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ABSTRACT

ABSTRACT

The cnzymes dehydroquinase and shikimate dehydrogenasce catalyse the third and
fourth steps of the biosynthetic shikimate pathway, respectively. The work in this
thesis investigates the active sites and overall structure of bacterial type II
dehydroquinases, shikimate dehydrogenases and related proteins using hiochemical

and biophysical techniques.

The active site of Streptomyces coelicolor type 11 dehydroquinase (SCDHQasc) was
characterised by sile-directed mutagenesis of the residues: Argl13, His106, Glul04,
Ser108 and Tyr28, proposed 1o be important in previous structural studies of the
enzyme. None of the mutations significantly altered the secondary or tertiary
sttucture of the enzyme as shown by circular dichroism., All five mutantions
significantly decreased the catalytic activity; the most effective mutation was the
Y28F mutation with a 4700-fold reduction in activity. This has provided strong

evidence of the role of each of the residues within the active site.

To date Bacillus subtilis is the only organism known whose genome encodes proteins
that resemble both types of dehydroquinase. The type I dehydroquinase was shown
to be the active form in cell cxtracts of B. subftilis by sodium borohydride trapping of
the Schiff base involved in the mechanism of all type [ dehydroquinases. The YqhS
protein from B. sublilis has 47% identity o the S. coelicolor type I dehydroquinase.
However, YqhS has been found to have an extremely low fevel of dehydroquinase
activity (ke < 107 s']). YyhS has a phenylalanine in place of the highly conserved
tyrosine residue found to be catalytically important and implicated in proton
abstraction at C2 of the substrate. Site-directed mutagenesis of the phenylalanine to a
tyrosine (F23Y) effected a 2000-fold increase in k. Growth experimenis on the
disruption mutant of the yghS gene (YqhSd) produced by the Japanese Bacillus

Consortium show that the gene is essential for growth in minimal medium.

Detailed studies of the pIl dependence, effects of salts on catalytic activity and the
inhibitory effect of polyanions were performed on the type II dehydroquinases of S.
coelicolor, Mycobacterivm tuberculosis (M11HQase), Helicobacter pylori
(HPDHQasc) and B. subrilis (F23Y mutant). pH-dependence studies on all the
dehydroquinases tested show that there is a seven-fold increuse in A,y between pH 6.5

and 8.0 indicating that all of these type II DHQases share the same catalytic
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ABSTRACT

mechanism. Low concentrations of chioride cause a moderate increase the catalytic
activity of MTDHQase and a 4-fold increase in Ay for HPDHQase. In contrast, the
ko of both SCDHQase and B. subtilis (F23Y mutant) decrcases in the presence of
low concentrations of chloride. The differences in the effect of chloride are thought
to arisc from variations in the fiexibility of dehydroquinase structures. Polyanions
(sulphate and phosphate) are competitive inhibitors of SCDHQase and HPIDHQase.
The interactions are more complex in MTDHQase and B. subtilis YqhS (F23Y).
Analysis of the X-ray structures of SCDHQase and M'IDHQasc reveals contrasting
modes of binding of polyanions between the two enzymes. The differences between
the interactions and binding of polyanions in type II dehydroquinases may help to

explain the relative potencics of rationally designed inhibitors.

The Hoemophilus influenzae paralogs; shikimate dehydrogenase (HIAroE) and
shikimate dehydrogenase related protein (HIYdiB) have been investigated using
steady-state kinetics and detaded analysis of their sequences in relation to the
published X-ray structures of Escherichia coli shikimate dehydrogenase and YdiB
protein. Both HIAroE and HIYdiB are NADPH-dependent dehydrogenases and
catalyse the oxidation of shikimate to form dehydroshikimate, with &y values of 194
and 19 s, respectively. HIAroL is also able to oxidise quinate as part of the
catabolic quinate pathway (ke of 50 s™). Fluorescence quenching studies have
demonstraled that shikimate is able to bind to HIAroE in the abscnce of cofactor.
HIAroE is likely to follow a random sequential mechanism. The function of HIYdiB
is still unclear as the catalytic activity of the HIYdiB protein is significantly lower
than the HIAroE enzyme for all the substratcs tested. The N-terminal amino acid
sequence of the HIYdiB protein is significantly different from the E.coli YdiB and
other members of the shikimate dehydrogenase family and it is proposed that the N-

terminal region detnes the function of this protein.
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ABBREVIATIONS

ABBREVIATIONS

ATP andenosine triphosphate

BSA bovine serum albumin
CAPS cyclohexylaminopropane sulphonic acid

CD circular dichroism

CIAP calf intestine alkaline phosphatase

Da dalton

DHQase dehydroquinase

DMF dimethylformamide

DMSO dimethyl sulphoxide

DNA deoxyribonucleic acid

DNase deoxyribonuclease

dNTP deoxynucleotide
DTT dithiothreitol
£ absorption coefficient

ECL electrochemiluminescence

ECYdiB Escherichia coli YdiB protein ‘
EDTA ethylenediaminetetraacetic acid j
GdmCl Guanidine hydrochloride
IIIAroE Haemophilus influenzae shikimate dehydrogenase
HIYdiB Haemophilus influenzae YdiB protcin

[TPDIQase Helicobacter pylori dehydroquinase
HPLC High pressure liquid chromatography :1
HRP horse radish peroxidase 33
TEF isoelectric focusing
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ABBREVIATIONS

iPG

K

LB
MADLI-tof
mRNA
MTDHQase
MW

NAD"™
NADH
NADP"
NADPH
NB

PBS

PCR

PGO

psi

PVDF

pm
SCDHQase
TCA

1ris

immobilisation pIl gradient

Micheelis conslant

luria broth

matrix-assisted laser desorption ionization-time of flight
messenger ribonucleic acid

Mycobacterium tuberculosis dehydroquinase

molecular weight

nicotinamide adenine denucleotide (oxidised torm)
nicotinamide adenine denucleotide (reduced form)
nicotinamide adenine denucleotide phosphate (oxidised form)
nicotinamide adenine denucleotide phosphate (reduced form)
nutrient broth

Phosphate Buffer saline

polymerase chain reaction

phenylglyoxal

pounds per square inch

polyvinylidene difluoride

revolutions per minute

Streptomyces coelicolor dehydroquinase

tricarboxylic acid

tris (hydroxymethyl) aminomethane

units of enzyme activity

ultraviolet

5-bromo-4-¢hloro-3-indoyl-B-d-galactoside
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CHAPTER 1 INTRODUCTION

CHAPTER 1 INTRODUCTION

1.1 The shikimatc pathway

The products of the shikimate pathway are the aromatic amino acids phenylalanine,
tyrosine, and tryptophan, as well as vitamins E and K, folic acid, ubiguinone and
plastoquinone and certain metal chelators, such as enterochelin (Bentley, 1990,
Pittard, 1987). These products are assembled by the condensation of the
carbohydrates; phosphoenolpyruvate (PIIP) and D-erythrose 4-phosphate in a series
of seven biosynthetic steps (Dewick, 1998; Knaggs, 2001) that form (he basic “trunk”
of the pathway (Figure 1).

D-Erythrose 4-phosphate is a product of the Calvin cycle or the pentose phosphate
pathway and PEP is a product of glycolysis (Mousdale and Coggins, 1993). The
branching point of the “common shikimate pathway” occurs after the formation of
chorismate; this leads to several diverse terminal pathways (Pittard, 1987; Haslam,
1974). L-Tryptophan is [ormed {rom chorismate vie anthranilate. L-Phenylalanine
and L-tyrosine are formed cither via prephenate, 4-hydroxyphenylpyruvate or L-
arogenate, depending on the organism concerned. It is often possible for an organism
to utilise more than one of these routes; this may be connected to the availability of
aclive enzymes (Dewick, 1998). Vitamin K and entevochelin branch from

1sochotismate (Bentley, 1990).
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CHAPTER 1 INTRODUCTION

The delineation of the pathway is a classic example of the combined use of
auxotrophic mutants and isotopically labelled precursors. Analysis of the sequence of
steps in the biosynthetic pathway is [(ucilitated by the fact that each mutant may
accumulate in its culture fluid the substrate for the enzymic reaction that is blocked
and may utilise later members of the scquence to replace the required metabolites
(Haslam, 1974).

The shikimate pathway was first studicd by Eykman in 1885 (Eykman, 1885; 1891).
The pathway is present in plants, fungi, bactcria (Bentlcy, 1990; Mousdale and
Coggins, 1993; Haslam, 1974) and has been recently discovered in protozoa
(Ranganathan and Mukkada, 1995; Roberts ef al., 1998; McConkey, 1999).

The shikimate pathway is not present in vertebrates such as mammals. These
organisms lack the capacity for aromatic biosynthesis, other than the aromatization of
the steroid ring A. Mammals depend on their diet to obtain the products of the
shikimatc pathway, therefore any anti-mctabolites of is pathway will not act on
humans making thc shikimate pathway enzymes promising targets for the design of
antimicrobials. (Bentley, 1990; Payne et al., 2000). The arod (1.1.1.6) gene of
Aeromonas  hydrophila was inactivatcd by the insertion of a DNA fragmeni
containing kanamycin resistance into the arod gene by means of a suicide vector.
This resulted in a highly altenuated strain which was unable to survive in vive and
cause infection. The attenuated mulant strain confers significant protection against
the wild type strain when used as a live vaccine in rainbow trout (Mora! e7 «f., 1988).
Preliminary studies to isolate a disruption mutant of the aroX (1.1.1.5) gene of
Mycobacterium tuberculosis proved unsuccessful this was attributed to the difficultly
in gene replacement in all slow growing mycobacteria. The construction of a
merodiploid strain containing an L5- integrated copy of the ¢roK gene allowed the
disruption of the wild type aroK allele. Even in media with aromatic amino acids
supplemented, M. tuberculosis was not viable demonstrating thal the shikimate

pathway is essential in M. fuberculosis (Parish and Stoker, 2002).
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CHAPTER 1 INTRODUCTION

1.1.1 Enzymes of the shikimate pathway

1.1.1.1 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (DAHP) synthase
(DAHPS) (EC 4.1.2.15)

OH
Z'OSPO \*/CHO 002.
@ ==
OH R oH
+ T FOuP
DAHPS + divalent cation
0,C ; OH
N > OH
04,0
(2) (3)

Figure 2, Schematic of the 3-deoxy-D-arubino-heptulosonate-7-phosphate synthase
{DAHPS) reaction.

The first enzyme in the shikmate pathway is DAHPS which catalyses the aldol-like
condensation of PEP (2) with D- erythrose 4-phosphate (1) giving 3-deoxy-D-
arabino-heptulosonate-7-phosphate (DAHP) (3) (Figure 2) (Srinivasan ef af., 1935;
Srinivasan ef af., 1958). The cnzyme mechanism is ordered with PEP binding first to
the active site, possibly involving a ping-pong mechanism. '*O-labelled substrates
have shown that the formation of DAHP is associated with C-O cleavage of the PEP
phosphate group (DeLeo and Springson, 1968). This C-O cleavage of PEP is
analogous to that observed in 3-deoxy-~D-manno-ociulosonate-8-phosphate synthase
(Hedsttom and Abeles, 1988). It has been suggested that the condensation is
preceded by C-O cleavage and may involve an additional enzyme-thiol group bound
to PEP as many DAHPSs have been shown o be susceptible to inhibition by thiol

modifying reagents (Gancm, 1987).

Kinetic studies on the three £. coli DAHPSs isozymes using substrate analogues of
D- erythrose 4-phosphate in which the C-O-P group was replaced by either C-P or
C-CH:z-P led to significantly different reaction rates with the isosteric homophosphate
analogue the belter of the two analogues (Le Maréchal ef af.. 1980). The
stereochemistry of DATIPS, involves the cis {si) allack of the C3 of PEP and the trans
(re) attack of the C1 of D- erythrose 4-phosphate (Floss ef al., 1972). Kinetic studies
using PEP analogue (Z)-phosphoencl-3-fluoropyruvate (F-PEP) showed that F-PEP
bound to DAHPS with a similar affinity to PEP. However, the Vax 18 85-fold lower
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CHAPTER 1 INTRODUCTION

for DAHPS with F-PEP as substrate than DAHPS with PEP as substrate. Additional
kinetic experiments showed F-PEP to be a competitive inhibitor of DAHPS (Piich
and Somerville, 1976).

The regulation of DAIIPS is different between plants and microorganisms, [sozymes
from the latter are characterised by differential feedback inhibition by the aromatic
amino acids. This plays an important part in the regulation of the pathway. Wild-
type Escherichia coli has been shown to produce three feedback inhibitor-sensitive
DAHPSs, namely a Phe-sensitive (DAHPS(Phe)), a Tyr-sensitive (DAHPS(Tyr)) and
a Trp-sensitive (DAHPS(Trp)) enzyme (Doy, 1968). DAHPS(Phe), a homotctramer
encoded by the aroG gene, is the major isoform, constituting nearly 80% of the total
activity of the DAHPSs. DAHPS(Tyr) (@rol’) and DAHPS(Trp) (aroH) are both
homodimers, constituting around 20 and 1% of the total activity of thc DAHPSs,
respectively (Schoner and Tlermann, 1976). This arrangement provides the cell with
the ability to modulate the overall rate of synthesis in response to changes in the
availability of particular aromatic amino acids. Whereas the inhibition of Tyr-
sensitive and Phe-sensitive isozymes by tyrosine and phenylalanine respectively is as
higl: as 95%, inhibition of DAHPS (1Trp-sensitive) by tryptophan is only 40% (Doy,
1968). Different species of bacteria have different dominant isozymes (DcLeo ef al,
1973; Ahmad and Jensen, 1989). Random and site-directed mutagenesis of the
aromatic amino acid-regulated DAHPSs of E. coli show that mutations leading to
inactivation of feedback inhibition are not found in a specific rcgion of the
polypeptide chain, suggesting that feedback inhibition of the DAHPSs probably arose
by divergent evolution rather than domain recruitment (Ray er al., 1988; Kikuchi er
al., 1997). The distribution of the three isozymces in microorganisms varies
considerably; in some microorganisms such as Anabaena variabilis only two
isozymes of DATIPS have been detecied, one of which is tyrosine sensitive and the
other sensitive o phenylalanine (Niven ef «l., 1988). DAHPS(Phe) isozyme is
thought to have evolved most recently since it is absent in most Gram-ncgative
bacteria which posses the other two isoforms (Ahmad and Jensen, 1989). B. subiilis
possesses a bifunctional enzyme complex which exhibits DAHPS and chorismate
mutasc (1.1.2.1) activity, This bifunctional polypeptide is also associated with the
shikimate kinase (1.1.1.5) from this species forming a trifunctional enzyme complex
(Nakatsukasa and Nester, 1972). Plant DAHPS isozymes are differentiated by their
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CHAPTER 1 INTRODUCTION

requirements for divalent cations Mn®" or Co?*; the DAHPS which requires Co™ has
4 higher pH optimum than the DAHPS Mn*"-requiting isozyme (Suzuki e/ al., 1996;
Mousdale and Coggins, 1993).

