic constants are consistent with whabhserved for all characterized
metallo and non-metallo KDO8P synthases.

Preliminary crystallization trials show thafe KDO8P synthase can form crystals in
solution in a range of conditions, with the begstals produced using 0.1 M Hepes-Na
pH 7.5, 1.5 M lithium sulfate monohydrate with 30W isopropanol as the reservoir
solution. A condition which produced crystals atdaliffract X-rays sufficient for data
collection was not found during the course of thwk. Further methodical manual or
automated screening, or further refinement of tbhediions mentioned above, may
help to produce such crystals and lead to the mhatation of the structure ohfe
KDOS8P synthase.
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CHAPTER 4

INVESTIGATING THE ROLE OF IMPORTANT AMINO-
ACIDS IN AND AROUND THE ACTIVE SITE OF
ACIDITHIOBACILLUS FERROOXIDANS KDO8P SYNTHASE

4.1 Introduction

The KDOS8P synthase residues that play an importaatin the positioning of A5P,
PEP and the divalent metal ion have been identthiedugh structural characterization
of the KDO8P synthases frof. coli and A. aeolicus” * Introducing mutations to
some of these key residues may inhibit catalytivigg or change the characteristics of
the protein, giving an insight into what may be femng in the active site and the role

of specific residues.
The following site specific mutations were introddcto Afe KDO8P synthase to

investigate the effect each residue has on metaliiog and catalytic activity (refer also

to figure 4.1).
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C21N

This Cys residue has been shown to be essentralmfetal-binding in other
characterized metallo KDO8P synthases. The Asnhis position is conserved
throughout all known non-metallo KDO8P synthased @ys to Asn mutations in the
metallo KDO8P synthases frofk aeolicusandA. pyrophilushave reportedly resulted

in metal independent activity:*> **

NS7A

This Asn residue is part of the conserved Ly#&iaArg motif that is conserved
throughout the metallo and the non-metallo KDOS8Rtlsgses and is involved in the
binding of A5P in the active site (see figure %Btructures ofA. aeolicuskDO8P
synthase with A5P bound suggest that this residtegadcts with ASP to hold it in the
correct orientation in the active site and closeugih to PEP for a hydrogen bond
between the phosphate group of PEP and the alddébgdgonality of ASP to occuf™

% This proposed interaction could activate the ajdetfunctionality of A5P (Brgnsted
acid catalysis) to make it susceptible to attackheyC3 of PEE®

D243A, D243E

This Asp residue is conserved throughout metalld @on-metallo KDO8P synthases
and is involved in metal-binding and A5P bindingthé active site of the metallo
type’® When overlaid, the structures of the KDO8P syrehaetal-binding sites from
the organism®. aeolicusand E. coli suggest that this residue may adopt a different
position in metallo KDO8P synthase and in non-nietahzyme<? 2> *"However, in
other KDOS8P synthase structures this part of theyme appears disordered which
suggests high mobility, possibly due to a Pro mgsitiwo amino-acids downstream
(discussed belowf’ 2 **Mutation of Asp243 to Ala eliminates the functibmgoup
altogether to help determine the importance of tbssdue as an essential metal-binding
ligand. Mutation to a Glu residue changes the lemgtthe side chain but retains the
same functional group to help determine the impaeaof both charge and position at

this point in the active site.
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P245A

The Pro residue at this position (mentioned abavepnserved throughout all known
non-metallo KDO8P synthases but is only preserstoime metallo KDO8P synthases.
This region in metallo and non-metallo KDO8P sys#sthat have been structurally
characterized is very disordered which suggestsh higpbility?® 2" 32 Pro is
conformationally restrictive and the Pro residue this position may limit the
conformations that other residues can access. iulmst for an Ala residue may
therefore have an effect on the relative positibswrounding residues, including the
metal-binding Asp two residues upstream. This R® ot been implicated directly in

catalytic activity of KDO8P synthase in the currbtgrature.

This chapter describes the site-directed mutaggnemirification and biochemical

characterization of thafe KDO8Psynthase mutants mentioned above.
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Arg49 (58)
Ser50 (59)

p/

\ Asn48 (57)

Glu222 (232—"

His185 (1% .

Figure 4.1 Active site of A. aeolicus KDO8P synthase with ASP (yellow), PEP (blue)
and Cd** (pink) bound (PDB code 1FWW). Oxygen = red. Nitrogen = blue.

Phosphorus = purple. Water molecules are represented by red spheres. Pink

Asp233(243)

dashed lines represent interactions between Cd** and the surrounding residues
and water molecules. Black dashed lines represent interactions between
amino-acid residues or water molecules and the substrates. The numbers in
brackets refer to the corresponding residues from Afe KDO8P synthase. Those
residues that are being mutated in this project are labeled in red. The Afe
KDO8P synthase Pro245 residue is not indicated, as the corresponding residue

in the A. aeolicus structure is a Ser.
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4.2  Cloning ofAfe KDO8P synthase mutants

The amino-acid substitutions were performed usinQuikChang® Il Site-Directed
Mutagenesis Kit (Stratagene) and pTAf&KDOS8P synthase as the double-stranded
plasmid template. The substitutions were introducey designing synthetic
oligonucleotide primers complementary to oppositergls of pT7-7Afe KDO8P
synthase containing the desired mutation (detdithe primer sequences and the PCR
program used are given in chapter 5). The resufilagmids were digested wiBanH]

and checked for size on a 1 % agarose gel (fig@e 4

Figure 4.2 Agarose gel analysis of pT7-7- Afe KDO8P synthase plasmid DNA after
site-directed mutagenesis. Lanes 2 — 7 show BamHI digested pT7-7-Afe
KDO8P synthase incorporating C21N, N57A, D243A, D243E, P245A mutations

and wild-type (control) respectively.

Sequencing results showed that the site-directadgeuesis successfully produced the
C21N, D243A, D243E and P245A mutant proteins butthe N57A mutant. Agarose
gel electrophoresis (AGE) analysis of the digegt&bmids showed that the N57A
mutation produced plasmid DNA that is not of theesexpected which suggests that
either the primers were faulty or the conditionghe PCR program are not suitable for

these particular primers. The original thermo-ayglprogram consisted of an annealing
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temperature of 55 °C for 1 minute. A gradient P@Rction was performed using
reaction mixture volumes of just/d. and screening annealing temperatures from 40.3

°C to 54.8 °C. At lower annealing temperatures320Q. — 43 °C) a DNA product of the
correct size can be seen (figure 4.3).

2 3 4 5 6 7 8 9 10 11 12 13

——g .
e Ay W e WD WP D e

I e

Figure 4.3 Gradient PCR of N57A primers with pT7-7- AfeKDOS8P synthase template.
Lanes 2 — 11: PCR performed with annealing temperatures (°C) of 40.3, 40.6,
41.6, 43.0, 44.8, 46.8, 48.8, 50.8, 52.5, 53.9, 54.8 respectively. Lane 13
(control): PCR performed with P245A primers on pT7-7-AfeKDO8P synthase
template with annealing temperature of 55 °C. Lanes 2 to 5 show that at lower
annealing temperatures a greater proportion of correctly sized plasmid is
produced.