The DAIIPS isozymes require a divalent metal ion for activity. The identity of the
activating metal is unclear, however lhere is evidence for both F e*" and Cu*'. Metal
variation significantly affects the apparent affinity for the substrate, D-erythrose
phosphate, but not tor the second substrate PEP (Stephens and Bauerle, 1991). The
3-dimensional X-ray structure of DAHPS(Phe) from E. coli complexed with PEP and
Pb?" revealed that mutations which reduce feedback inhibition are clustered about a
cavity close to the dimer interface. The Ph®" (which is only a weak activator) is
bound at the active site, coordinating PEP. ‘the binding position of PEP may be
different in the presence of more active divalent cations such as cu** (Shumilin et al.,
1999). Preliminary X-ray structural analysis has been performed on the DAHPS(Tyr)
from S. cerevisiae complexed with Zn** and PEP (Schneider ef al., 1999).

1.1.1.2 Dehydroquinate synthase (EC 4.6.1.3)

GOy
= HO
OH dehydroquinate synthasc

* > OH
"OsP0 divalent cation + NADY CO2

H OH

é GH C

OH

) “@

Figare 3. Schematic of the dehydroquinate synthase (DHQS) reaction.

Dehydroquinate synthasc (DHQS) is a NAD -dependent metalloenzyme that converts
DAHP (3) to dehydroquinic acid (4), the first cyclic intermediate of (he shikimate
pathway (T'igure 3).

This catalytic conversion was first proposed by Sprinson ef al., {1963). DAHP (the
first intermediate of the shikimate pathway) was chemically synthesized to study the
enzymic conversion. On structural grounds it would be assumed that the conversion
of DAHP to dehydroquinate would be mediated by several stable intermediates.
llowever, the ratc of formation of dchydroquinate is equal to the rate of

disappearance of DAHP suggcsting that there are no stable intermediales (Srinivasan
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et al., 1963). Millar and Coggins (1986) characterised the amino acid sequence of the

aroB trom £. coli and calculated the molecular weight to be approximately 39 kDa.

The complex multistep mechanism of DHQS involves a sequence of several
rcactions: alcohol oxidation, a B-climination (Widlanski ef af., 1987), a reduction and
an intramolecular exchange of the DAHP ring oxygen with C7, driven by the
cleavage of the phosphoester, and an intramolecular aldol condensation (Srinivasan e/
al., 1963). 1t has been proposed that the phosphate catalyses its own elimination and
that the final steps in the mechanism could occur spontaneously (Rotenburg and
Sprinson, 1978; Bartlett and Satake, 1988; Widlanski ef al., 198%a; Widlanski ef al.,
1989b).

In the first step of the mcchanism, C5 of DAHP is oxidised by NAD" (Rotenburg and
Sprinson, 1978). The divalent metal ion may play a role in facilitating hydride
transfer between the C3 hydroxyl and NAD" (Carpenter et al., 1998).

The second step in the mechanism is P-eliminalion of the phosphate group at Cé6.
Kipetic isotope effects studies using labelled substrate analogues revealed that the
phosphate group is essential for the conversion (Rotenburg and Sprinson, 1978). The
DHQS domain of the pentalunctional AROM enzyme from Newrospora crassa was
shown to require Zn*" for activity (Lambert ef al., 1985) where as, the £. coli enzyme
requires Co®* for activity (Stinivasan er al, 1963). The 3-~dimensional X-ray
structure of the DHQS domain of the AROM protein (1.1.3) from Aspergilius
nidulans complexed with Zn®* and carbaphosphonate (a substrate analogue of DAHP
and an inhibitor of DHQS (Bender et al., 1989) was solved by Carpenter et al.,
(1998). The position of the inhibitor shows a phosphate-binding pocket and the
interactions from the phosphate oxygens could remove the proton from C6 (Bender et
al., 1989).

In the third step, a proton shuftling system is used: the CS§ of a substrate intermediate
is reduced by NADH (Rotenburg and Sprinson, 1978). This is a reversal of the first

step with the hydride ion [rom C4 being transferred back to C5.

The two final steps of the reaction consist of ring opening and intramolccular aldol
condensation. The ring-opening step involves deprotonation of the hydroxyl at C2.
A water molecule is implicated in this part of the mechanism as it is the only

neighbouring specics (Carpenter et al., 1998). Ring opening is followed by a rotation
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CHAPTER 1 INTRODUCTION

around the C5-C6 bond and an intramolecular aldol condensation to re-form the ring.
‘These two steps can occur spontaneously in solution (Bartlett and Satake, 1988;
Widlanski et ol., 1989a; Widlanski er al., 1989h). However, unwanted by-products
such as 1-epi-dehydroquinate are also formed, which are not present in the DITQS-
catalysed formation of dechydroquinatc. It is thought that DIIQS channels the
reaction to prevent the formation of side products (Bartlett er af., 1994;Carpenter et

al., 1998).

1.1.1.3 Dehydroquinase (CC 4.2.1.10)

GOy

H

"o S/ OH dehydroquinase
. = — + H,C
oo N 0 OH
Hg 0 B

" o

@ )

Figure 4. The reversible dehydration of dehydroquinate to dehydroshikimate.

The enzyme dehydroquinasc (3-dehydroquinate dehydratase; DHQase) catalyses the
reversible dehydration of dehydroguinic acid (4) to form dchydroshikimic acid (5)
(Figure 4) (Mitsuhashi and Davis, 1954; Grewe and Haendler, 1966).

This reaction is part of two metabolic pathways, the shikimate pathway, and the
quinate pathway (1.1.3) (Giles ef «l., 1968; Chaleff, 1974; Hawkins ef al., 1982).

The dehydroquinase reaction, will be discussed in more detail in a later part of this

chapter (1.3).
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1.1.1.4 Shikimate dehydrogcnase (EC 1.1.1.25)

co; co,

Shikimate dehydrogenase

o i OH / \ HO : OH

OH NAD(P)I NADP*
(5)

HIT
o= 1l
CR:

Figure 5. Schematic of the reaction catalysed by shikimate dehydrogenase.

The fourth step in the shikimate pathway is the reduction of dehydroshikimic acid (5)
to shikimic acid (6) (Figure 5) (Salamon and Davis, 1953; Yaniv and Gilvarg, 1955).
This reaction is also part of the two metabolic pathways associated with DHQase: the
shikimate pathway, and the quinate pathway (1.1.3) {Chalelf, 1974; Hawkins ef al.,
1982).

The E. cofi isozyme is catalyzed by an NAD(P)H-dependent shikimate
dehydrogenase with a molccular weight of 29 kDa. Isozymes found in other

microorganisms are pyrrolo-quinoline quinone dependent (Duine, 1991).

The shikimate dehydrogenase reaction will be discussed in more detail in a later part
of this chapler (1.4).

1.1.1.5 Shikimate kinase (EC 2.7.1.71)

coy COs

/J\ Shikimatc kinase =
( /]\ /g \;
ho ™ OH ADP OPO,* Y’ OH

|
ATP

I OH
{6) O]

Ol

Figure 6. Schematic of phosphorylation of shikimic acid to form shikimate-3-

phosphate by shikimate kinase,

Shikimate kinase calalyses the fifth step of the shikimate pathway, namely the
transfer of phosphate from A'TP to the C-3 hydroxyl group of shikimate (6) forming
shikimate-3-phosphate (7) (Figwre 6). There are two isozymes of shikimate kinase in

L. coli and 8. typhimurium: shikimate kinase 1 and II cnceded by aroX and arol
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CHAPTER 1 INTRODUCTION

genes, respectively. The two isozymes are of comparable polypeptide chain length
and molecular weight (approximately 19.5 kDa) but only share 30% sequence
identity (Millar ef ol, 1986; Lebner-Olesen and Marinus, 1992, Whipp and Pittard,
1995). The K, value for shikimate of shikimate kinase I is approximately 100 times
grealer than shikimate kinase IT (20 mM compared with 200 uM) (DeFeyter und
Pittard, 1986b). It is suggested that isozyme I may not be a true shikimate kirnase and
has another function(s) within the cell. A random insertional mutagenesis study ol Z.
coli revealed that mutation of the aroK gene confers mecillinam resistance.
Mecillinam is a p-lactam antibiotic specitic to penicillin-binding protein 2 in E. coli,
which blocks cell wall elongation and indircetly cell division. Shikimatc kinase I

possibly has some role in cell division (Vinella ez al., 1996).

Gene expression of shikimate kinase II (arol) is regulated by cooperation between
the frpR and tyrR repressor genes and is associated with a sccond gene designated as
aroM, the function of which is unclear (DeFeyter and Pittard, 1986a; DeFeyter ef al.,
1986). However, shikimate kinase [ (aroK) regulation is independent of amino acid
concentration and the #pR and H#R repressors (Ely and Pittard, 1979). It has been
suggested that this enzyme is at a branch point of two distinct pathways (Millar ef 4/,
1986). In B. subtilis there is a single shikimate kinase which forms a trifunctional
complex with the bifunctional DAHPS/chorismate mutase enzyme. When this
complex is dissociated, shikimate kinase becomes inactive (Nakatsukasa and Nester,
1972).

Shikimate kinase II has been shown to require Mg ** as a cofactor, this involves the
direct interaction with two protein side-chains (Kuell er al., 1998). The oplimum pH
of the enzyme is alkaline (8.6-9.6) (Mousdale and Coggins, 1993). The three
dimensional structure of shikimate kinase from FErwinia chrysanthemi has been
determined by X-ray crystallography using multiple isomorphous replacement (Krell
et al., 1998). The enzyme undergoes substantial conformational modifications during
catalysis, with two flexible domains shifting to fit the substrate (Krell et af., 1998).
Site-directed mutagenesis of k. chrysanthemi shikimate kinase identificd lysine
residue (K15) as an cssential residue in the phosphorylation of shikimic acid. The 3-
dimensional X-ray structurc ot the K15M mutant E. clrysanthemi shikimate kinase
showed as well as the role in catalysis [.ys15 has a role in the structural organisation

of the P-loop (Krell e al., 2001). Shikimate kinase in archaea is part of the GHMP-
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CHAPTER 1 INTRODUCTION

kinase superfamily and shares no homology with bacterial or eukaryotic shikimate

kinases (Daugherty ef al., 2001).

1.1.1.6  S-erolpyruvoylshikimate 3-phosphate synthase (EC 2.5.1.19)

CO»

COy-
F0,P0 OH

E LPSP synthase

OH T—_*—A

M )

+ Z04P (@ COz-
OH
(8)

2 COp-
OzP
s @

Figure 7. Schematic of the 5-enolpyruvoylshikimate 3-phosphate synthase (EPSP

synthase) reaction.

The enzyme, 5-enolpyruvoylshikimate 3-phosphate synthase (EPSP  Synthase)
catalyscs the condensation of shikimate 3-phosphate (7) with a second PEP (2) to
produce the cnol ether, S-enolpyruvylshikimate-3-phosphate (EPSP, 8) (Figure 7)
(Levin and Sprinson, 1964). The E. coli gene agrod encodes for EPSP synthase
(Duncan ef al, 1984a), a monomeric cnzyme with a molecular weight of 49 kDa
(Duncan ef g, 1984b). The 3-dimensional structure of EPSP synthase from . coli
has been determined by Stallings er a/., (1991). The protein has two domains, each of
which compriscs two parallel o helices and [our § strands. The active site is located

near the inter-domain crossover region of the protein.

‘T'he mechanism of IPSP synthase involves cleavage of a C-O bond of PEP. Labelled
substrate studies revealed, a reversible addition-elimination mechanism where
protonation of C3 of PEP is associated with nucleophilic attack on C2 by C5 of
shikimate-3-phosphatc (Bondinell ef al., 1971; Grimshaw ¢f «d., 1982). This reaction
introduces the three-carbon fragment that is designated to become the main chain of
phenylalanine and tyrosine and which is removed during the synthesis ol tryptophan
(Pittard, 1987). The mechanism of EPSP synthase is thought to proceed via a
moderately stable tetrahedral intermediate formed from shikimate-3-phosphate and

PEP by means of an ordered BiBi mechanism. There have been extensive studies

Page 31

i

L hedseArERieN w0y

P S
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involving the identification, characterisation and isolation of the enzyme

intermediates of EPSP synthase (Anderson and Johnson, 1990)

The billion dollar broad-spectrum herbicide glyphosate [N-(phosphonomethyl)
glycine] (commercially known as “Tumbleweed " or ‘Roundup ™) (Figure 8) was [irst
reported 1o act on Lemma gibba by the Jaworski group at Monsanto (1972). On
addition of L-phenylalanine the growth inhibition of glvphosate was reduced. ‘The
precise target of [or glyphosate, EPST synthase was identified by Steinrucken and
Amrhein (1980). It is an analogue of the PIIP and the kinetic patterns are consistent
with an ordered sequential mechanism in which either PEP or glyphosate can bind to
an enzyme-shikimate-3-phosphate complex (Boocock and Coggins, 1983).
Glyphosate i3 a competitive inhibitor with respect to PEP of EPSP synthasc. Of
several known PEP-dependent enzyme reactions, EPSP synthase is the only known
enzyme inhibited by glyphosate. The PEP binding region of EPSP synthase therefore
appears to be unique (Padgette ¢f al., 1991).

Figure 8. Structure of pglyphosate (N-phosphonomethyl glycine, commescially

known as “Tumbleweed® or ‘Roundup®).

Site-directed mutagensis has identified several amino acid side chains as being
essential in the catalylic mechanism of EPSP synthase. There is a conserved arginine
(R104) in the B. subtilis enzyme which plays a key role in the discrimination between
glyphosate and PEP. Site-directed mutagenesis of this side chain, in parlicular the
loss of guanidium chain reduces the Xj by 14-fold (X 5 uM) (Selvapandiyan ef al.,
1995). Further site~direct mutagencsis was performed to charuaclerise the active site
residues of the E.coli EPSP synthase, including the identification of an essential
arginine residue, and a lysine residue that increased the K, for PEP significantly
(Shuttlcworth ef o, 1999). Furlhermore a critical glycine residue that interacts with
the phosphatc moicty of PEP has also been identified (Padgette ef af., 1991). Despite
over 20 years of extensive use of glyphosate the cccurrence of spontaneous resistance
to glyphosute in plants is rare. Recently goosegrass (Eleusine indica) was found to

have developed resistance to glyphosate. Sequence analysis of the strain which had
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developed resistance showed two amine acids changes from the sensitive goosegrass

strain (Baerson ¢£ al., 2002).

The X-ray structure of shikimate-3-phosphate and glyphosate bound to EPSP
synthase has been reported and allows a detailed visualisation of the interactions of
the ligands with their target however, it is unclear whether glyphosate and PEP
occupy the same binding site. It is thought that upon ligand binding the tertiary
structure of EPSP synthase changes from an ‘open’ form to ‘closed’ form. It is also
thought that the ‘closed’ form is not readily transported into plant chloroplasts
(Alibhai and Stallings, 2001),

1.1.1.7 Chorismate synthase (EC 4.6.1.4)

COy

COy
Chorismate synthase
)l\ = )j\
*04PO ’ © co2 \ a o co;

113k

Pi

Ol
X

OH
b

-
w0
=

Figure 9. Schematic of the eliminalion of phosphoric acid from EPSP {o form
chorismate catalysed by 5-enolpyruvylshikimate 3-phosphate-lyase

{Chorismate synthase).

Chorismate synthase (5-enolpyruvylshikimate 3-phosphate-lyasc) catalyses the 1,4-
climination of phosphate from EPSP (8) to give chorismate (9, Figure 9), introducing
the second double bond into the aromatic ring system (Morell et @l., 1967). The
mechanism of chorismate synthasc involves the frans-1,4-conjugaie elimination of
the phosphate group. Studies using labelled substrates showed that the chorismate
synthase reaction is stereospecific involving the anti elimination of the pro-GR
hydrogen (Hill and Newkome, 1969; Onderka and Floss, 1969; Floss et al., 1972).
The elimination requires a reduced flavin and NAD(P}H, although there is no change
in oxidation statc of the reduced flavin, FMN is the preferred Aavin cofactor over
FAD. The role of the flavin is unclear, but it appears to be directly invaolved in
catalysis. Studies using reduced S-deaza-FMN gave conflicting results. In some

studies reduccd 5-deaza-FMN reconstituted the catalytic aclivity of inactive E. coli
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and N. crassa chorismate synthases, while other studies showed a significant decrease
in catalylic activity in the prescoce of reduced 5-decuza-I'MN (Bomnemaunn ef al.,
1995; Osborne ¢/ al., 2000). Pre-sieady state kinetics studies do not show a burst or a
lag phase in the reaction. Tt is thought that release of the phosphate occurs in parallel
with the rate-limiting step of the reaction ([Tawkes ef al., 1990). The aroC gene
encodes chorismate synthase in £ coli and V. crassa. Both purified enzymes are
tetramers with subunit molecular masses of 38 kDa and 50 kDa, respectively (Millar
et al., 1986; White et ol., 1988).

There are two types of chorismate synthasc defined by whether they arc aclive in
anaerobic or aerobic conditions. E. cofi chorismate synthase is oxygen sensitive and
requires an anaerobic environment, whereas the Bacillus subtilis enzyme is aerobic.
The essential diffcrence between the isozymes is that the anaerobic type contains a
diaphorase (flavoprotein) catalysing the redox rcaction between a reduced pyridine
nucleotide and a suitable acceptor (Mousdale and Coggins, 1993). Chorismate
synthase is found in the chloroplasts of Pisum sativum L. and is likely to contain an
amino terminal extension to direct chloroplast import (Mousdale and Coggins, 1986).
Two distinct chorismate synthases have been identified in tomato (Lycopersicon
esculentum L.); there is 85% c¢DNA sequence similarity between the isozymes and
both sequences contain regions involved in plastidic transit. The two isozymes are
expressed at different levels one gene (LeCS1) has significantly higher expression

levels compared with that of the other gene (L.eCS2) (Gorlach ef al., 1993).

Initially chorismate synthase was thought to form the tcrmediate iso-EPSP. Bartlett
et al., (1986) chemically synthesized this polential intermediate and found it be a
competitive inhibitor of N. crassa chorismate synthase rather than an intermediate

with a & of 8.7 uM (comparcd with a K, {EPSP) of 2.7 pM).

Atlempts to produce rational designed inhibitors of the shikimate pathway enzyme
led Sutherland et af. (1989} to make the two stereoisomers of 6-fluoroshikimic acid.
These compounds were designed to be substrates of shikimale kinase and EPSP
synthase (Duggan ef «l., 1995). The substrate analogue (65)-6-fluoro-FPSP is a
competitive inhibitor of Neuraspora crassa chorismate synthase (Balasubramanian ef
al.,, 1991). This substrate analogue is converted into 6-fluorochorismate at a rate twa
orders of magnitude lower than the normal substrate, The spectral characteristics of

the fluoro-substrate are different from the true substrate. (65)-6-fluoroshikimic acid
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CHAPTER 1 INTRODUCTION

is more likely to be an inhibitor of 4-aminobenzoic acid synthesis (Bornemann er af,
1995). The results are consistent with the antimicrobial effect of 6-fluoroshikimate
(Davis et al., 1994). Unlortunately spontaneous resistance to (6S) arose in E. coli and
other enterobacteria at high frequencies. ‘1he uptake of (65)-6-fluoroshikimate by £.
coli was studied by performing cxchange-diftusion experiments with [C!*]shikimate
(Jude ef al., 1996). A loss of susceptibility to (65)-6-fluoroshikimate was cansed by a
loss of activity of the shikimate transport system as a rcsult of genetic changes at the
shid loci (Ewart ef ai., 1995). These compounds have also been shown to have an
inhibitory effect on Plasmodium falciparum which can be reversed by the
supplementation of PABA (McConkey, 1999). Recently a series of 2(Z)-2-
benzylidene-6,7-dihydroxybencofuran-3{2H]-ones have been identified by extensive
chemical library screening as potential inhibitors of bacterial chorismate synthase
(Thomas et af., 2003).

1.1.2 Branches of the shikimate pathway

Chorismate is the major branch point of the synthesis of the aromatic amino acids L-
phenylalanine, L-tyrosine and L-tryptophan {Figure 1). Chorismate is a substrate for
several different enzymes including chorismate mutase (1.1.2.1) and anthranilate

synthase/ isochorimate synthase (1.1.2.2).

There are also several other branch points of the shikimate pathway before the
chorismate intermediate. A novel variant of the shikimate pathway involving 3-
amino-5-hydroxybenzoic acid (AHBA) has been described; this pathway leads to
rifamycin and other related antibiotics. A wvariety of antibiotics, notably the
ansamycins that include ritamycin contain a biosynthetically unique moiety, called a
mCN unit. Production of the mCsN units is thought to invalve DAHP synthasc and
shikimate dehydragenase (Kim ef al., 1992). The branch point for this compound is
the intermediate dehydroshikimate and the pathway has been characterised in
Amyeolatopsis mediterranei by Kim er al. (1998). Shikimate dehydrogenase is also
the branch point for the synthesis of hydroylsable tannin [rom gallic acid.
Hydrolysable tannins are involved in insect resistance in plants (Ossipov ef al., 2003)
{6.1.3).

Two more unusual branch points of the shikimate pathway also found in

Streptomyces appear to involve the dehydroquinase-catalysed rcaction. They are the
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formation of cyclohexanecarboxylic acid and dihydroxycyclohexanecarboxylic acid,
which arc respectively an anti-fungal agent and a precursor of the

immunoguppressant ascomycin (Wilson ef ¢f., 1998).
1.1.2.1 Chorismate mutase (EC 5.4.99.5)

The first branch of the main trunk of the shikimate pathway occurs at the choristnate
mutase reaction. This enzyme catalyses the Claisen-like arrangement of chorismate
to prephenate. Prephenate is a precursor of L-phenylalanine and L-tyrosine. The
PEP-derived side chain changes (o form a direct bond to the carboeycle (Dewick,
1998). DPrephenate is a relatively unstable compound and can be converted into
phenylpyruvate at an acidic pH. The enzyme is a homodimer with a subunit
molecular weight of about 42 kDa (Mousdale and Coggins, 1993, Pittard, 1987).

£. coli chorismate mulase has been purified to homogeneity, and is present as part of
a bifunctional polypcptide along with prephcnate dehydrogenase (Sampathkumar and
Morrison, 1982).

1.1.2.2 Anihranilate synthase/ Isochorismate synthase (EC 5.4,99.6)

Anthranilatc synthase exhibits significant amino acid sequence homology with
isochorismate synthase and p-aminobenzoate synthase (which forms the precursor to
ubiquinone) suggesting a common mechanism (Dewick, 1998). These enzymes are
involved in the biosynthetic pathways to anthranilate and p-aminobenzoate
respectively. A glutamine amidotransferase activity provides ammwonia from
glutamine, which then reacts with chorismate to form 4-amino-4-deoxychorismate or
2-ainino-2-deoxyisochorismate. Anthranilate is an intermediate for the synthesis of

I-tryptophan {(Ganem, 1978; Dewick, 1998).
1.1.3 Organisation of enzymes

Although the same chemical intermediates arc involved, the organisation of the
enzymes concerned in the pathway varies considerably between organisms. In most
bacteria, reactions two to six of the shikimate pathway are catalysed by five separate
monofunctional enzymes, but in fungi, a single polypeptide called the arom protein
which is a pentafuctional polypeptide, serves the same purpose (Figure 10) (Lumsden

and Coggins, 1977, Coggins et al., 1985; Coggins and Boocock, 1986).
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Arom proteing have been studicd from N. crassa (Giles ef al,, 1967; Lumsden and
Coggins, 1977), A. ridufans (Charles er al., 1985), Saccharomyces cerevisiae
(Muncan et ol., 1987), Schizosaccharomyces pombe, Cryphonectria parasitica
(Lakshman et al., 1998) and Preumocystis carinii (the pathogen that is the principal
cause of death in AIS patients) (Banerji et al., 1993). No examples of the arom
pentafuctional polypeptides are known in photosynthetic organisms (Coggins ef al.,
1987). The pentalunctional polypeptide chains have a mosaic structure and are
essentially the five monofunctional enzymes found in bacteria fused together to form
a multifunctional polypeptide chain (Cogging and Boocock, 1986). Studies of
controlled proleolysis by trypsin and subtilisin have shown the presence and location
of distinct protein domains (Smith and Coggins, 1983; Coggins and Boocock, 1986).
The N. crassa arom complex is also Zn®" dependent, with 1 atom per subunit of

tightly bound zinc (I.ambert ef al., 1985).
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CHAPTER 1 INTRODUCTION

Figure 10, Organisation of shikimate pathway enzyme in diffcrent species and
Taxonomies. Blue circles indicate monofunctional cnzymes and green
linked squares indicate multifunctional polypeptides. The red line indicates
a functional complex is lormed between these proteins. The numbers
indicale the number of the known isozymes for a given enzyme in a4 specific

organism.

In these complexes, the order of the enzymes along the polypeptide chain differs from
the sequence of the reactions in the pathway. Components of protcin domains
corresponding to DHQ synthase and EPSP synthase form the N-terminal element,
whereas the domains corresponding to shikimate kinase, dehydroquinase, and the
shikimate dchydrogenase form the C terminal porlion (Smith and Coggins, 1983;
Coggins and Boocock, 1986). One ot the advantages ol multifunctional enzymes is
that the ‘gene cluster’ encoding the multifunctional polypeptide supplies a
mechanism which regulates the expression of the functional domains so that equal
amounts of each polypeptide are made and only one set of control scquences are
required to regulate the expression of the pathway (Coggins ef al., 1987). There arc a
number of other proposed advantages of multifunctional enzymes, including the
channelling of the substrate (Lamb ef al, 1992), the protection of unstabic

intermediates and enhancement of catalytic activity.

In higher plants such as Phaseolus mungo, Physcomitrellu patens, Nicotiana tabacum
and Pisum sativum, reactions three and four of the shikimate pathway are catalysed
by a bilunctional enzyme (3-dehydroquinate dehydratase-shikimate dehydrogenase)
(Koshiba, 1978; Polley, 1978; Mousdale ef al., 1987; Bonner and Jensen, 1994; Deka
ef al., 1994). The dehydration site is located in the amino terminal half of the
polypeptide. The partial cDNA sequence encodes a type I dehydroquinase (Bonner
and Jensen, 1994). The inhibition by sodium borohydride in the presence of the
substrate indicates that the bifunctional enzyme catalyses the dehydration of
dehydroquinaie via a Schiff base mechanism (Deka ef /., 1994) and is therefore a
type I dehydroquinase (1.3.3). The shikimate dehydrogenase domain of the
bifunctional enzyme is homologous with the catabolic quinaie dchydrogenase (quiB)

of 4. nidulans and N.crassa (Bonner and Jensen, 1994).

Enzymes catalysing the remaining threc rcactions of the shikimate pathway are

structurally homologous to those found in prokaryoics. Plant shikimate kinase cDNA
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CHAPTER 1 INTRODUCTION

encodes an additional amino terminal scquence encoding plastid import (Schmid et
al., 1992). Shikimate kinase is localised in the chloroplasts of plants and appcars to
be activated by the energy charge (Schmidt ef al., 1990).