The PCR reaction for N57A was repeated on a lasgale (25:L total volume) using

an annealing temperature of 40 °C. If the diffes@ré¢d bands on the agarose gel shown
in figure 4.2 represent different products thenydhke transformants which take up the
correct plasmid (carrying an ampicillin resistargene) will grow on the LB (Amp)
plates. All the resulting plasmids were sequencedconfirm that the correct
substitutions hade been carried out. The plasmidADMas then transformed into
competent BL21(DE3) cells and cultures of the c@lsnL) were grown, induced and

harvested using conditions identical to those dsedild-type Afe KDO8P synthase as
described in chapter 3.
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4.3 Expression and solubility ofAfe KDO8P synthase mutant proteins

SDS-PAGE analysis shows that each mukietKDO8P synthase protein expressed at
levels similar to the wild-type protein when groand lysed using the same conditions
(figure 4.4). There appears to be more KDO8P swathia the soluble fractions than in

the resuspended pellet after lysis and centrifogati

12 3 45 6 7 8 9 1011 12 13
97 kDa "% —_ = = =
— [ —— — - - -
66 kDa .
P RS - R ] .
& - KDO8P
- e - - - " synthase
29 kDa W y
-
Figure 4.4 Expression and solubility of ~Afe KDO8P synthase mutant proteins. Lanes

2 — 4: 2 ulL Whole cell lysate (lane 2), 10 uL insoluble fraction resuspended in
400 puL 1:1 6 M urea / 20 % SDS (lane 3), 10 uL soluble fraction (lane 4) of

C21N Afe KDOS8P synthase; Lanes 5 — 7: Whole, insoluble and soluble
fractions of D243A Afe KDO8P synthase; Lanes 8 — 10: Whole, insoluble and
soluble fractions of D243E Afe KDOS8P synthase; Lanes 11 — 13: Whole,
insoluble and soluble fractions of P245A Afe KDO8P synthase. Expression of
N57A Afe KDO8P synthase is not shown.

4.4 Purification of Afe KDO8P synthase mutant proteins

The soluble fractions of thisfe KDO8P synthase mutant proteins were purified byCAE
and HIC using the same conditions that had prodymee wild-typeAfe KDO8SP
synthase. Each mutant protein was eluted from EMCE™ 15Q and SOURCE™
15Phe columns at exactly the sodium chloride camnagon as the wild-typeAfe
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KDO8P synthase did. The fractions containing KDOS8¥thase were pooled,
concentrated and stored in 100 aliquots at -80 °C. These fractions were usedafor

characterization of the mutant proteins that isussed in this chapter.

4.5 Catalytic activity of Afe KDO8P synthase mutant proteins

The activity of each mutant protein was testedrgbgrification using the standard
assay conditions described in chapter 5 withfMas the divalent metal cofactor. The
C21N and D243Mfe KDOS8P synthases were both found to have lessiifarrelative
specific activity when compared to the wild-typabfe 4.1). This result shows that
these residues are important for KDO8P synthasgitgctNo further kinetic studies
were carried out on either of these proteins. TB45R mutation did not alter the
specific activity of Afe KDO8P synthase. The N57A and D243E mutations both

lowered the specific activity dkfe KDO8P synthase under these conditions.

Mutation Activity (U mg™) % Activity (c/a WT)

Wild-type (WT) 3.4 100
P245A 3.4 100
D243E 1.2 35
N57A 0.8 25
D243A 0.01 0.2
C21IN 0.02 0.5

Table 4.1 Comparison of mutant Afe KDOS8P synthase specific activity after

purification. Specific activity was measured by monitoring absorbance change

due to the consumption of PEP at 232 nm. Assay mixtures contained 200 uM

A5P, 200 uM PEP, 100 uM Mn®* and 1 uL of purified protein (10 — 20 mg mL™).
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4.6 Metal activation of Afe KDO8P synthase mutants

The P245A, D243E and N57Afe KDO8P synthases were assayed using a range of
different divalent metal ions using the standarsagsconditions. The metal activation
profiles were compared with that of the wild-typée KDO8P synthase (figure 4.5,
table 4.2). The resulting profiles are different Bach mutant protein. Whereas the
wild-type, P245A and N57A are all most active ie firesence of M, there are large
differences in activity in the presence of otheratént metal ions. The D243E mutant
protein was most active in the presence of*Cuith the specific activity measuring
80% of the specific activity of Mii activated wild-typeAfe KDO8SP synthase. When
activated by CHf, wild-type Afe KDO8SP synthase specific activity was only 95%
compared to Cd activated D243R\fe KDO8P synthase.

100~

\
4

Relative activity (%

Figure 4.5 Metal activation profile of Afe KDO8P synthase mutants. Relative activity
has been normalized to the highest activating metal ion for each respective

mutant. Assays were carried out at 37 °C using 100 uM A5P, 200 uM PEP and
110 uM of the respective metal ions in a final volume of 1 mL in BTP buffer (pH
7.2) with 10uM EDTA. Protein aliquots and concentrations used were: 1 ulL

Wild-type, 10 mg mL™; 1 uL P245A, 16.9 mg mL™"; 2 uL N57A, 22.3 mg mL™; 1
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uL D243E, 9.5 mg mL™. Reaction mixtures containing BTP buffer, PEP, MnSO,

and enzyme were incubated for six minutes and the reaction was initiated by
the addition of A5P.

Wild-type Afe KDO8SP synthase is most activated by #(100%), C" (100%) and
Cd** (75%) but shows little activity (< 10%) in the pease of any of the other metal
ions tested. The metal activation profile for P24&ik KDO8P synthase resembles the
profile for the wild-type more than the other mutafe KDO8P synthases. The major
differences are activation by i(36%), Fé" (47%) and C& (24%) which suggests
that substitution of this residue has slightly &te the shape or size of the metal-

binding pocket in the active site.

The major differences in the profile for N57Afe KDO8P synthase are the lower
relative activity in the presence of €q45% of maximum activity) and the activation
by F€* (26%) and ZA" (60%). The relative maximum activity of this mutaoempared

to the wild-type when activated by Kfnwas only 25% (table 4.2). This suggests that
disruption of the conserved LysAManArgSer motif alters the position of ASP and PEP
in relation to each other and that the catalyticimamism may be less efficient with the
substrates in the orientation that they have adofitke altered position of ASP in this
mutant could affect the size or shape of the mataling pocket, as suggested by the

altered metal activation profile.

The metal activation profile for D243&fe KDO8P synthase shows that activity in the
presence of M is only 49% compared to activity in the presendeth® most
activating metal ion (Cd). F€* (66%) is the next most activating metal cofactar f
D243E Afe KDOS8P synthase. Asp243 is a metal-binding resitherefore substitution
of this residue directly affects the metal-bindparket ofAfe KDO8P synthase so the
different affinity for activating metal ions demdreged by D243EAfe KDO8P synthase
was to be expected. €ds the most activating metal ion for KDO8P synth&®mA.
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pyrophilug® andH. pylori?®® and is one of the most activating metal ionsAoreolicus
KDOS8P synthase and C. tepidum KDOS8P synthase (chapter 2 of this thesis). This
suggests that by creating a metal-binding pockealsie of binding Ct efficiently, the
substrates can still adopt the correct orientatequired for the mechanism, perhaps
simulating the metal-binding pocket of other ?Cdactivated KDO8P synthases.
However, the high appareHt, value this mutant has for ASP (see figure 4.7)gssts
that ASP does not bind particularly efficiently. i¥hcould be due the interaction
between the metal ion and the C2 hydroxyl of ASRidpénefficient in this mutant due

to the change in shape of the metal-binding pocket.

The N57A and P245A mutant proteins were expecteshtav similar metal activation
profiles to that of the wild-type as the Asn57 des is involved in A5P binding in the
active site and Pro245 is not directly involvedhnstubstrate or metal ion binding. But
there are significant differences, especially thévation of the N57A mutant by Zh
and the activation of the P245A mutant by*’Fand C&', suggesting that these

mutations do alter the metal-binding site.