B. subtilis possesscs a bifunctional polypeptide which has two domains with DAHP
synthase and chorismate mutase activity, respectively (Figute 10). The shikimate
kinase of B. subtilis is only active when complexed with this bifunctional enzyme
(Nakatsukasa and Nester, 1972} (1.1.1.1 and 1.1.2.1).

There are three isozymes of DAHP synthase and two isozymes of shikimate kinase in

L. coli (Figure 10); these are discussed in sections [.1.1.1 and 1.1.1.5.

The organisation of thc shikimate pathway genes is very diverse. Several species
have a cluster of genes associated with the shikimate pathway iocluding

Enterococcus faecalis, Clostridium acetohutylicum and Streplococcus prneumoniae,
1.2 Quinate Pathway

Quinic acid is an abundant plant metabolite constituting 2-10% of the dry mass of
higher plants (Bentley, 1990). A. nidulans is a heterotrophic ascomycete, which plays
a role in the deecay of hwnus, and decaying leaves. Quinate is present in this decaying
vegetation and A. wmidulans has the ability 1o grow solely on this carbon source
(Hawkins ef al., 1982).

Three enzymatic reactions have been isolated in vifro:- a dehydrogenase (qurB)
converting quinate to dehydroquinate, a dehydroquinase (gufE) converting 3-
dehydroquinate to 3-dehydroshikimate, and a dehydratase (qu¢C) conveiting 3-
dehydroshikimate to protocatechuate. These genes scom to be regulated by the
product of a tightly linked third genc (guid) (Valone ef al., 1971; Hawkins et al.,
1982; Da Silva ef al., 1986; Beri et al., 1990). In the 4. calcoaceticus chromosome
the genes are part of the PCA operon (IHawkins ef al., 1993; Elsemore and Omston,
1995}, A number of organisms have quinate-shikimate dehydrogenases or shikimate
dehydrogenase which can also act as a quinate dehydrogenase (1.4.1). Studies on
mutant strains of N. crassa arom” which encodes the shikimate dehydrogenase
domain of the pentafunctional enzyme are able grow on minimal medium since the
ga-3 quinate pathway shikimate dehydrogenase is able to catalyse the reaction
disrupted by the mutation of the arom complex (Case ef af., 1972).

Dchydroshikimate is converted to proleocatechuate by dehydroshikimate
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CHAPTER 1 INTRODUCTION

dehydratase; the stereochemistry of the catalysis was determined using the crude
extract of mutant N crassa arom™ and stereospecifically labelled substratc at C6
(Schatf et al., 1971) this revealed that the reaction mechanism of dehydroshikimate
dehydratase procedes via the climination of the pro-6R hydrogen togcther with the
hydroxyl group at C5. Protocatechuate can be processed by the B-ketoadipate

pathway eventually feeding into the TCA cycle (Giles er al., 1985) (Figure 1).

The repressor proteins which regulate quinate catabolism in N. crassa (gutR) and the
C-terminal domain of A. nidulans and S.cerevisiae arom protein have simitar physical
characteristics (Anton ef al., 1987, T.amb et @l., 1996). 1t is thought that both these
proteins evolved from the three functional domains of the pentafunctional protein
corresponding to dehydroquinase, dehydroshikimate dehydrogenase and shikimate
kinase (Bonner and Jensen, 1994; Lamb ef al., 1996). N. crassa and A. nidulans bolth
also possess a type I DFQase encoded by the genes: gg-2 and quiF, respectively
{(Hawkins er al., 1993).

Some Tungi (V. erassa and A. nidulans) have both a type I domain within the grom
pentafunctional enzyme and a type 1l dehydroquinase (1.3). In such organisms the
type I enzyme is considered the anabolic form from the shikimate pathway and the
type 1l enzyme the catabolic form in the quinate pathway (Giles et al., 1967, Hawkins
el al., 1993; Dewick, 1998). The biosynthetic pathway cnzymc is expressed
constitutively and the catabolic enzyme is inducible. This allows the fungi to
maintain flux through the shikimate pathway and respond (o high levels of quinate in

the environment (Giles et al., 1985).
1.3 Two types of dehydroquinase

3-Dehydroguinase (dehydroquinate dehydratase; DHQase) catalyses the conversion
of 3-dchydroquinate to 3-debhvdroshikimate (Figure 4). Two distinct classes of
dehydroquinase (types I and ) are responsible for catalysing the dchydration of
dehydroquinate by different mechanisms and they also show no significant sequence
similarity (Giles et al., 1968; Charles ef al., 1985; Moore ¢t al., 1992; Lalonde et al.,
1994). It appears that the two typcs of dehydroquinase have arisen independently
(Gourley er al., 1999). They have very differcnt amino acid sequences, subunit
molecular weights, secondary, tertiary and quaternary structures, thermal stability and

cafalytic mechanisms. The two DHQases arc generally well conserved within each
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CHAPTER 1 INTRODUCTION

type (Gourley ef al., 1999). These biophysical properties have been studied using the
E. coli type I and the A, nidulans type Il DHQases. The type 1 DHQase is a
homodimer of approximately 56 kDa, The type II DHQase is a homododecamer of
190 kDa. Thermal stability studies show that the Type I DIIQase unfolds at 57°C
while the type II DHQase unfolds above 82°C. The type Il enzyme unfolds at
concentrations of guanidinium chloride 4-times greater than are required [or the type
I enzyme. The type I enzyme unfolds in one transition while type II DHQase unfolds
through a series of transitions (Kleanthous e/ al., 1992, Price e/ ai., 1999).
Stereochemical studies, using deuterated dehydroquinatc and fluorinated substratcs
show that the reaction catalyscd by the type Il enzyme proceeds via an anfi
stereochemistry; in confrast in the type I DHQase the stereochemistry of the
elimination is gyr (Haslam e/ «l., 1971; Shneier e al., 1993; Harris er al., 1993
Parker ¢f al, 2000). Thc substrale analogues 5-deoxy- and 4,5-dideoxy-
dehydroquinic acid were used to test differences in substrate specificity between type
I and type II DHQases. 4,5-dideoxy-dehydroquinic acid was found to be a poor
substrate of M. tuberculosis type Il DHQase with a k'K, of 5 M7 st and was not a
substrate for the #. coli type I DHQase, highlighting the importance of the C4
hydroxyl group in the type I mechanism (Harris et al., 1996).

Enzymes are generally considered to catalyse reactions by optimised mechanisms. It
is therefore very interesting, when two mechanistically distinct enzymes are found

which catalyse the same reaction.
1.3.1 Distribution of types

NCBI Genbank (hitp://www.nebinbm. nih.cov/BLAST), EBI Genbank
(http://www.ebi.ac.uk) and TIGR Comprehensive Mictobial Resource (CMR)

(hitp://www.ligr.org/tigr-scripts/CMR2/CMR HomePage.spl) web sites were used to

reveal approximately 5¢ DHQases from different species, comparisons of the primary

structures were peformed using http:/prodes.toulouse.inea, fi/multalin/mujtalin.himl

{Corpet, 1988). There is a demographic representation of the distribution of type I
and 11 DHQases across a variety of spccies in Chapter 4 Figure 24. The type [
DHQascs have only been found in the context of the shikimate pathway whereas type
T enzymes have been found to be involved in both the shikimate and quinate
pathways. It should be noted that Bacillus subtilis has both forms of the enzyme.

There does not seem to be any significant correlation between posscssion of either
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CHAPTER 1 INTRODUCTION

type of DHQase and gene clustering. FHowever in certain species the type I DHQase
gene (areD) is found to be neighbouring that of the shikimate dehydrogenase (aroE)
(dala not shown). This may have some evolutionary link to the formation of the

bifunctional enzyme found in photoautotrophic organisms.
1.3.2 Selective inhibition

The availability of these two types of DHQase opens the way for the design of highly
specific enzyme inhibitors with a potential importance as selective therapeutic agents
(Gourley ef al., 1999). The stereochemical differences in the mechanism between the
two types have been exploited in the design of specilic inhibitors. (2R)-2-Bromo-3-
delhydroquinic acid and (2R)-2-Fluoro-3-dehydroquinic acid are both substrates of the
M. tuberculosis type Il DHQase, while in the E.coli type I DHQase they are both
irreversible inhibitors with K; values of 3.7 mM and 80 uM, respectively (Bello ef al.,
2000).

A variety of known pathogens contain the type 1l enzyme, notably Helicobacter
pylori (thought to causc stomach ulcers), M. tuberculosis (cause of tuberculosis) and
Campylobacter jejuni (causes food poisoning) this makes it an interesting and novel
antibiotic target. Since multiple drug resistance has evolved in M. fuberculosis it is of
great importance that new drugs against this pathogen are found (Nachega and
Chaisson, 2003). As more pathogenic organisms such as P. falciparum (McConkey,
1999) and Chlamydia trachomatis (Stephens et al, 1998) arc found to have the
shikimale pathway the stronger the case becomes to develop novel drug compounds

that inhibit the pathway.

Although both types of enzyme are likcly to have similar substrate recognition
elements in the active site a greater understanding of their mechanisms nay suggest a
rational basis for selective drug design. Several inhibitors of type II DHQases which
are poor inhibitors of the (ype T class have been identified (Frederickson et af., 1999;
2002) and are discussed in Chapter 3 (3.1.1).

1.3.3 Type I DHQasc

The amino acid sequence of type I enzyme was deduced from the nucleotide
sequence of the aroD gene in E. coli by Duncan e¢f af. (1986b) and the subunit
molecular mass was calculated as 26 kDa. The F. coli enzyme exists in solution as a

dimer, The enzyme has also been characterised as part of a bifunctional enzyme in
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CHAPTER | INTRODUCTION

Pisum sativum (Deka ef al., 1994). In the presence of guanidine hydrochloride the
bacterial enzyme unfolds in one continuous transition suggesting that (he dimer

unfolds in a single co-operative step (Kieanthous ef al., 1991; 1992).

pH dependence studies on the E. cofi type 1 dehydroquinase show that the enzyme is
active over a broad range from pH 7.0 to 9.0 (Balinsky and Davies, 1961¢). The type
T enzymes catalyse a cis-dehydration of dehydroguinate involving elimination of the
pro-R hydrogen along with the C1 hydroxyl group via a covalent imine (Schiff base)
intermediate (Butler ¢/ al., 1974; Chaudhuri ez al., 1991) (Figure 11), the formation of
which is thought to be the rate imiting step of the reaction {Rotenberg and Sprinson,
1978; Harvis et ol., 1996a; Gowrley ef al., 1999). Using sodium borohydride trapping,
the mechanism of E. coli type I dehydroquinase and the dehydroquinase component
of the pentafunctional arom enzyme from N. crassa were shown to involve the
formation of a Schiff base (Butler ef al., 1974) between dehydroquinate and an active
site lysine of the enzyme (Chaudhuri ef af., 1991). Stability studies vsing circular
dichroism, guanidinc hydrochloride (GdmCl) dcnaturation, susceptibility to
proteolysis and differential scanning calorimetry, showed that type I dehydroquinase
from K. coli with covalently bound ligand was significantly more stable than
unmodified enzyme. The concentration of GdmCl required to unfold the modified
enzyme being 3-4-fold greater than for the unmodificd native enzyme (Kleanthous er
al., 1991).

Radioactive labelling studics using iodo(2-'*C)acetic acid were performed to identify
residucs in the active site of E. coli type 1 DHQase. This was achieved by sequencing
radiolabelled peptide fragments isolated after proteolytic digestion (Kleanthous ef «l.,
1990a). Two residues, Met23 and Met205 were located in the active site pocket
(Kleanthous er ¢f, 1990b). The covalently linked imine product is linked at the centre
of the barrel attuched to Lys170 (Figure 11), which is located on the p-strand. This
focation is similar to that in several enzymes proceeding via a Schiff base

intermediate (Gourley ef al., 1999).

In order (o investigate the mode of binding of dehydroquinate to the E. coli type [
DHQase, a series of affinity labels were synthesized. These were used to characterise
the active site general base, the carboxlylate binding site and the C4 hydroxyl binding
site (Bugg ef al., 1988). Typc I D11Qase will tolerate the absence of the C-5 hydroxy

group, however the substrate specificity is significantly reduced suggesting that this
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group forms an important binding interaction with the enzyme (Hariis ef ¢f., 1996a).
The loss of the C-4 hydroxyl group of dehydroquinate completely abolishes the
catalytic activity. It is thought that the C4 hydroxyl group is important for imine
formation by the type I enzyme. Studics on the type 1l DHQase show the C4
kydroxyl group does not to contribute significantly to specificity of the enzyme.
Kinetic studies show that the abscnce of the C5 hydroxyl group reduces the
specificity of the enzyme. An apparent binding energy (AGy,) for the 5-hydroxyl
group was calculated from the k/Kim velues for dehydroquinate and 5-deoxy-
dehydroquinate to be 17.2 kJ mol™. This suggests that the $-hydroxyl group makes a
strong interaclion with a charged side chain either a lysine or arginine (Harris ef al.,
1996b). Parker ef af.,, (2000) have highlighted somc of the differences between the
two enzymes using fluoro-analogues of the substrate ((6R)- and (6S5)-6-fluoro-3-
dchydroquinate). These analogues enable the enzyme-subsirate imine to be frapped
on the type I enzyme on treatment with sodium borobydride rather than the usual

enzyme product imine.

HD\ He HO ﬁm Lys170 H Hud 170
- OH ﬁ ~ ")
002_ =i, GOy~ —_————e. COQ"- e
|
7 N OH

3
RLTS | Ok
H HO B:) OH

Gy o

Figure 11. Proposed mechanism for the enzymic conversion of dehydroquinate (4)
into dehydroshikimate (5) catalysed by Lype I dehydroquinase (Harris et al.,
1993; 1996b; Gourley ef al., 1999).

Mutagenesis of the active site residues performed by Leech e/ al. (1995) showed that
mutation of Lys17( to an alanine almost totally abolishes the activity, This makes it
clear that formation of the Schiff base is indispensable for the catalysis in the
enzyme. Chemical modification experiments using the group specific reagent diethyl
pyrocarbonate (DEPC) implicated His143 as the putative general base (B in Figure
11) in the breakdown of the imine intcrmediate. Furthermore pH-dependence studies
identified a single ionised group with a pK, of 6.2 (Deka ef al., 1992). His146 was
also thought to be a candidate for this role; accordingly both of these side chains were

mutated to afanine. The H143A mutant gave a similar K, to the wild type whercas
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CHAPTER 1 INTRODUCTION

there was a 5-6-fold reduction in &gy, I[Towever, the catalytic activity and X, were not
affecied by the H146A mutation (Lecch er af., 1995). The 3-dimcnsional X-ray
structure of Samonella typhi type I DHQase reveals that Hisi43 lies at the centre of a
hydrogen bonded triad with Lys170 and Glu86 (Boys et al., 1992; Gourley et al.,
1999). Ilisl43 and Glu86 residues interact through the protonated amine side chain
of Lys170 (Gourley et al., 1999). Siudies using protein cngincering and 2-
dimensional "H, PC NMR and additional pH-dependence studies by Lecch ef af.,
(1998) proved that Fis143 does not ionise over the pH range 6-9.5.

Glu86 is strictly conscrved in type I DHQases suggesting an important functional role
possibly in orientating His143. Chemical modification experiments on . coli type |
DHQase using the arginine-directed reagent phenylglyoxal (PGO) revealed that
Arg213 was hyper-rcactive (Krell er al., 1996). The X-ray structure shows that
Arg213, which is located on a distorled helix at the subunit interface binds to the C1
carboxylate (Gourley ¢f al., 1999),

The subunil architecture of type I DHQase is an eight-stranded o/f-barrel, a very

commen fold that was first reported for triosephosphate isomerase.
1.3.4 Type Il DHQase

Type II DHQase has been characterised from Actinohaciflus pleuropneumoniae
(Lalonde et «l., 1994), Streptomyces coelicolor (White ef afl.. 1990), H pylori
(Bottomley ef al., 1996b, Kwak et al., 2001), Strepramyces hygroscopicus (Florova et
al., 1998) and several other organisms. The structure of the type II enzyme from the
human pathogen M. fuberculosis has been solved using multiple isomorphous
replacement (MIR) (o 2.0 A resolution (Goutley e/ al., 1994; 1999). A type 1l
DHQase subunit consists of a five-stranded parallel B-sheet core flanked by four -
helices arranged with a similar overall topology to flavodoxin (Burnett et af., 1974).
The cnzyme is a homododecamer and the subunits are arranged tctrahedrally as a
tetramet of trimers. This type of dodecameric struciure has also been observed in the
catabolic ornithine carbameoyltransferase from Pseudomonas aeruginosa (Villeret et
al., 1995; Nguyen et al., 1996).

The thermal stability of the cnzyme is substantially higher than the type 1 enzyme
with unfolding commencing ai 80°C (Kleanthous ef a/., 1992). Unfelding in the

presence of guanidine hydrochloride occurs in three stages. Low concentrations (0.5
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M) of guanidinium chloride are thought to cause (he enzyme to dissociate into
trimeric units, with little or no change in the secondary and tertiary structure. In S.
coelicolor DHQase there is a 15% loss in activity while in M. tuberculosis DHQase
there is a 55% increase in aclivity (Price et af., 1999) in the presence of 0.5 M
guanidinium chloride. The cffect of addition of metal chelators and unfolding during
refolding of the enzyme was examined by Bottomley ef af., (1996b). These
experiments showed that the type II DHQases are not metal-dependent dehydratases.
The subunit of type II DHQase has a molecular weight of approximately 16.5 kDa,
The position of the active sitc was suggested by the cluster of conserved residues near

the C-termini of the [ strands (Gourley et al., 1999).

Intial localization of the active site was performed using chemical modification in
conjunction with electrospray mass spcctrometry (Krell er af., 1996). These
experiments identificd that the type II enzymes have an essential hyper-reactive
arginine residue (Arg23 in 8. coelicolor DHQase) and an essential tyrosine residue
(Tyr28 in S. coelicolor DHQase). The role of the arginine residue was proposed to be
in stabilising the carbanion interinediate. The active sile has also been characterised
using the fluorescent properties of a single tryptophan (Trp66 in S. coelicolor
DHQase). It was thought that this residue was unlikely to be involved in the catalytic

mechanism but might help to identify the active sitc (Boam ef ¢f., 1997).

Type 11 DHQasc calalyses an exclusively axi elimination of the pro-S hydrogen
along with the C1 hydroxy! group. Due to the fact that there is no conserved lysine
residue in sequence alignments, and trcatment of the type I enzyme with sedium
borohydride or cyanoborohydride does not lead to the inactivation it can be
concluded that a Schiff base mechanism is not involved (Harris et af., 1993), It is
proposed that the type II enzyme adopts the step wise E;CB (elimination
unimolecular via conjugate base) mechanism and involves an enolate inlermediate
(Harris et al., 1996a). The process involves a basc-catalysed abstraction of the axial
proton at the C2 leading to enolate formation (Gourley et al., 1999; Harris ef af.,
1996a). Elucidation of the enzyme mechanism is discussed in detail in Chapter 3
(3.1.1) and has been reported in Roszak ¢f al., (2002).

Page 47

O O X UL




CHAPTER 1 INTRODUCTION

1.4 Shikimate Dehydrogenase

Shikimate dehydrogenase catalyses the reversible reduction of dehydroshikimaie to
shikimate (Salamon and Davis, 1953; Yaniv and Gilvarg, 1955) (Figurc 5). Both the
plant and bactlerial enzymes require NADPH as a cofactor. A hydride is tfransferred
from the nicotinamide ring of the cofactor to the C3 position of the substrate and a
praton is also acquired stabilising the hydroxyl group at C3. Hydride transfer takes
place from the A-side of the nicotinamide ring of NADPH (Dansette and Azcrad,
1974).

Shikimate dehydrogenase encoded by the arot gene (Anton and Coggins, 1988) has
been purified to homogeneity from E. coli (Chaudhuri and Coggins, 1985), and was
shown to be monomeric (Maclean ef af., 2000) with a molecular mass of 32 kDa.
The cnzyme shows a strong preference for NADP" over NAD', The 3-dimensional
X-ray structure of &.coli shikimatc dehydrogenase reveals a novel binding site for
NADP" (Maclean ef «l., 2000; Michel et al., 2003). The plant shikimate
delydrogenase is part of a bifunctional polypeptide which requires NADPIH for
catalysis (Mousdale ef al., 1987; Dcka et al., 1994).

Much of the work on this enzyvme has been carried out by assaying the enzyme in the
reverse direction of the biosynthetic pathway; this is because shikimate is readily
available and dehydroshikimate is not. Several inhibitors of shikimate
dehydrogenase have been synthesized. The analogues of dehydroshikimate including
1.6-dihydroxy-2-oxoisonicotinic acid were found to be fairly potent inhibitors of the
reverse reaction of shikimate dehydrogenase (Baillie ef al., 1972). Analogues lacking
the C4 and C5 hydroxyl group of the substrale have helped identify the mode of
substrate bhinding (Bugg ef al, 1988). Kinetic isotope studies and colactor
dissociation constants determined for the Pisum sativum enzyme suggest that
shikimate dchydrogenase proceeds via an ordered BiBi mechanism, with the coflactor
binding to the enzyme [irst (Balinsky ef ai., 1971; Dowsett et al., 1972). 'lhese
inhibitors, analogues and isotope studies are discussed in more detail in Chapter 6

seclion 6.1.3.
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1.4.1 Quinate-shikimate dehydrogenase

Quinate-shikimate dehydrogenascs are thought to be distinct from the biosynthetic
shikimate dehydrogenases catalysing the first step in the quinate pathway (1.2),
namely the oxidation of quinate and shikimate to dehydroquinatc and
dehydroshikimate, respectively (T.opez Barea and Giles, 1978, Giles er al., 1985).
The colactor speciticity of this group of enzymes varies between species. The largest
group that includes enzymes from fungi such as A. widulans (Hawkins ef al., 1982)
and N. crassa (Ilawkins et al., 1993) and bacterial enzymes such as that from R.
rhodochrous (Bruce and Cain, 1990) are NAD" specific. The NAD" cofactor is
normally associated with catabolic functions. The NADP' specific shikimate
dehydrogenase from somc organistns may also be able to catalyse the oxidation of
both quinate and shikimate. In 4. calcoaceticus the reaction is catalysed by an
unrelated pyrrolo-quinoline quinone (PQQ) dependent cnzyme (Llsemore and
Ornston, 1994).

1.42 Isozymes of shikimate dechydrogenase

Two isozymes of shikimate dehydrogenase have been isolated in a variety of plant
species including tomato (Lycopersicon esculenturn) toblolly pine (Pinus taeda) and
pea (Pisum sativum). Some species of plants have three isozymes (Koshiba, 1978,
Lourenco and Neves, 1984; Ossipov ef al., 2000). These genes have been used as

genetic markers in agriculture.

Several bacterial genome projects have also identified a protcin with some sequence
homology to the shikimate dehydrogenase family, these proteins arc denoted YdiB.
The function of this group of proteins is unknown. The 3-dimensional structure of
the £. coli YdiB protein (25% identity to £. coli shikimate dehydrogenase) has been
recently solved (Michel ef al., 2003). The E. coli YdiB has the same overall fold as
E. coli shikimatc dehydrogenase (Michel ef al., 2003). However, the YdiB protein is
dimeric in contrast with the E. coli shikimate dehydrogenase, which is monomeric,
The structures and catalytic parameters of both these proteins are discussed in detail
in Chapter 6 (6.1).

1.5 Project aims

The studies performed in this (hesis were undertaken to investigate in more detail the

mechanism, inhibition and substrate specificities of bacterial type II dchydroquinases
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and shikimate dehydrogenases. I'his work should provide a greater understanding of

the species specific differences in the enzymes and improve the prospect of rational

drug design. The major experiments undertaken are outlined below.

Several amino acid side chains were proposed to be located in the active site
and involved in catalysis in type II DHQases. This was tested by site-directed
mutagencesis on the S coelicolor enzyme using a clone (pT7.7 aroQ
(SCDHQasc)) donated by Prof. Tain Hunter, University of Strathclyde. The
residues mutated were Argll3, Hisl06, Glul(4, Serl08 and Tyr28.
Characterisation of these mutant enzymes has provided sirong evidence of the

role of cach of the residues within the active site (CHAPTER 3).

The tyrosine residuc shown by mutagensis to be involved in proton abstraction
at C2 of the substrate is conserved in all type 1l dehydroquinases except the
enzyme from B. subtilis (YghS). B. subtilis YqhS has a phenylalanine residue
in this position. The B. subtilis protein has been purified (A. Herbert) und fully
characterised by site-directed mutagenesis, kinetics and biophysical studies
(CHAPTER 4).

The type 11 DHQases which have been previously characterised kinetically
appear to fall into two main groups. The enzymes from organisms such as S.
coelicolor and Aspergilius nidulans have relatively high values of k.4, in the
range 100 to 1000 s?. By contrast, the enzymes from flelicobacter pylori, M.
tuberculosis and Newrospora crassa have much lower values of 4cy in the range
10 s or lower. Detailed studies of the pH dependence, pre-steady state
kinetics, effects of salts on catalylic activity and the inhibitory effect of
polyanions were performed on the enzymes of S. coelicolor, M. tuberculosis, H,
pyvlori and B. subtilis (F23Y mutant). This has provided a beiter overall
understanding of these enzymes (CHAPTER 5).

The gene encoding shikimate dehydrogenasc from Haemophilus influenzae has
been cloned into an expression vector pTB361 aroE (donated by Dr. S.
Campbell, University of Glasgow). Scveral species of bacteria possess an
isozyme of shikimate dehydrogenase called YdiB which has a significantly
different N-terminal amino acid sequence. The 3-dimensional structure of the

YdiB profein from E. coli has recently been solved and shown to be NAD"

Page 50

.
EHL PP SR

v - ey . .
P NI O TULT I A,




CHAPTER 1 INTRODUCTION

dependent. H. influenzae also possesses the isozyme YdiB, however the N-
terminal region of this protein differs significantly from the E.coli YdiB and
othet shikimate dehydrogenases. The YdiB protein from £ influenzae has
been cloned, over expressed purified and characterised by a variety of
techniques including steady-state kinetics, dynamic light scattering, circular
dichroism and fluorescence (CHAPTER 6).
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CHAPTER 2 MATERIALS AND METHODS

2.1 General Reagents

Chemicals and biochemicals were generally either analytical grade or the highest
grade available. Unless otherwise stated all reagents were purchased [rom Sigma
Aldrich Company Ltd., Fisher Scientific or Gibco BRI.. See Appendix B for

addresses of companics. Elga deionised water was used to make all buffers.
2.2 Reagents for molecular biology

Reagents used for molecular biology were supplied from Invitrogen Life
Technologies, Promega, New England Biolabs, Amersham Pharmacia, Boehringer
Mannheim and Difco. DNA markers used on agarose gels were EZ Load 100bp
Molecular Ruler DNA marker and DNA Markers X and XIV (Roche). Protein
markers used were Mark 12™ Novex wide range protein standard, low-range marker
from Boehringer Mannheim and P'romega Low-range protein molccular weight

marker. See Appendix B for addresses of companies.
2.2.1 FEnzymes for molccular biology

Reslriction enzymes and their buffers were obtained from New England Biolabs
Incorporated, Promega Corporation and Boehringer Mannheim. Several polymerascs
were used: Vent DNA polymerasc was obtained from New England Biolabs, pfis
turbo was obtained from Stratagene and Taq polymerase from Promega.
DBacteriophage T4 DNA ligase was obtained from Bochringer Mannheim and
Invitrogen. Call mtestine alkaline phosphatase (CTAP) (1 U/ul) was supphed by
Promega. Restriction enzymes, polymecrases and ligases were stored at —20°C.

Sequencing grade meodified trypsin (0.54 mg/ml) supplied from Promega was stored
at —70°C.