Relative activity, %
Divalent 1 \vidqtvpe | P24sA | N57A | D243E
metal ion
Mn?* 100 100 25 35
Cco* 100 95 14 16
cd* 76 86 19 80
Ni?* 11 36 0 0
Fe®" 9.5 47 8 49
zn?t 3.6 9.6 18 3
cu* 2.9 4.8 1 2
ca* 0 24 1 2
Ba®" 0 1.1 0 2
EDTA 0 0 0 0

Table 4.2 Metal activation of Afe KDO8P synthase mutants. Relative activity has been
normalized to maximum wild-type specific activity in the presence of Mn?.

Assays were carried out exactly as described above (figure 4.5).
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4.7 Metal independent activity of C21NAfe KDO8P synthase

With no metal ion added and in the presence of 1 EINA, purified C21NAfe
KDOS8P synthase showed 0.5% (0.02 U ingctivity when compared to maximum
activity of the wild-type in the presence of Mr{3.4 U mg"). In the presence of 1 mM
EDTA the wild-type protein showed no activity anéswactivated by the addition of
divalent metal ions, particularly Mfj C* and Cd" as discussed in section 4.6. The
addition of Mrf*, C&* or Cd* to the C21N mutant did not affect the activityaldt The
rate of absorbance change at 232 nm due to theofoBEP was proportional to the
amount of protein solution included in the assagidating that any activity being
detected was due to C21Afe KDOS8P synthase. The same mutation has been carried
out on the KDO8P synthases from pyrophilué® and A. aeolicué® and metal
independent activity has been observed at levels086 and 70% respectively when
compared to the metal-dependent activity levelshefrespective wild-type enzymes.
These results suggest a common mechanism betwdafiov@ad non-metallo KDO8SP
synthases and suggest that a direct catalyticabtbe metal-ion in the activation of
water is unlikely?® % *The results presented in this thesis suggesttiasingle Cys
to Asn substitution is not the only important difece between metallo and non-

metallo KDO8P synthases.

4.8 Kinetic parameters for Afe KDO8P synthase mutants

The steady-state kinetic parameters for purifieddE2 and P245AAfe KDOS8P
synthase were measured by following the consumpifoREP at pH 7.2 and 37 °C.
Initial rate values were determined as a functiérvarious concentrations of one
substrate at fixed concentration of the other. &pparent Michaelis-Menten constants
(Km) and the turnover numbek.§) were determined by fitting the data to the Midlse

Menten equation using Enzfitter (Biosoft).
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Although the specific activity at maximum velocifgr the wild-type, D243E and
P245AAfe KDO8P synthase proteins was very similar, the tisngarameters show that
each protein has different properties with respectubstrate binding (summarized in
table 4.3). The very high appardft, for ASP that D243EAfe KDO8P synthase has
(2.6 mM) reflects the importance of this residugdsition in the active site. Structures
of A. aeolicuskDO8P synthase with A5P and £dound show that the Asp residue is
in a position to be able to bind to both the metal and to the C4 hydroxyl group of
A5P (see figure 4.7 Substituting Asp for Glu lengthens the side chithis residue
and so may change the size and shape of the spawdsch A5P and the metal ion
have to bind in the active site. The position ofPA®lative to PEP in the active site is
important for catalytic activity, as implicated ltige number of residues conserved
throughout metallo and non-metallo KDO8P synthdkas hold the two substrates in
place?® The metal profile of D243EAfe KDOSP synthase suggests that there are

changes to the metal-binding site (figure 4.5).

Changes to the Asp243 and Pro245 residues shotldiirextly affect the binding
pocket of PEP and this is reflected in the low appbK, the D243E and P245A
mutants have for this substrate. It should alsmdited that for the D243E mutant the
apparent,, value for PEP was calculated using only 1 mM AERYq than half the
apparent, value) due to a lack of available ASP and D243Kirta considerably
high apparenK, for that substrate.

75



A B .,
? ?
2 2
> z
E 2
g <
0.5
‘ 0 ; ‘ ; ; ‘ ‘
300
0 50 100 150 200 250 300
ASP uM
PEP (uM)
C D
.
3.5
— 37 * ‘_“S
2 55 . §
S . =
g oS S
g 154 2
1]
05
0 T T T T T : . 0 T T T |
0 1000 2000 3000 4000 5000 6000 7000 0 100 200 300 400
ASP (uM) PEP (uM)
Figure 4.6 Michaelis-Menten plots for the determination of Km values for P245A and

D243E Afe KDOS8P synthase mutants. Assays were performed at 37 °C in 50
mM BTP buffer at pH 7.2 with 10 uM EDTA. Specific activity was measured by
monitoring the absorbance change at 232 nm due to consumption of PEP.
Assays for P245A (A and B) included 110 uM Mn®*, 1 uL of P245A Afe KDO8P
synthase (15.4 mg mL™), a fixed concentration of 200 uM of either A5P or PEP
and varying concentrations of the other substrate. Assays for D243E K, (A5P)
(C) included 110 uM Cd**, 200 uM PEP, 1 uL of D243E Afe KDOSP synthase
(9.5 mg mI'") and varying concentrations of A5P. Assays for D243E K, (PEP)
(D) included 110 uM Cd**, 1 mM A5P, 1 uL of D243E Afe KDOSP synthase (9.5

mg ml™) and varying concentrations of PEP.
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Mutation Activity (U mg?)  Kn (AS5P) uM Ky, (PEP) uM Kear S™

Wild-type 3.4 5.3+0.8 34+3 3.8+0.08
P245A 3.4 24 +5 5.2+05 3.9+0.07
D243E* 3.3 2628 + 29 13+£2.3 4.8+0.3
Table 4.3 Comparison between kinetic parameters of wild-type and Afe KDO8P

synthase mutants. Kinetic parameters presented here for wild-type and
P245A Afe KDO8P synthase were obtained under identical conditions (see
figure 4.6) using Mn”" as the metal ion cofactor. Kinetic parameters presented
here for D243E Afe KDO8P synthase were obtained using 110 uM Cd** as the

metal ion cofactor.

*Preliminary assays of D243E Afe DKO8P synthase using Mn®* as the metal
ion cofactor indicated that maximum velocity had not been achieved with the
addition of A5P up to 2 mM. Kinetic parameters were therefore not calculated

using Mn?* due to the availability of A5P.

49 Conclusions and future directions

The results of the site-directed mutagenesis stugiesented in this chapter have
provided information about some of the amino-a@sidues in and around the active
site of Afe KDO8P synthase. This summary points out the relefradings from each

mutation studied and suggests future directionstodly that may help provide more
information on the mechanism of metallo KDO8P sgs#s and the relationships of

these to their non-metallo partners.

D243A/D243E

It has been shown that the Asp243 residueAfef KDO8P synthase is an essential
residue for metal-dependent activity. When Asp243 wubstituted for an Ala residue,
taking away the negatively-charged carboxylate tional group of the side-chain,
Mn?* stimulated activity is reduced by over 99% whempared to the wild-typéfe

KDOB8P synthase. The importance of having a nedgtigarged group at this position
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was shown by the substitution of a Glu residueAsp243. The D243EAfe KDO8P
synthase protein is capable of near maximal agtiwiten compared to wild-typafe
KDOS8P synthase, but altering this side-chain charte preferred metal ion to €d
and affects the affinity of the enzyme for A5P. §kuggests that the D243E mutation
has altered the size or shape of the metal-binsiiteg A Glu in this position may not
interact correctly with the C4 hydroxyl of ASP, teéore altering the position of ASP
and the efficiency of A5P binding in the activeesias reflected by the hidky, the
D243E mutant has for this substrate.