2,2.2 Bacterial strains

The bacterial strains used in this project are listed with genotype and antibody

resistance in Table 1,
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Table 1. Bacterial strains used for peneral cloning expression and in vivo

studies

Strain

Relevant genotype

Notes

Escherichia coli

BL21 (DE3)

DH5¢

IM109

PIR1

XI,1-Blue

HsdS gal OmpT low™ (hcles857
indl Sam7 nins lacUVS-T7 gene

f)

Suptidd  AlacU169(¢80  lacs
AM13) hsR17 recAl endAl
gyrA96 thi-1 relAl

el4 (MerA”) recAl endAl gyrA96
thi-1 hsdR17 (. my’) SupFAd
reldl Allac-proA3)

F[ttaD36  proAB' lacl? lacZ
AMI5]

F~ Alaci6Y rpoS(Am) robAl
creC510 hsdRS514 endAl recAl
vidA{Amlul)::pir-116

SupE44 hsR17 recAl endAl
gyrA96 thi-1 relAl lac™

F’[proAB" lacl® lacZ AM15 Tnl0
(tet')}

High level expression of
genes cloned into expression
vectors containing
bacteriophage T7 promoter
(Studier and Moffatt 1986)
(gifted by B. Lohkamp).

Plating and growth of
plasmids (Hanahan 1983)
(gifted by B. Lohkamp).

Plating, growth of plasmids
and allows blue-white
screening on X-gal (Yanisch-
Petron et al., 1985)
(Stratagene).

Also called PIR1 One Shot~
competent celis part of
Invitrogen Echo™/TOPO®
cloning system (2.7.5).
Competent Cells part of
QuikChange™ site-directed
mutagenesis kit (Bullock et
al., 1987) (Stratagene)
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CHAPTER 2 MATERIALS AND METHODS

Strain Relevant genotype Notes

Bacillus subtilis

Derivative 168  ATCC Number: 33234 (Gitted by Dr. Blackburn)

Digruption Inserfed pMUTTN 3: Erthromycin (Gifted by Prof. Sato)

mutant YqhSd  antibiotic resistance

2.2.3 Plasmids

The plasmids used in this project ure listed with antibody resistance and promoters in
Table 2.

Table 2. Plasmids used for molecular cloning

Plasmid Source Selection Promoters  Notes
p(]-EM&'J - 8. Campbell Ampicillin T7/SP6 (Summerton ez al.,
SZL(-) 1983;  Promcga)

Used for blue/
white  screening
(2.8.3)

pLysS S. Campbell Chloramphenicol T7 (Moffait and
Studier, 1987)

pT7.7 1. Hunter Ampicillin T7/5P6 (Tabor and
Richardson, 1985)

pTH 361 A.Herbert  Tetracycline T7 (Horsburgh, 1995)
pUni/V5-His- Invitrogen  Kanamycin Unil Used to clone ydib
TOPO® forward/ from 71 influenzea

reverse (2.7.5).
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CHAPTER 2 MATERIALS AND METHODS

2.2.4 Genomic DNA

S. Campbell gifted genomic DNA for Haemophilus influenzae (A1TCC 51907).
Genomic DNA was stored at - 20°C at a concentration of 0.5 ng/ul (total of 10 ng)

2.3 Growth media and supplements

2.3.1 Media

The preparation of growth media and 1.5% agar growth media plates is described in
Table 3.

Table 3. Growth media

Media Composition per litre Notes *
Luria-Bertani (T.B)' 10g NaCl Adjust pH to 7.0 and
10g tryptone autoclave.

Sy yeast extract For standard growth of E.

coli strains

Spizizen minimal medium 2g ammonium sulphate Filter  sterilise, final
(SMM) 14g dipotassium phosphste concentration of glucose
is 0.5% (w/v).
6 monopotassium

& P (Anagnostopoulos  and :

hosphate

prOSP Spizizen 1960). i

1g sodium citrate-2H,0

0.2g magnesium i

sulphate-7H,0 i

Following autoclave add.:

20 ml filter-sterilised 25% E

(w/v) glucose, :

—_— T

!

]

F 1.5%(w/v) Bacto-agar for solid media plates
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CHADPTER 2 MATERIALS AND METHODS

Media Composition per litre Notes

Nutrient broth (NB)* 15g Standard II nutrient For standard growth of B,
broth subtilis (section 2.5.2).
[inal pH of 7.5.

NZY+ Broth 10g NZ (caesein Filter sterilise.
hydrolysate)

For growth of super-

Sg yeast extract competent E. cofi cells

5g NaCl, (Stratagene).

Tollowing autoclave add:

12,5 ml IM MgCl
12.5 ml 1M MgS0O4

10 ml 2M glucose, (filter-

sterilised).

SOC medivm 20g tryptone Filter sterilise. o
Sg yeast extract For growth of competent I
0.5g NaCl. E. coli cells (section 2.8). }

Following autoclave add:
10 ml 1M MgCl,
10 ml 1M MgSO.4 !

10 ml 2M glucose, (filter-

sterilised).

1
i
k!
}
k)
i

% 1.5%(w/v) Bacto-agar for solid media plaics
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2.3.2 Antibiotics

Antibiotics werc used at the following final concentrations: ampicillin 100 pg/ml,
tetracycline 12.5 pg/ml, kanamycin 50 pg/ml, erythromyein 1 pg/mi and
chloramphenicol 34 pg/ml, A stock solution of 100 mg/ml of ampicillin was
dissolved in distilled water and was sterilised by filtration through a 0.2 um filter. A
stock solution of 12.5 mg/ml of tetracycline was made up in 70% ethanol; filter
sterilisation was not required. A 1 mg/ml stock solution of erythromycin was
dissolved in 100% ethanol; filter sterilisation was not required. A 100 mg/ml stock
solution of chloramphenicol was dissolved in 100% ethanol; filter sterilisation was
not required. Kanamycin was made up as a 10 mg/ml stock in distilled water and

filter sterilised. The aniibiotic stock solutions were all stored at -20°C.

When making Agar platcs which required antibiotics, the medium was allowed to
cool to 50°C before the antibiotic was added. After mixing the medium was poured
on to 90 mm petri dishes. Al plates were stored at 4°C and if not used wilhin four

weeks were discarded.
2,33 Induction and chremogenic supplements

Isopropy!l-p-D-thiogalactoside (IPTG) is an analogue of Jactose, which targets /ac O
regulation and triggers expression of T7 RNA polyermase. PTG was used at a final
conceniration of 0.8 mM. A 0.8 M stock solution was filter sterilised and stored at -
20°C.

Bacteria with a non-functional [3-galactosidase protcin (JucZAM13) can be reactivated
by the addition of a plasmid containing the /agcZ gene this codes for an amino-
terminal fragment of the P-galactosidase protein. The combined peptide fragments
make a functional [3-galactosidase protein; a process termed c-complementation, 5~
bromo-4-chloro-3-indoyl-fi-D-galactoside (X-gal) is hydrolysed by [-galactosidase
and produces a dark bluc colour; this is used in blue-while screening of bacterial
constructs (section 2.8.3). X-gal was used at a final concentration of 80 ug/ml. A
stock solution of 80 mg/ml of X-gal was prepared in dimcthylformamide (DMF) and
stored at -20°C,
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CHAPTER 2 MATERIALS AND METHODS

2.4 General laboratory methods

2.4.1 pH Measurcments

pH measurements were made with a Orion model 420A+ pH meter with a Orion 81-
72BN probe, calibrated at 20°C.

2.4.2 Storage of bacteria

Bacterial strains were stored as glycerol stocks. These were made by the addition of
0.5 ml of 50% (v/v) glycerol and deionised water (filter sterilised) to 0.5 ml of a
rapidly growing culture (Agoy >0.6) to give a final concentration of glycerol of 25%
(v/v). Glycerol stock cultures were stored at —80°C. Some cultures were temporarily

stored by streaking onto Agar plates and kept at 4°C for up to four weeks.
2.5 Growth of bacteria
2.5.1 E.coli

E. coli was grown in liquid culture by taking a single colony from a LB Agar plate
and inoculating I.B medium (Table 3) containing the appropriatc antibiotic. Cultures
were grown at 37°C with vigorous shaking (~200 rpm) either overnight or for the
planned induction time course (section 2.3.3). Incubation was performed either on a
Grant shaking waler bath (model OLS 200) or on a large shaker incubator
(Gallenkamp). Cultures were monitored by measuring the optical density at 600 nm.
Bacteria were harvested by centrifugation at 5,000 x g for 15 minutes at 4°C using a
Beckman model J-683 centrifuge fitted with a swinging bucket rotor. Smaller scale
cultures were hatrvested in an Eppendorf (model 5415C) centrifuge at 16,000 x g for
4 minutes at room temperature; pellets were either used immediately or were stored at
—20°C. Agar plate cultures of E. coli were grown overnight at 37°C in a Eurotherm

controls model 2216L incubator.
2.5.2 B.subtilis

B. subtilis was grown in eithcr NB or minimal media (Table 3) under the same

conditions as £. coli (section 2.5.1); some pgrawth periods were extended to 32 hours.
2.5.3 Cell lysis

All steps during and after cell lysis were carried oul at 4°C unless otherwise stated.

Cells were resuspended in 10 ml of appropriaie extraction buffer maintained at 0°C,
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Cells were lysed by two passages through an automatic French pressure cell D118§-

00106 (Aminco®) at 15,000 psi. The pressure cell was pre-chilled on ice before use.

Lysis of volumes of less than 1 ml of bacterial cells for crude extract experiments
involved a rapid freeze-thaw mcthod followed by sopication in a 1.5 mi Eppendort
tube. The cells were subjected to 5 cycles of rapid freezing and thawing using liquid
nitrogen and a Grant QBT2 heat block set at 25°C. Bacterial cells were further
disrupted by five 1-minute cycles of sonication and incubation on ice a Decon model

FS 100 water bath sonicalor.
2.6 Polymerase Chain Reaction (PCR)

2.6.1 Primer Design

PCR Primers were designed to be at least 25 bases in length and the melting

temperature (7)) of the primers were matched with the primer on the opposite strand.
The following formula was used for Calculating Tiy:
Ty =815+ 0.41{%GC} - 675/N - % mismatch

Where %CG referrers to the percentage of cytosine and guanine within the primer, N
is the primer length in bases and % mismateh is applicable only for site-directed
mutagenesis. TI'urther details of this formula can be obtained from Stratagene
(Appendix B).

Both mutagenic oligonucleotide primers contained the desired mutation (1-3 base
changes within a codon) and anneal to the same sequence on the opposite strand of
the plasmid. The mutation was always placed in the middle of the primer. Primers
external to the gene had restriction sites incorporated to facilitate cloning of the PCR.
product into a vector. The 37 end was designed not to finish with a thymine or a run
of 3 or more cytosine or guanine bases, It was not always possible to meet all of
these criteria in every case especially because of the high GC content of the gene

encoding S, coelicolor DHQase (approximately 70%GC),

Primers were supplied by MWG-Biotech at a concentration of approximately 45

pmol/ut having been purified by TIPLC and phosphorylated at 3° end.
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CHAPTFR 2 MATERIALS AND METHODS

2.6.2 PCR reaciions

PCR reactions were carricd out using several different polymcrascs along with the
buffers and salts provided by the manufacturer. The reaction was set up to have a

total volume of 50 pl comprising the following:

Table 4, Standard PCR reaction mixture

Reagent Concentration of stock Volume
Polymerase 2000 U/ml 1 ul
Buffer and salts as supplied Sul
dNTPs 80 mM 1ul
Primers 10 pmol/ul 5ul
Varying quantities of template DNA (genomic N/A N/A

or plasmid).

Varying quantities of enhancing agents were used in the PCR reaction for examplc
MgSO, at final concentrations ranging between 0.5-2 mM, DMSO and glycerol at
final concentrations of 1-10% (v/v) (Chakrabarti and Schutt, 2002). The total volume
was made up to 50 p! with sterile water; reactions were set up in 0.2 ml BioRad thin

walled PCR tubes.

BioRad Gene cycler™ version 1.7 was uscd for all thermal cycles. Programs varied
but usually comprised an initial ‘hot start” step at 94-95°C for Sminutes, followed by
30 cycle tepeats of a 1 minute annealing step (temperature depending on 7y,), an
clongation slep at 68-72°C (ttme depending on length in bases of desired PCR
product) and a denaturation step at 94-95°C for 1 minute. A final elongation step of
between 5 and 10 minules al the elongation temperature was performed at the end of

the amplification reaction to ensure that all amplified material was full length.
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CHAPTER 2 MATERIALS AND METHODS

2.6.3 Site-directed mutagenesis strategies
2.6.3.1 Two stage PCR using Vent polymerase

PCR was used in a [wo-stage procedure to generate site-directed mutants (Higuchi et
al., 1988). To reduce primer-dimer and non-specific priming a hot start polymeruase

was employed (Vent” polymerase from NEB.)

The template for all these reactions was plasmid DNA. External primers P1 and P2
(Figure 12) were designed to include restriction sites within the original multiple
cloning site of the plasmid. Internal primers (P2 and P3) (Figure 12) with the
mismatch were designed with a 7y, similar to that of the external primers so that any

mismatch would nol generate problems during thermal cycling.

The first step was to generate two overlapping fragments with the desired mutation;
these were made in independent reactions as described in section 2.6.2. ‘The products
from the PCR reaction were analysed on a 1% (w/v) agarosc gel as described in
section 2.7.1. "The PCR product of the correct sizc was excised and purified using
QIAquick® spin purification system (2.7.4) and used as the template DNA f(or the
second round of PCR,

The second step of the PCR strategy was to anneal these fragments together and
extend at the 3’ end to generate a full-length ¢cDNA with the mutation (Figure 12).
PCR was again carried out as described in section 2.6.2. The full length mutated
DNA fragment was visualised by staining with ethidium bromide on a 1% (w/v)
agarose gel (section 2.7.1) excised and purified with QIAquick® spin purification
system (scction 2.7.4). The purified DNA was then digested by the appropriate
restriction endonuclease(s) using the sites present in the external primers (section

2.7.3) and ligated to an expression vector (section 2.7.5).
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Figure 12. PCR two stage site-directed mutagenesis strategy (Higuchi ez al., 1988).
Primers are shown as red and blue arrows, the black arrows represent PCR

reactions.
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2.6.3.2 Site-directed mutagenesis using Quikchange™ site~-directed mutagenesis kit

from Stratagene

The two stage site-directed mutagensis strategy described in section 2.6.3.1 proved to
be rather inefficient; hence in the majority of the work the Quikchange™ site~directed
mutagenesis kit from Stratagene was cmployed, Two mutagenic primers each
complementary to opposite strands of the template plasmid DNA are extended to
amplify the whole length of the plasmid during lemperature cycling by pfulurbo
DNA polymerase. Incorporation of the mufagenic primers generates a mutated
circular plasmid containing staggered nicks. Dpn I is then used to digest parental
template DNA as the parental DNA retains its methyl groups. The nicked mutated
plasmid can then be transformed into XL1-blue competent cells, Further details of

this procedure are can be obtained from Stratagene (Appendix B).
2.7 DNA cloning procedures

2.7.1 Electrophoresis of DNA on agarose gcl

DNA strands were separated by electrophoresis using TAE (Appendix A) agarose
gels ranging from 0.7-1.5% (w/v) depcending on the size of the DNA strands; the gel
also contained 0.3 ug/ml of ethidium bromide to visualisc the DNA under UV light.
Samples were loaded with a 1:10 dilation of agarose gel sample loading buffer
(Appendix A). A variety of standard markers were used to estimate the size and
quantity of separated bands. Gels were run at 80V at 20°C in a Mini-sub® cell GT
BioRad tank until the bromophenol blue in the agarose gel sample-loading buffer had
migrated at least two thirds of the way down the gel, The DNA was then visualised
using a UVP Bio Doc-It™ system and UVP camera model J6 X 11 Macro. Prints

were produced when appropriate using a Sony video graphic printer UP-895CE.
2.7.2 Isolation of Plasmid DNA from bacteria cells

Bacterial colonies growing on selective media were picked and grown overnight in
from 1.5 to 5 ml of LB at 37°C shaking at 200 rpm with the relevant antibiotic.
Plasmids were then isolated by the alkaline lysis procedure (Birnboin and Doly,
1979) using either the Qiagen QIAprep® Spin Mini prep kit or the Sigma Genelute®
Miniprep system. Bacterial cells are lysed under alkaline conditions, the lysate is

subsequently neutralised and adjusted to high salt conditions favourable for plasmid
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CHAPTER 2 MATERIALS AND METHODS

DNA te bind to silica-based resins. Plagmid DNA is eluted in a low salt buffer.
Plasmid yield with both systems varies depending on the copy number per cell, the
individual insert in a plasmid, factors that affect growth of the bacterial culture, the
elution volume and the elution incubation time. Typically a 1.5 mi culture will yield
from 5 to 15 pg of plasmid DNA (maximum of 20 pg of plasmid DNA). Further
details of these procedures are can be obtained by contacting Qiagen or Sigma
(Appendix B).

2.7.3 Endonuclease restriction of plasmid DNA and PCR product

DNA was digested using restriction enzymes from Bochringer Mannheim, Promega
or New England Biolabs. Typical digests contained target DNA (plasmid or PCR

product); the amount of DNA depended on the downstream application.

The digests were performed using between 1-50 units of restriction enzyme and the
appropriate restriction enzyme buffer. If two restriction enzymes were used in the
reaction, the buffer best suiled Lo both enzymes was used or Promega multicore®
buffer. The mixture was made up to its final volume with sterile water. Digestion
reactions were incubated at 37°C for at least | hour. Analysis of digested DNA was
performed by agarosc gel electrophoresis (section 2.7.1) and if necessary DNA was

purified by excising the relevant band from an agraose gel (2.7.4).
2.7.4 Purification of restrietion digested DNA and PCR product

The restriction digested DNA and PCR product are separated from contaminants such
as primer-dimers, amplification primers or restriction enzymes by agarose gel
electrophoresis (section 2.7.1). 45 upl of the PCR product was separated on a 1%
(w/v) agarose gel and excised with a scalpel on a Clare chemical research Dark reader
UV box and purified using Qiagen QIAquick® spin purification procedure. The
excised gel fragment is solubilized in a binding buffer at 50°C for 10 minutes. The
QIAquick™ uses the same purification technique for DNA as is used in the isolation
of plasmid DNA from bacterial cells {2.7.2) involving salt exchange on a silica
membrane (Birnboin and Doly, 1979}, The purified DNA was eluted in 50 ul of
sterile water for use in further cloning procedures. This procedure yielded
approximalely 10 pg of DNA depending on the concentration of DNA within the

PCR product or testriction digest.
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2.7.5 Ligation of digested fragments and PCR product

The concentration of DNA was estimated by agarose gel electrophoresis using
molecular weight standards of known concentrations (section 2.7.1). After the DNA
has been prepared for ligation the following calculation was applied to work out the
molar ratio of vector and insert (Further information on this formula can be obtained

by contacting Promega: Appendix B):

ng of vectorxkb size of insert : nsert
- - X molar ratio of
kb size of vector vector vector

ng of insert =

Typically scveral ratios of vector DNA and insert DNA were used in separale
ligations. Ligation reactions used between 50-200 ng of vector DNA. TFigations were
performed in a total volume of either 10 or 20 ul. Between 1-3 units of T4 ligase
from Promega, Boehringer Mannheim or Invitrogen were incubated at room
temperature overnight with the relevant buffer and sterile water was added to correct
the volume if required. The ligation mixture (1 to 20 ul) was used to transform
competent cclls (section 2.8.2). pGEM® -5Z{(+/-) vector digested with restriclion
endonuclease EcoRV was used in blunt end ligations; insertion of blunt ended

fragments into the /ecZ gene allowed for blue-white screening in E. cofi IM109.

A onc-step cloning strategy (TOPO® cloning, Invitrogen) was also utilised for direct
insertion of A-tailed PCR products into recombinant plasmid. The TOPO® cloning
procedure involves topoisomerase I from Vaccinia virus that binds to specific DNA
sites and cleaves the phosphodiester backbone after 5'-CCCTT. The cnergy from the
broken bond is conserved by the formation of a covalent phospho-tyrosy! bond
between the 3’ phosphate of the cleaved DNA and Tyr274 of topoisomerase [. This
forms a linearized vector (pUni/V5-his-TOPO®) with a overhanging 3
deoxythymidine; the phospho-tyrosyl bond can subsequently be attacked by 5'
hydroxyl of a PCR product releasing the topoisomerase I. This allows efficient
ligation of PCR produci without the use of ligase. The reaction mixture contains
between 0.5 to 4 pl of PCR product (dependent on DNA concentration), 1 pl of 200
mM NaCl, 10 mM MgCls, 1 ul of pUni/V5-his-TOPO® and the volume is then
adjusted to 6 pl with sterile water (all reagents arc supplied by Invitrogen). Further

delails of this procedure arc can be obtained by contacting Invitrogen (Appendix B).
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CHAPIER 2 MATERIALS AND METHODS

2.7.6 Dephosphorylation of plasmid DNA

Removal of 5° phosphates from linearised vector DNA can help prevent sclf-ligation
and improve ligation efficiency. Alkaline phosphatase (Promega )} was used to
dephosphorylate restricted plasmid DNA. | pl of calf intestinal alkaline phosphatase
(CTAP)(10 U/pl) diluted 1:10 with CIAP buffer were added to the plasmid restriction
digest and made up to the final volume with distilled water. The volume was
corrected with sterile water. The reaction was incubated for 40 minutes at 37°C,

DNA was then purified by agarose gel electrophoresis (2.7.4).
2.8 Preparation of competent cells and transformation
2.8.1 Preparation of competent cells

An adaptation of the method of Hanahan (Hanahan and Meselson, 1980; Hanahan ef
al., 1980) was used to make competent cells; this involved cmploying potassium
chloride rather than rubidium chloride in the buffers. 10 ml of LB was inoculated
with an . coli strain from an -80°C glycerol stock and was grown at 37°C shaking at
200 rpm overnight (with antibiotic if rcquired). The abotbance at 600 nm of the
overnight culture was measured and the culture diluted to 0.1 OD in 80 mi of LB.
The cells were then grown at 37°C shaking at 200 tpm for 1 hour or until they
reached mid log phase (Aggo in the range of 0.35-0.6). The cells were then placed on
ice for 15 minutcs and were kept below 4°C throughout the rest of the procedure.
The culture was then fransferred to chilled centrifuge tubes and centrifuged at 3000 %
g in a Beckman model J2-21 using a JA-20 rotor for 15 minutes to pellet the cells.
The pellet was then resuspended in 30 ml of ice cold RFL (Appendix A) and
incubated on ice for 1 hour altcr which the cclls were re-pelleted by centrifugation.
The pellet was resuspended in 7 ml of ice cold RF2 (Appendix A) and incubated on
ice for 15 minutes. The cell suspension was then divided into 200 pl aliquots in 1.5
ml Eppendorf tubes and each aliquot was either used for transformation or flash

frozen in a dry-ice/ ethanol bath and stored at ~-80°C.

Competent cells can be stored indcfinitely at —~80°C, without showing any significant

reduction in transformation efficiency.
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2.8.2 Transformation protocol

An Eppendorf tube conlaining a 200 pi aliquot of cells was allowed to thaw on ice or
was uscd directly from a preparation of competent cells made immediately before
transformation. Plausmid DNA or ligation mixture was added to cells and mixed by
inverting gently after which the cells were incubated on icc for 1 hour. 'The cells
were heat shocked at 42°C for 45 scconds and were then returned to icc for a further
30 minutes. 0.8 ml of either SOC or NZY+ broth (Table 3) was added to the
transformation mixture and was incubated at 37°C for 45 minutes to aid recovery.
The cells were then pelleted in an Eppendorf centrifuge at 16,000 x g for 3 minutes

and were re-suspended in 100 pl of the same media and plated out on selective plates.
2.8.3 Blue-white screening using the facZ gene

Blue-white screening was used to identify successfully ligated plasmid within
bacterial cells. It is necessary to use a bacterial strain which has (he JacZAM135 gene
on the [ episome, such as IM109 and a vector which bas the /acZ gene like pGEM V
and the chromogenic supplement; X-gal (2.3.3). The ligated gene disrupts the /acZ
gene, so that the bacteria are unable to hydrolyse X-gal. Therefore the bucterial cell
colony will not exhibit a blue phenotype. ‘L'he lacZ gene in pGEM V can be disrupted

using the blunt end restriction site EcoRV.
2.9 Sequencing of plasmid DNA

Sequencing of recombinant genes was carried out by the Functional Genomics
Sequencing Facility at the University of’ Glasgow. Typically a total of 600 ng of
DNA was supplied for sequencing. The concentration of sequencing primers used
was between 3.2 to 5 pM (pmol/pl). Sequencing reactions were set up using varying
volumes of deionised water and plasmid DNA depending on DNA concentration, 4 ul
of the Big Dye, dideoxynucleotide (ddNTPs) reaction mixture {(Applied Biosystems),
and 1 pl of sequencing primer in a total volume of 10 pul. All components were added
to a 96-well plate and cenirifuged at 16000 X g ot 30 seconds. Sequencing reactions
were carried out in a PCR machine PE9700, hot start (95°C) for 5 minutes, then 30
cycles of 50°C for 5 minutes, 60°C for 4 minutes and 95°C for 10 seconds. DNA
samples were then precipitated using 2 Wl of 1.5 M sodium acetate, 0.25 M EDTA
(pH 8.0) and 80 pl analytical grade ethanol, and centrifuged for 60 minutes atl 4°C at
16000 x g and then washed in 200 ul 70% ethanol and centrifuged again for 20
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minutes. Samples were resuspensed using 2 ul of loading buffer (25 mM EDTA, 25
mg/ml blue dextran, 50 % (v/v) deioniscd (ormamide) and loaded on to a 4.5 %
acrylamide sequencing gel using Long Ranger XL PreMix Gel Solution and run using
TBE buffer. Each ddNTPs contains a specific fluorescent dye that can be excited by
a laser. The signals are then collected and a coloured electropherogram is produced
which is analysed by Sequencing Analysis Version 3.4.1 ABI PRISM® (Applied

Biosystems) software.
2.10 Over Expression of proteins in £. coli

The BL21 (DE3) strain from E. coli was used for over expression of proteins. This
strain is deficient in the Omp7 and lon genes which code for proteases that could
degrade expressed protcin. BL21 (DI3) also has the gene for T7 RNA polymerase
integrated into its chromosome under the control of a lac promoter and operator.
This will specifically recognize the T7 promoter region of an expression plasmid and
will not cfficiently transcribe from other promoters. T7 RNA polymerase can also be
induced by the lactose analogue, IPTG. The pLysS plasmid encodes T7 lysozyme
which binds and inhibits T7 RNA polymerase; this controls the basal levels of the

expressed protein prior to induction with IPTG.

The strain B1.21 (DE3) pLysS transformed with the relevant expression vector was
used to inoculate (from a plate) a 2 litre conical flask containing 500 mi LB,
chloramphenicol and the relevant antibiotic for the expression vector. The culture
was grown overnight at 37°C with continuous shaking at ~200 rpm. The following
day, eleven 2-litre flasks containing 500 ml LB, chloramphenicol and the rclevant
antibiotic for the expression vector were inoculated with the overnight culture to a
starting optical demsity of 0.1 Agoo; these culiures were grown at 37°C with
continuous shaking at 200 rpm until the Agyy reached between 0.4-0.6. Adding IPTG
and growing the cells for a further 5-6 hours induced protein cxpression. E. coli cells
were then harvested, as outlined in section 2.5.1. The typical wet weight of the
harvested cells from 11 flasks was between 10 and 15g. ‘The cell pellet was stored at

-20°C until required.
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2.11 Sodium dodecyl sulphate poly-acrylamide gel electrophoresis
(SDS PAGE)

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used
to identify and characterise proteins as described by Lacmumli (1970) using a BioRad
mini gel apparatus with a 5% acrylamide stacking gel and separation gels of either 12
or 15%. Samples were loaded in SDS-PAGE sample loading buffer (Appendix A).
A variety of protein markers were used (o estimate the molecular weight of protein
bands. Unless otherwise stated I.ow molecular weight markers from Boehringer
Mamnheim were diluted 1:10 with the loading buffer. Gels were usually run at 30
mA for 45 minutes or until the dye front (bromophenol blue) reached the bottom of
the gel.