P245A

The Pro245 residue dfe KDO8P synthase was shown to be unimportant. Agtivi
P245A Afe KDO8P synthase was almost identical to activitymdfl-type Afe KDO8P
synthase when both proteins were activated b§"Mh change in the metal-activation
profile for the P245A mutant suggests that a changthis position may affect the
metal binding site, possibly due to movement of thegportant residue Asp243
(mentioned above). Studies by Dr Fiona CochraneMassey University (2007,
unpublished observations) show that the equivateatation to the non-metall®l.
meningitidis KDO8P synthase (P249A) had only a relatively smafparent
consequence to catalytic activitylt remains unclear why this residue is absolutely
conserved throughout the primary sequence of tmenmetallo KDO8P synthases and
not the metallo enzymes. It also remains uncleay this region of metallo and non-
metallo KDO8P synthases appears to be mobile artis@dered in most KDO8P
synthase structures. Further structural studiesmetallo (including Afe KDO8P

synthase) and non-metallo KDO8P synthases mayréstpve these issues.

C21N

The Cys21 residue was also found to be importaniietal-dependent activity @fe
KDO8P synthase. When Cys21 is substituted for an #esidue the activity of the
mutantAfe KDO8P synthase is only 0.5% when compared to thieitgy of the wild-
type Afe KDO8P synthase in the presence of?frFurthermore, the activity of C21N
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Afe KDO8P synthase is not affected by the additiorMof*, Cd**, Cd* or EDTA,
indicating enzyme catalysis was occurring in theealge of metal. The activity of this
mutant is very low when compared to the activitytloé equivalent mutant KDO8P
synthases from. aeolicus(70% of wild-type activity) an@\. pyrophilus(10% of wild-
type activity)?> 22 This suggests that a single mutation at this jowsin Afe KDO8P
synthase is not sufficient to convert the metalhayee to an efficient non-metallo

enzyme.

Kinetic characterization of C21Rfe KDO8P synthase was not performed as part of
this project and may give insight into how effidigrthe mutant protein binds A5P and
PEP when compared to the non-metallo KDO8P synghdse introduction of multiple
site-specific mutations may be required to furthederstand the relationship between
the metallo and non-metallo enzymes. Structuralistuof C21NAfe KDO8P synthase
may help identify other residues that are imporfantmetal-dependent activity and
these could be targeted for mutagenesis. Althobhghsame mutation has been carried
out onA.aeolicusandA. pyrophiluskDO8P synthases, no structures of either mutant
protein have been publish&d?®

The ability to perform the corresponding mutatiésr to Cys) on the non-metalk®.
coli KDO8P synthase to create a metal-dependent enigy/misputed. Shulamet al
report theE. coli N26C mutant to have up to 30% of the maximum wgige when
activated by MA" or Cd™* metal ions™ In contrast, studies by ki alhave reported that
the N26CE. coli KDO8P synthase retains only 1.4% of wild-type \attiand is not
activated by metal ions, suggesting that thereotirer differences between metallo and

non-metallo KDO8P synthases apart from this sisitesubstitutiof?

N57A

Activity of N57A Afe KDO8P synthase is only 25% compared to maximund-tyipe
activity when activated by M. This result reflects the importance of this rasidn
the active site of Afe KDO8P synthase. This Asn residue is part of the
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LysAlaAsnArgSer motif which is conserved throughout all nletand non-metallo
KDOB8P synthases. Structural studieg\ofieolicusKDOS8P synthase show that this Asn
residue provides an important binding contact f&PAIn the active site, holding the
aldehyde moiety of A5P close to the phosphate ¢¥ 3 has been proposed that this
allows a hydrogen bond between the PEP phosphdttharaldehyde oxygen of A5P to
form, activating the aldehyde group by protonat{@mgnsted acid catalysi$). The
results reported in this chapter give evidencehef important role of Asn57 iAfe
KDO8P synthase but more information would be resfiito assess exactly how the
mutation has affected A5P binding in the active.s8tructural studies of wild-typ&fe
KDOB8P synthase and N57Afe KDOS8P synthase in complex with A5P and PEP would
help give insight to the specific role of this cege2 and would show the positions of the
substrates relative to each other with or withdwat Asn present. Further mutagenesis
experiments involving multiple mutations within treonserved LysAlaAsnArgSer
motif of KDO8P synthase could give further insighto the differences between
KDO8P synthase and DAH7P synthase. In the equivgbesition of all DAH7P
synthases is a conserved LysProArgThr motif wh&lprioposed to be involved with
binding of E4P in the active sifd.Mutation of the Ly#laAsnArgSer motif of Afe
KDO8P synthase to L¥&woArgThr, along with structural studies and substrate
specificity studies, could help identify other keifferences or similarities between the

two enzymes and provide further evidence for a comancestor.
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CHAPTER 5.

EXPERIMENTAL PROCEDURES

51 General methods

Agarose gel eectrophoresis

DNA fragments were separated by size using agageselectrophoresis. 1% (w/v)
agarose gels were prepared by adding 0.3 g agaovd@@ mL 1x TAE buffer (40 mM
Tris base, 20 mM acetic acid and 2 mM EDTA at p®) &nd heating until dissolved. 3
uL of SYBR-Safé was added before the gels were set. All gels werausing a Sub-
Cell® GT Agarose Gel electrophoresis system (Bio-Rad)lXinTAE buffer. DNA
sample were premixed with 6x DNA loading buffer2@. (w/v) bromophenol blue in
50% (v/v) glycerol) and loaded into the wells. Etephoresis was carried out at 85 V
until the dye front had migrated % of the lengthtlué gel. The DNA fragments were
visualized on the gels by exposure to ultravioightl (302 nm). Pictures of the gels
were taken using an Alpha Imager gel documentasgatem (Alpha Innotech
Corporation, USA) and edited and arranged usingrddmft Windows XP picture

manager.

Purification of DNA from agarose gel

DNA fragments were purified from agarose gel usidggh Pure PCR Product
Purification Kit (Roche). This consisted of cuttingt the DNA band from the gel and
dissolving it in 3x solution 1 (3 M guanidine-thi@nate, 10 mM Tris-HCI pH 6.6, 5%
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(v/v) ethanol) and then adding 1x isopropyl alcoAdle mixture was mixed gently, left
at room temperature for 10 minutes and then adoledfiiter tube. 70QL of washing
buffer (2 mM Tris-HCI pH 7.5, 20 mM NaCl, 80% (v/ethanol) was added and the
tube was centrifuged at 14000 rpm for 60 seconts.flowthrough was discarded and
the DNA was eluted from the filter tube by addin@ /& of sterilized water and
centrifuging into a sterile 0.6 mL Eppendorf tuiel8000 rpm for 1 minute. Purified
DNA was stored at -20 °C.

Transformation of DNA fragmentsinto E. coli XL1-blue cells

Competent XL-1 Blue cells were kindly prepared byHona Cochrane. AL of the
relevant plasmid DNA or PCR product was mixed vd@hyuL of competent XL1-blue
cells and incubated on ice for 30 minutes. Thesagéire heat shocked for 45 seconds at
42 °C and then incubated on ice for a further 5uteis. 4QuL of LB and 6uL of 100
mM glucose were added and the cells were plategprerwarmed (37 °C) LB agar
plates containing 10@g mL™ ampicillin (Sigma) and incubated for 12-16 hour8a

°C. Glycerol stocks of cells were prepared by agl@i mL of 50% glycerol to 1 mL of

cells with an optical density at 600 nm (g3 of ~0.6, flash frozen in liquid nitrogen
and stored at -80 °C.

Preparation of plasmid DNA
Plasmid DNA was prepared using a High Pure Pladsothtion Kit (Roche). This
consisted of spinning down 4 ml of cells which Heen grown for 12-16 hours at 37

°C at 14000 rpm for 60 seconds. The cells werespsnded in 25@L of suspension
buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA, 0.1 mgLm RNase A) and 250L of
lysis buffer (0.2 M NaOH, 1% (w/v) SDS) was add&te mixture was incubated at
room temperature for 5 minutes. 30 of chilled binding buffer (4 M guanidine
hydrochloride, 0.5 M potassium acetate pH 4.2) wdded and the mixture was

incubated on ice for 10 minutes. The precipitate g@un down for 10 minutes at 14000
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rpm and the supernatant was added to a filter fibe.tube was centrifuged at 14000
rpm for 60 seconds. 7Q4 of washing buffer (2 mM Tris-HCI pH 7.5, 20 mM Rh
80% (v/v) ethanol) was added and the tube was iaeyed at 13000 rpm for 60
seconds. The flowthrough was discarded and thenpa®NA was eluted from the
filter tube by adding 8QL of sterilized water and centrifuging into a skeri.5mL
Eppendorf tube at 13000 rpm for 1 minute. Puremid®DNA was stored at -20 °C.

Transformation of plasmid DNA into E. coli BL21(DE3) cells
Competent BL21(DE3) cells were kindly prepared byHAna Cochrane. AL of ~20

ng uL™? plasmid DNA was mixed with 20 competent BL21(DE3) cells and

transformation was carried out exactly the samdessribed for the transformation of
DNA into E. coli XL1-blue cells.

Quantification and size determination of DNA fragments

The concentration of a DNA sample was estimatediibyal comparison with DNA
samples of a known concentration run alongside roagarose gel. The approximate
size of a DNA band was estimated by comparing itgration through the agarose gel
against that of DNA standards with a known siz&lPlus DNA Ladder, Invitrogen)

which were run alongside the DNA sample of interest

DNA segquencing

DNA sequencing services were provided by the AN&ilson Centre for Molecular
Evolution and Ecology Genome Service at Massey é&fsity. DNA sequencing was
carried out on either an ABI Prism 377-64 sequelncesn ABI Prism 3730 capillary
sequencer using BIGDYE labeled dideoxy chain teatmom chemistries (Applied
Biosystems). Sequencing reactions contained at 8sng DNA and 3.2 pmol of T7

promoter (or reverse primer) in a total volume B{:L in sterile Milli-Q water.
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Media

All E. coli cultures in this project were grown in Luria BrqttB) made up (25 g B)
with Milli-Q water and sterilized by autoclaving 421 °C and 15 psi for 20 minutes.
Agar media for agar plates was prepared by addWgadar (Invitrogen) to the liquid
LB media prior to autoclaving and adding 189 mL* ampicillin immediately before

pouring and setting the plates.

Centrifugation
All centrifugation in this project was performed imne of three centrifuges: a
SORVALL® Heraeus multifuge 1S/1S-R or a MiniSpicentrifuge (Eppendorf).

pH measurement
The pH of buffers used in this project was measuusthg a Sartorius PP-15
Professional Meter equilibrated with 3 M KCI.

Growth of E. colicells

5 mL of LB containing 10Qug mL™* ampicillin was inoculated with a scraping of a
glycerol stock of the appropriate strainEafcoli cells. The cells were grown overnight,
shaking, at 37 °C. 2.5 mL of the overnight cultwas added to 250 mL LB (with 100
ug mL* ampicillin) and was grown until mid-logarithmic @ée (ORgo 0.4 — 0.6). All
cell cultures used in this project for large sgaletein purifications were multiple 250
mL cultures of cells growing along side each othgéhe same conditions.

Induction of protein expression

Expression of genes inserted into the multiple idgrsite of pT7-7 is under the control
of thelac promoter and is therefore induced by the additiblactose or isopropys-D-
thiogalactopyranoside (IPTG) (Applichem). IPTG wased because it is a non-
physiological analogue of lactose which is not rhetiaed by the cell, unlike lactose.

IPTG was added to a final concentration of 1 mNhthuce protein expression.
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Harvesting and lysis of cells
The cells were harvested 4 — 5 hours after indndtip centrifuging at 4500 rpm for 20

minutes at 4 °C. Cell pellets were stored at -80R/(@ lysis.

Cell pellets were resuspended on ice in the ap@teplysis buffer. Cell pellets from 5
mL cultures were resuspended in 4Q00f lysis buffer and lysed by sonication on ice.
Cell pellets from 250 mL cultures were resuspendeltD mL of lysis buffer and lysed
by using a French Press (8000 psi). The DNA wakdraip by sonication and the cell

debris was removed by centrifugation at 10150 rpn20 minutes 4 °C.

The lysis buffer used fa€te KDO8P synthase consisted of 10 mM BTP pH 8.5, 1 mM
EDTA, 1 mM DTT, 200uM PEP. The lysis buffer used fékfe KDO8P synthase

consisted of 10 mM BTP pH 7.0, 1 mM EDTA, 1 mM DTO[2 M KCI, 200uM PEP.

Sonication
All sonication was performed using a VirTis VirSondigital 475 ultrasonic cell
disrupter using a 1/8 inch probe at ~60 Watts.

Polyacrylamide gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electmpbis (SDS-PAGE) was
performed using the method of Laemithiwith a 4% (w/v) stacking gel and a 12%
(w/v) resolving gel, using a Mini Protean Il céBio-Rad). All samples were added to
SDS loading buffer and boiled for two minutes befbeing loaded to gels. A current of
260 V was applied until the dye front ran off thattbom of the resolving gel. Bio-Rad
low range molecular weight standards or Bio-RadiBien Plus protein standards were
used. Protein in the gels were detected by staitliagels for at least 60 minutes in a
solution consisting of 1 g't. Coomassie Brilliant Blue R 250 (Park Scientifin)50%
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(v/v) methanol and 10% (v/v) acetic acid in watexcess dye was removed by soaking

gels for 20 — 30 minutes in an identical solution Wwithout the Coomassie dye.

Fast protein liquid chromatography (FPLC)

FPLC was carried out using a Bio-Rad Biologic pirotthromatography system at 4 °C
(for ion exchange and size-exclusion chromatographyising an AKTAprime™ plus
chromatography system (Amersham Biosciences) ah temperature (for hydrophobic
interaction chromatography). All buffers and sokgensed during FPLC were treated

with Chelex resin (Bio-Rad) for 1 — 2 hours andefiéd using a 0.4xm filter

(Millipore) before use.

I on exchange chromatography (IEC)

IEC separates proteins according to their differettcharges at a given pH. The side
chains of surface amino-acid residues can be patédnor deprotonated depending on
the pH of the environment and the overall chargetlmn protein will dictate the
protein’s behaviour on an ion exchange matrix. Aniexchange chromatography
(AEC) uses a stationary phase that is positivebrgéd with a counter ion such as Cli
balancing the charge and cation exchange chronggibygr(CEC) uses a stationary
phase that is negatively charged with a countersicch as Nabalancing the charge.
AEC in this project was performed at 4 °C using QURCE™ 15Q (Amersham)
column with the buffers at ~1 pH unit above theelsotric point (pl) of the protein
being purified. CEC was performed at 4 °C usingGUBCE™ 15S (Amersham)

column with the buffers at ~1 pH unit below theopthe protein being purified.

Size-exclusion chromatography (SEC)

SEC, or gel filtration chromatography, separategqgins according to their molecular
mass. The matrix is porous, acting like a molecslave that excludes large proteins
that are eluted from the column with the void voduand retains smaller proteins that
are eluted between the void volume and the totiainwo volume in order of decreasing

molecular mass. SEC in this project was used asa purification step before
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crystallization trials and as a way of determinthg molecular mass dAfe KDO8P
synthase. A Superdex S200 HR (10/300) column (Ahzang was used. All SEC was
performed using a buffer consisting of 10 mM BTP pH, 10uM EDTA, 200uM PEP
and 50 mM KCl at a flow rate of 0.4 mL mirior 100 minutes.

Molecular mass determination using SEC

SEC was used to determine the molecular magdedkDOS8P synthase in solution by
comparing elution time of the sample protein whk elution times of molecular mass
standards (MW-GF-200, Sigma). The molecular maasdstrds used were cytochrome
C (12.4 kDa), carbonic anhydrase (29 kDa), alcateblydrogenase (150 kDa) afd
amylase (200 kDa).

Hydrophobic interaction chromatography (HIC)

HIC separates proteins based on differences ir thaiface hydrophobicity. The
stationary phase is a matrix of phenyl agaroselitmats to hydrophobic groups on the
surface of a protein at neutral pH (close to thefgghe protein). Proteins can be eluted
from the column by lowering the salt concentrat{asually ammonium sulfate) of the
agueous mobile phase, which decreases the entrbpyater and weakens the
hydrophobic interactions. HIC in this project wasreed out at room temperature using
a SOURCE™ 15Phe (Amersham) column equilibrated Wit ammonium sulfate in
BTP buffer at pH approximately equivalent to theopthe target protein.

Standard enzyme assays and kinetic measurements

The assay system used for KDO8P synthase was dieabftirm of the assay used by
Schoner and Herrmafinfor DAH7P synthase. The consumption of PEP wasitoiu

at 232 nm £ = 2.8 x 16 M™* cm' at 37 °C) using a Varian Cary 100 UV Visible
spectrophotometer. Measurements were made usimg fath length quartz cuvettes.

Standard reaction mixtures contained PEP (+20D(Sigma), A5P (~20@M) (Sigma)
and MnSQ (~100uM) (Sigma) in BTP buffer (50 mM, pH 7.2) containid® uM
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EDTA and enzyme to make a total volume of 1 mL. Bi¥P buffer solution was
treated with Chelex before use. PEP and A5P saisitieere made up in the BTP buffer
solution. MnSQ solutions were made up in Milli-Q water that hageb treated with
Chelex. Reaction mixtures containing BTP buffer,PPBMNnSQ and enzyme were
incubated for 6 minutes at 37 °C and the reactias wvitiated by the addition of A5P.
Initial rates of reaction were determined by a teagiares fit of the initial rate data.

One unit (1 U) of enzyme activity is defined as lbes of lumol of PEP per minute at
37 °C. Specific activity is defined as the losslgimol of PEP per minute at 37 °C per

mg of protein (U m@). K, andke values were determined by fitting the data to the

Michaelis-Menten equation using Enzfitter (Biosdf99).

Determination of PEP and A5P concentrations

PEP and AS5P concentrations were determined by usiagstandard assay method
described above. For example, to determine theectration of AS5P a reaction mixture
consisting of >20QuM PEP, ~10uM MnSQO, and ~5uL A5P solution (of unknown
concentration) is made up in BTP buffer, equilibcatto 37 °C and initiated with
enzyme to give a final volume of 1 mL. The react®allowed to go to completion and
the difference between the absorbance before tioitiaand the absorbance after

completion is measuredA1). An identical reaction is set up in the abseotA5P to
determine how much change in absorbance is dugetaddition of the enzymdA2).
The correct change in absorbance is givedAY + AA2. To convert absorbance into
concentration Beer's Law is applied (As=c./wherer= 1 cm anctPEP = 2.8 x 1M’

! emt at 37 °C).

Determination of protein concentration

Protein concentration was determined by the metfd8radford, 1978 using bovine
serum albumin (BSA) as a standard. BSA proteindsteds were made to protein
concentrations of 0 mg mi. 0.05 mg mLC*, 0.1 mg mL*, 0.2 mg mL* and 0.4 mg mtt
by dilution of a 20 mg mt stock BSA solution (Bio-Rad). 1 mL of a 1/5 diluti of
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stock Bradford reagent (Bio-Rad) was added tol00f each standard and a standard
curve was produced by taking absorbance readin§8%snhm of the standard mixtures
after 5 minutes at room temperature. Protein sanplaunknown concentration were
diluted to 10QuL, 1 mL of Bradford reagent added and absorbanu&rded in the same

manner as above. Protein concentrations were dietednin mg mL' using the Cary
UV concentration software.

Storage of enzymes

All purified enzyme samples were concentrated te- BD mg mL* in filtered (0.2um)
and Chelex treated BTP buffer pH 7.0 containing 2ZODPEP, flash frozen in liquid

nitrogen and stored in 1QQ aliquots at -80 °C.

Purified water

Water was purified by passage through a Sybrondead NANOpure Il filtration
system (Maryland, USA), containing two ion-exchamagel two organic filters. This is
referred to as Milli-Q water throughout this theg\ Milli-Q water used in cloning of

genes was autoclaved at 121 °C and 15 psi for 80tes before use.

Amino-acid sequence alignments
Alignment of KDO8P synthase amino-acid sequence=d u®r this project were
obtained by copying and pasting the required prynsaguences into ClustalW (EMBL-

EBI) (http://www.ebi.ac.uk/ClustalW) and performiagnultiple sequence alignment.
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5.2 Experimental for chapter 2

Expression and Purification ofChlorobium tepidum KDO8P Synthase

Cloning of the Cte KDOS8P synthase gene
Glycerol stocks oE. coli BL21(DE3) expression cells transformed with theneldCte
KDOS8P synthase gene in a pT7-7 vector were prepayedr Mark Patchett (Massey

University, Palmerston North) prior to the startluk project.

Expression trials

Expression trials were carried out varying grovegmperatures after induction, growth
time after induction and testing the effect of eiffint lysis buffers. Multiple overnight
cultures of expression cells were grown in 5 mLwih 100ug mL* ampicillin (LB +
amp). 20QuL of each overnight culture was used to inoculatel5LB + amp and were
grown at 37 °C until mid-logarithmic phase (@®P= 0.4 — 0.6). Expression was
induced with SuL IPTG and cells were left to grow at the approjgriemperature for
the appropriate time depending on which treatmeat Wweing tested. Equivalent
numbers of cells from each treatment were harvdsgagbntrifugation at 14000 rpm for
60 seconds at room temperature in 1.5 mL Eppentdrés. Cell pellets were
resuspended in 40@L of the appropriate lysis buffer and lysed by 3% seconds
sonication at ~60 W. A 2L sample of the crude lysate was taken before éfedebris
was spun down at 14000 rpm for 10 minute at 4 %@ Jupernatants were pipetted off
and the pellets were resuspended in 200 % SDS and 200L 6 M urea. 10uL
samples of the supernatants and the resuspendidspekre run alongside 2L
samples of crude lysate on SDS-PAGE gels. Expnedsieels of soluble and insoluble
proteins, including KDO8P synthase from each treattmwere compared by visually

comparing the darkness and thickness of the baméiseogels after staining.
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Purification by AEC and CEC
The supernatant fraction was collected after galisl and centrifugation was filtered

using a 0.45um filter (Millipore), diluted 2 fold with buffer A10 mM BTP pH 8.5, 1
mM EDTA, 1 mM DTT, 200uM PEP) and loaded onto a SOURCE™ 15Q column
(Amersham) equilibrated with buffer A at 4 °C. Tin&bound protein was removed with
2 column volumes (~16 mL) of and the bound proteas eluted with a 90 mL linear
gradient between buffer A and buffer A + 0.2 M Na&tl a flow rate of 1.5 mL mih
SDS-PAGE was performed on samples of fractions I(B eorresponding to a peak on
the UV trace and were tested for activity to idignthe presence of KDO8P synthase.
Fractions containing KDO8P synthase were pooledamtentrated using either a 20
mL Vivaspin 10 kDa MWCO concentrator (Vivascienoe)a 15 mL Amicon Ultra 10
kDa MWCO concentrator (Millipore) and washed anldited 2 fold with buffer B (10
mM BTP pH 6.5, 1 mM EDTA, 1 mM DTT, 200M PEP). The diluted sample was
loaded onto a SOURCE™ 15S column (Amersham) andutiimund protein was
removed with 2 column volumes (~16 mL) of buffer Bie bound protein was eluted
with a 90 mL linear gradient between buffer B andfdr B + 0.2 M NaCl, at a flow
rate of 1.5 mL miff. Fractions containing KDO8P synthase (as detemhie SDS-
PAGE) were pooled and concentrated using eithemalL2Vivaspin 10 kDa MWCO
concentrator or a 4 mL Amicon Ultra 10 kDa MWCO centrator. The concentrated
sample was washed and stored at -80 °C in 10 mM@BTP.4, 1uM EDTA, 200uM
PEP.

Purification by HIC

After AEC, as described above, fractions containkDO8PS were pooled and
(NH4).SO, was added to a final concentration of 1 M. The @anwas filtered with a
0.45um filter (Millipore), diluted 2 fold and loaded ama SOURCE™ 15Phe column
(Amersham) equilibrated with buffer C (10 mM BTP @b, 1 mM EDTA, 1 mM
DTT, 200 uM PEP, 1 M (NH),SQy), at room temperature. Unbound protein was
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removed with 2 column volumes (~16 mL) buffer C dadind protein was eluted with
a 100 mL linear gradient between 100 % buffer C H0@ % buffer A at 1 mL mih

Metal-dependency

Activity assays at each step of purification weegried out as described in general
methods. 1QL aliquots ofCte KDOS8P synthase solution were used in each asssy. T
assay buffer contained 50 mM BTP pH 7.4 andulDEDTA. Metal activation was
tested using 1@L aliquots of protein after the anion exchange diap before buffer
exchange, as this was when the protein was foungetonost active. The effect of
EDTA was tested by adding 0.5 M solution of EDTAth® assay mixture to a final

concentration of 10 mM, equilibrating at 37 °C éominutes and then adding Mn$O
until activity was restored.

Production of C24N and D246A mutants
The mutations were produced using the QuickChaiggite-Directed Mutagenesis Kit
(Stratagene). PCR was carried out using the pTTagnpd preparation fronCte
KDOB8P synthase transformed XL1-blue cells as théblésstranded DNA template and
synthetic primers incorporating the C24N mutati®he primers used for C24N were:
(site-specific mutations underlined)

Forward 5'- CTCATCGCGGGGCCTALRCTTATCGAAAACC

Revers&s'- GGTTTTCGATAAGGTTAGGCCCCGCGATGAG
The primers used for D246A were:

Forward 5’- ATGTCCGCTGCTTCGACCCAGGCTCCGCTC

Revers&’- GAGCGGAGCCTGGGTCGAAGCAGGGACAT
The PCR reaction mixture consisted of ~ 10 ng abiplid DNA template, 6 pmol of
each primer, 25qM of each of the deoxyribonucleotide triphosphat@NTPs), 1x
polymerase buffer + MgSCand 1 unitPwo DNA polymerase in a total volume of 25
uL. The thermo-cycling program used was as descriigd the Stratagene

QuickChang® Il Site-Directed Mutagenesis Kit (initial denattiom at 95 °C for 3
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minutes followed by 16 cycles of primer annealinig5& °C for 60 seconds and

extension at 68 °C for 4 minutes). 1 unitOgnl restriction endonuclease was added to
digest the parental of DNA, and the reaction wasibbated at 37 °C for 2 hoursull of
PCR product was then used to transformp200f XL1-blue cells as described in

general methods. Subsequent plasmid preparationtrandformation of BL21(DE3)

cells was carried out as described in general nistho

Restriction enzyme digests
Success of plasmid preparation was monitored bgstiigg 1.5uL of plasmid DNA

with 1 unit ofBanHI in a total volume of 1L in 1x SuRE/cut buffer B (10 mM Tris-
HCI pH 8.0, 0.1 M NaCl, 5 mM Mgg| 1 mM B-mercaptoethanol, Roche) at 37 °C for

at least 1 hour, then running on a 1% agaroseogebserve the result.

5.3 Experimental for chapter 3
Cloning, Expression, Purification and Characterizaton of Wild-Type
Acidithiobacillus ferrooxidans KDO8P Synthase

Amplification of the Afe KDO8P synthase gene by PCR

Afegenomic DNA (ATCC, 23270) of unknown concentratwas kindly donated by Dr
Mark Patchett. DNA corresponding to the open regdiiame of the KDOS8P synthase
gene was amplified usirfgjwo DNA polymerase (Stratagene).

The primers used were:

Forward 5 -  GGTGGTCATATGCGTCTCTGTGGCTTCGAAGCAGGTC
incorporating arNdd restriction site (underlined).
Reverse 5 - GGTGGATCACATACTAACTCCTCAGGGTAGTTTTCAG

incorporating 88anH| restriction site (underlined).
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Duplicate PCR reaction mixtures contained ptgl genomic DNA, 15 pmol of each
primer, 250uM of each of the dNTPs, 1x polymerase buffer + Mg&@d 2 unitPwo

DNA polymerase in a total volume of hQ per reaction. The thermo-cycling program

consisted of initial denaturation at 94 °C for Jates followed by 30 cycles of primer
annealing at 58 °C for 60 seconds and extensiai2 &C for 60 seconds. The 846 bp
PCR product was purified from a 1 % agarose geleseribed in general methods and
stored at -20 °C.

Ligation of Afe KDO8P synthase gene into pT7-7

A 5 mL culture of pT7-7 in BL21(DE3) (kindly donatedby Dr Mark Patchett) was
grown for 12 — 16 hours at 37 °C and pure plasnad prepared as described in general
methods. ~600 ng of pT7-7 and ut) of the Afe KDO8BP synthase gene (prepared
above) were digested separately with 2 unitbldd in a total volume of 2%L in 1x
SuRE/cut buffer H (50 mM Tris-HCI pH 7.5, 10 mM MgC100 mM NaCl, 10uM
DTT, Roche) at 37 °C overnight. ~600 ng of the lsirigested plasmid and ~+ig of

the singly digested\fe KDO8P synthase gene were digested separately2nithits of
BanHl in a total volume of 2L in 1x SuRE/cut buffer B (10 mM Tris-HCI pH 8.0,
0.1 M NaCl, 5 mM MgCJ, 1 mM B-mercaptoethanol, Roche) at 37 °C for 2 hours. The

DNA was gel purified as described in general meshod

The ligation reaction consisted of ~150 ng digegpdd-7, ~450 ng digestedfe
KDOB8P synthase gene, 4 units of T4 DNA ligase (Rychade up to a total volume of
30uL in 1x ligation buffer (66 mM Tris-HCI pH 7.5, 5hDTT, 5 mM MgCh, 1 mM
ATP) and incubated overnight at 16 °C.

Transformation of XL1-blue and BL21(DE3)
2 uL of ligation mixture was used to transform 20 of Stratagene XL1-blue cells as

described in the general methods. Colony PCR widsrpged to identify transformants.
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Each PCR reaction mixture consisted @fl5GoTaqg Green Master Mix ( GoTaq Green
buffer, 250uM of each of the dNTPs, 5 kL™ TaqDNA polymerase, Pro Mega), ~5 ng
reverseAfe KDO8P synthase primer and ~5 ng pT7-7 promotan@rimade up to a
volume of 10uL with nuclease free ¥ (Pro Mega). Scrapings of each colony were
streaked on an LB (amp) agar plate and added toP@R reaction mixtures. The
thermo-cycling program consisted of initial denation at 94 °C for 3 minutes
followed by 30 cycles of primer annealing at 50f6€60 seconds and extension at 72
°C for 60 seconds. Successful transformants wengtifted by band of ~930 bp on an
agarose gelAfe KDOB8P synthase gene = 846 bp, T7 promoter = 80psfream).

Overnight 5 mL culture of pT7-Afe KDO8P synthase transformed XL1-blue cells was
grown and a 1 mL glycerol stock was prepared awdedtat -80 °C. A plasmid
preparation was performed on the remaining 4 mtesxribed in general methods. 20

uL of BL21(DE3) cells were transformed withyl of plasmid as described in general

methods.

Purification by AEC and HIC

Purification by AEC and HIC was performed exactly @escribed above foCte
KDOB8P synthase except that buffers A, B and C vedreH 7.0. Bound protein was
eluted from the SOURCE™ 15Q column with a 90 mleéingradient between buffer
A and buffer A + 0.2 M NaCl, at a flow rate of 1. min™. Bound protein was eluted
from the SOURCE™ 15Phe column with a 100 mL lingadient between buffer C

and buffer A at a flow rate of 1 mL min
Effect of pH and temperature

Standard 1 mL assays were performed in duplicavarging temperatures (26 °C — 60
°C) to determine at which temperatéie KDO8P synthase was most active.
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50 mM BTP buffers (pH 6.1 — 8.8) and 50 mM sodiuwetate buffers (pH 4.5 — 6.22)
were prepared at 37 °C and standard duplicate asgane carried out to determine at
which pHAfe KDO8P synthase was most active.

All subsequent assays were performed in 50 mM Blffebat pH 7.2 and 37 °C.

Metal activation To determine which metal ions best activatdd KDO8P synthase,
standard 1 mL assays were used containing a foratemtration of 10@M of various
metal salts. The metal salts used were: MPE0SQ; CdSQ; NiCl,; FeSQ; CuSQ;
BaCl; CaCh; ZnSQ, all made up in chelex treated Milli-Q water at centrations of
10 mM. All assays were performed in duplicate at’@7and were initiated with the
addition of A5P.

Metal-binding affinity assays were performed byngssaturating concentrations of PEP
(~200uM) and A5P (~10QuM) and varying the final concentration of metal i@&uM

— 400uM) in the standard assay mixture.

Michaelis-Menten kinetics
To determine the kinetic paramet&sg andkea, PEP (15¢M — 1 mM) or A5P (2.42M
— 242uM) concentrations were varied while keeping theeotfubstrate and Mng@t

saturating levels. Reactions were initiated with #dddition of ASP and were performed
in duplicate at 37 °C.

Crystallization trials

Screening for crystallization conditions was pearfed using hanging-drop vapor
diffusion in 24-well plates (kL + 1 uL drops and 40QL of the appropriate mother
liquor). Crystal trays were set up and stored atrréemperature or set up and stored at
4 ©°C. Initial screens included the Hampton Crystakeens | and Il (Hampton
Research). Further screens included a Tris-HCI pigess (Hampton Research) and
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systematic PEG and salt concentration screens. téanfdditive Screen | (Hampton
Research) was performed using sitting-drop vapibusion on 96-well plates (0/5L +
0.5uL and 10QuL of appropriate mother liquor with additive). Atreening was set up
manually. All prepared solutions used were cergefiliat 14000 rpm for 2 minutes and

crystal trays, pipette tips and cover slips we@mMol using compressed air to remove
any dust.

X-ray diffraction

Crystals were transferred straight from the motitgeror drop onto the goniostat using
an appropriate sized loop attached to a crystalnin@fdampton). If a cryo-protectant
was necessary the crystals were transferred intd @@ drop of cryo-solution before
being mounted. Crystals were frozen upon mountirtg the goniometer by a stream of
gaseous nitrogen at 110 K. Two images were cotleate90 to each other with an

exposure time of 10 - 20 minutes with the detesatrat 100 mm from the loop.

The apparatus used in the attempted collectiomystal data was a Rigaku MicroMax-
007 rotating anode X-ray generatar= 1.5418 nm, 800 W, 40 kV), with Osmic Blue

confocal optics, R-Axis IV++ image plate detectondaan Oxford series 700

cryostream.

5.4 Experimental for chapter 4
Investigating the Role of Important Amino-Acids inand Around the Active
Site of Acidithiobacillus ferrooxidans KDO8P Synthase

Production of mutants
Site-specific mutations were introduced tAfe KDOS8P synthase using the
QuickChang®@ Il Site-Directed Mutagenesis Kit (Stratagene)nfenis used to create the

mutations were:
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C21N: Forward 5- ATGGCAGGCCCCAACGCGATCGAGAGTGAA
Reversé’- TTCACTCTCGATCGCGTIGGGGCCTGCCAT

N57A: Forward 5’- CCTACGATAAAGCGGCACGTTCTTCGGGGCAG
Reversé’- CTGCCCCGAAGAACGTGECGCTTTATCGTAGG

D243A: Forward 5’- GATGCTTTGTCTGOGGTCCCAACGC
Reversé’- GCGTTGGGACCAGAGACAAAGCATC

D243E: Forward 5’- GATGCTTTGTCTGAAGGTCCCAACGCCTG
Reversé’- CAGGCGTTGGGACCTCAGACAAAGCATC

P245A: Forward 5’- CTTTGTCTGATGGTGCAAACGCCTGGCCGCTG

Reversé’- CAGCGGCCAGGCGTTGCACCATCAGACAAAG

The template DNA for all the single mutation prihevas pT7-7 plasmid preparation
from XL1-blue cells incorporating the wild-typAfe KDO8P synthase gene. The
procedure was exactly the same as described fauption of Cte KDO8P synthase

mutants.

Expression, purification and characterization of mutant proteins

Each protein was expressed and purified separasahg exactly the same procedures
as wild-typeAfe KDO8P synthase. All chromatography columns usedeweashed
thoroughly between purifications.

All assays were carried out in the same buffersesidor characterization of wild-type
Afe KDO8P synthase (50 mM BTP pH 7.2, @Bl EDTA). Determination oK and

keat Values for each mutant was subject to how much W8P available to use in the

assays.
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