2.11.1 Protein staining,

After electrophoresis, proteins on a SDS-PAGE were visualised by staining with
Coomassie Blue. The staining reagent was 0.05% (w/v) Coomassie brilliant blue R-
250 in 50% (v/v) methanol and 10% (v/v) acctic acid for at least 30 minutes at 40°C.
Destaining was carried out at 40°C in 10% (v/v) methanol and 10% (v/v) glacial
acetic acid until the background was fully destained and the protein bands clearly

visible.
2.12 Purification of proteins

All purification steps following cell breakage were performed at 4°C unless otherwise
stated.

2.12.1 8. ceelicolor type 11 dehydroquinase

The type II dehydroquinase [rom Strepiomyces coelicolor was purified using an
adaptation of the method of White ef a/., (1990) as outlined below.

2.12.1.1 Step 1: Extraction and centrifugation

The type IT DHQase was over expressed in £. coli strain BL21 (DE3) pLysS using
the expression vector pT7.7 (2.3.3). The Cells werc suspended in 20 ml of 50 mM
Tris-HCIL, pH 7.5 containing 0.4 mM DTT and a Complete™ EDTA free protease
inhibitor cocktail tablet (600 mg) (buffer A). Cells were lysed using a Irench

pressure cell (2.5.3). The volume of the Iysed cells was increased to 80 mi. 0.5 mg
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of DNasc was added and the lysate was stirred on ice for 45 minutes. The lysate was
then centrifuged at 40,000 x g for 1 hour in a MSE high speed-18 centrifuge; type 11

dehydroquinase was puritied from the resulting supernatant fraction,
2.12.1.2 Step 2: Anion exchange chuomatography on DEAE-Sephaccl

The supernatant was loaded on to a DEAE-Sephacel (Amersham Pharmacia) anion
exchange column (11.5 X 5.0 cm diameter) equilibrated in buffer A at a flow rate of
80 ml/hour, The column was washed with buffer until the Ajgy of the eluate was less
than 0.1. The column was then washed with 100 mM NaCl until the Ajgg of the
eluate was again less than 0.1. A linear gradient of 100 mM to 400 mM NaCl in 800
ml of buffer A was sct up Lo clute the protein (flow rate of 30 ml/hour). 10 ml
fractions were collected and Ajgy and cnzyme activity were monitored (2.16.1).
Tractions containing activity >1.2 AAssqmin™ 1 were pooled and dialysed into 50
mM Tris'HCL, pH 7.5 containing 0.4 mM DTT and 1M ammonium sulphate (buffer
B) overnight or concentrated to 20 ml using an AMICON® protein concentrator with

a 30 kDa filier and were adjusted to 1 M amnonium sulphate,
2.12.1.3 Step 3: Hydrophobic interaction chromatography on phenyl-Sepharose

The dialysed material was applicd to a phenyl-Sepharose hydrophobic interaction
column (8.0 X 4.5cm diameter) equilibrated in buffer B at a flow rate of 40 ml/hour.
A 1.0-0M gradient of ammonium sulphate was applied to the column in 600 m! of 50
mM Trig'HCL, pH 7.5 (flow rate of 10-40 ml/hour). The column was washed with a
further 300 ml of 50 mM Tris'HCI, pH 7.5 (flow rate of 40ml/hour). 5 ml fractions
were collected and analysed as before, samples containing high activity were pooled
and dialysed overnight against 50 mM Tris' IICl, pH 7.5 to remove ammonium
sulphate.

2.12.1.4 Step 4: Gel filtration Chromatography on Sephacryl 200

The dialysis bufler was then changed to 50 mM Tris-FIC), pH 7.5 containing 150 mM
NaCl (buffer C) and dialysed for 3 howrs. The dialysed material was then
concentrated to a volume of 1.5 ml using an Amicon™ concentrator. ‘The concentrate
was applied to a Sephacryl 200 Size separation (Gel filtration) column (165 x 2.5 cm
diameter) equilibrated in buffer C at a flow rate of 10 ml/hour. The protein was

eluted using buffer C in 2 ml fractions. After assaying for DHQase activity

Page 70

PP PR = N




CHAPTER 2 MATERIALS AND METHODS

appropriate fractions were pooled and concentrated. A sample of the concentrate was
analysed by SDS-PAGE (scction 2.12.1.1) to check the purily of the dehydroquinase
and then dialysed into 50 mM Tris'HCI, pH 7.5 containing 50% (v/v) glycerol for 24

hours and stored at —20°C.
2.12.2 B. subtilis YqhS (dehydroquinase related protein) mutant F23Y

The B. subtilis YhqS mutant F23Y, was overexpressed in BL21 (DIE3) pLysS using
expression vector pTB361 (section 2.10), The pwrification protocol was similar to
that for S. coelicolor dehydroquinase. Some adjustments to the protocol were made,
as 1t was not possible to monitor the dehydroguinase activity of the B, subtilis YqhS

mutant F23Y during the purification.
2.12.2.1 Stepl: Extraction, heat treatment and centrifugation

The heat stability of the protein was exploited by heat-treating the cell extract after
step 1 (section 2.12.1.1) prior to loading on to the DEAE-sephacel column. The
soluble cell extract was heated to 65°C for 10 minutes in a stainless steel beaker using
a Grant OLS 200 water bath and then kept on ice for 10 minutes. The heat-treated
lysate was then centrifuged at 40,000 X g for 40 minutes in a MSE high speed-18
centrifuge. The supernatant was collected and dialysed against 50 mM Tris<HCI, pH
7.5 containing 100 mM NaCl and for 2 hours.

2.12.2.2 Step 2: Anion exchange chromatography on Q-Sepharose

The dialysed material was applied to a Q-Sepharose (Pharmacia Biotech) anion
exchange column (24.5 % 2.5 cm diameter) equilibrated in 50 mM ‘Iris-HCI, pH 7.5
containing 50 mM NaCl, 0.4 mM DTT and a Complete™ EDTA free protease
inhibitor cocktail tablet (600 myg) at a flow rate of 60 ml/hour. The column was
washed with buffer until the Agp of the cluate was less than 0.1, A linear gradient
from 50 mM to 500 mM NaCl in 500 ml of buffer A was set up to eluie the protein
(flow rate of 70 ml/hour). 10 ml fractions were collected and Ajgg measurements and
analysed by SDS-PAGE (section 2.11) were performed to locate the desired protein
fractions. These fractions were pooled and diatysed against 50 mM Tris-HCI, pll 7.5
containing 150 mM NaCl.
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2.12.2.3 Step 3: Gel filtration Chromatography on Sephaceyl 200

Purification of the B, subtilis YqhS F23Y using Sephacryl 200 gel filtration column
followed the same purification protocol as S. coelicolor DIIQase see section 2.12.1.4.
Detection of the appropriate fractions was performed using Aagp measurements and
analysed by SDS-PAGE (scction 2.11). Fractions were concentrated to 5 ml and
diatysed into 50 mM Tris-HCL, pH 7.5 containing 50% (v/v) glycerol for one day and
stored at —20°C.

2.12.3 Purification of I1. influenzae shikimate dehydrogenase

Shikimate dehydrogenase from Haemophilus influenzae was purified using the
methods described for the purification of £ cofi shikimate dehydrogenase by of

Chaudhuri and Coggins, (1985) and Maclean et «l. (2000), as outlined below.
2.12.3.1 Step 1: Extraction and centrifugation

Shikimate dehydrogenase from Haemophilus influenzae, was over-expressed in BL21
(DE3) pLysS using expression vector pTB361 (section 2.10). The cells were
suspended in 20 ml of 100 mM Tris-HCI, pH 7.5 containing 1.3 mM EDTA, 0.4 mM
DTT and a Complete™ EDTA [ree protease inhibitor cocktail tablet (600 mg)
(Extraction buffer). Cells were lysed and centrifuged as in section 2,5.3. Shikimate

dehydrogenase was purified from the supernatant fraction.
2.12,3.2 Step 2: Fractionation with ammomium sulphaie

Benzamidine was added to a final concentration of I mM and the crude extract was
then adjusted slowly to 30% saturation with solid ammonium sulphate stirring on ice,
for 20minutes. The precipitate was then removed by centrifugation at 40,000 x g for
30 minutes in a MSE high speed-18 centrifuge. The supernatant was adjusted to 55%
saturation with ammonium sulphate and stivred on ice for 20 minutes. The resulting
precipitate was collected by centrifugation at 40,000 X g for 30 minutes in a MSE
high speed-18 centrifuge. The precipitate was re-dissolved in 100 mM Tris-HCI, pIl
7.5 containing 0.4 mM DTT (buffer D) and dialysed over night in buffer D with 50
mM KCL

2.12.3.3 Step 3: Anion exchange chromatography on DEAE-Sephacel

The dialysed material was applied to a DEAE-Scphacel (Amersham Pharmacia)

anion cxchange column (11.5 X 5.0 cm diameter) that had been pre-equilibrated in
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bulfer D with 50 mM KCl at a flow ratc of 80 ml/hour. The column was washed with
buffer D with 100 mM KCI until the Asg of the eluate was less than 0.2. A linear
gradient of 100 mM to 400 mM KCI in 800 ml of buller D was set up o elutc the
protein (flow rate of 30 ml/hour). 10 ml fractions were collected and Aagp and assays
(2.16.2) were performed. Fractions containing activity >0.15 AAssgmin'pl™ were

pooled and dialysed into buffer D and 500 mM KCl overnight.
2.12.3.4 Step 4: Gel filtration Chromatography on Sephacryl 200

Purification of the H. influenzae shikimate dehydrogenase using a Sephacryl 200 gel
filtration column followed the same purification protocol as S. coelicelor DHQasce sce
section 2.12.1.4. Detection of the appropriate fractions was performed using Azgo
measurements and enzyme assays (section 2.16.2). Fractions containing shikimate
dehydrogenase activity were pooled and dialysed against 100 mM Tris-TICI, pH 7.5
containing 150 mM KCI (buffer E).

2.12.3.5 Step 5: Affinity chromotography on 2’5’ ADP Sepharose

The dialysed enzyme was concentrated to 5 ml and applied to an ADP-Sepharose
colummn (3 X 3.5 cin diameter) (Pharmacia Biotech) that had been pre-cquilibrated in
buffer E. The column was washed in buffer E until the Ajge of the eluate was less
than 0.1 (flow rate of 10 ml/hour; 4 ml fractions). A solution of 1 mM NADP" in
buffer E (flow rate of 1 ml/hour: 1 ml fractions) was then used to elute the shikimate
dehydrogenase. The pooled fractions with shikimate dehydrogenase aclivily were
concenirated to 5 ml. A sample of the concentrate was analysed by SDS-PAGE
(section 2.11) to check the purity. ‘the concentrated enzyme was dialysed into 100
mM Tris-HCI, pH 7.5 containing 50% (v/v) glycerol for 24 hours and stored at —
20°C.

2.13 Protein estimation.

Protein concentrations were determined using the methods of Bradford (1976) and
Lowry (1951) using BSA as a standard. Six standard points were used from dilutions
of a 100 mg/mi BSA stock.

Proiein concentration was also cstimated using a JASCO (model V-550)
spectrophotometer in a 1 ml, 1 cm path length quartz cuvette. Absorbance was

measured at 280 nm. The absorbance of a protein al 280 nm depends on the content
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of tryptophan, tyrosine residues and cystine disulphide bonds; the extinction
coefficient at 280 nm was calculated by using the frequency of these chromophores in
the protein (Pace e/ al., 1995; Edelhoch, 1967). 'The sample protein concentration

was calculated in terms of mg/ml.
2.14 Western blotting.

Following SDS-PAGE as deseribed in section 2.11, proteins separated on a gel can be
transferred to a positively charged polyvinylidene difluoride (PVDF) membranc

(Matsudatira, 1987). The proteins can then be probed with specific antibodies.

The transfer of proteins on to the PVDT membrane (Iybond-P from Amersham) was
performed in a Bio-Rad mini trans blot apparatus in which the gel and the membrane
are sandwiched between foam and [lter paper with the membrane closest to the
anode (Figure 13). The filter paper (BioRad 1 mm) and foam were pre-soaked in
transfer buffer (CAPS) (Appendix A) for 30 minutes. The PVDE membrane was pre-
soaked first in 100% methanol for 50 seconds and then washed in distilied water for
30 minutes changing the distilled water every 10 minutes. Finally the membrane was
pre-soaked in transfer buffer (CAPS) for 45 minutes. ‘The gel was washed in transfer
buffer (CAPS) for 30minutes. All soaks and washes were conducted on a Stuart
Scientific (model STR9) 3D rocking platform. The transfer components were
arranged in a transfer sandwich shown in Figure 13. Air bubbles were removed by
gently rolling a test tube over each layer. Cutting the corner of the PVDF membranc
marked the orientation of the gel. Proteins were transferred onto the membrane at
60V for 90-120 minutes in transfer buffer (CAPS).
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Cathcde Anode

© @

—
Direction of electric current
Figure 13. Schematic of western blot apparatus, the sponge and filter paper are

shown in cream and light grey, respectively. The gel is represented in light

blue and the PDVF membrane is in dark grey.

Once transfer was complete, the membrane was rinsed in distilled water for 10
minutes and then blocked in PBS (Appendix A) 0.1%(v/v) Tween-20 and 3%(w/v)
Marvel for 45 minutes to prevent non-specific binding. The membrane was then
incubated with primary antibody supplied by Dr. Craig Roberts at the University of
Strathclyde (section 2.14.1) at a 1/500-1/2000 dilution in PBS 0.1%(v/v) Tween-20
and 3%(w/v) Marvel for at least 1 hour (usually overnight) on a Stuart Scientific
(model STR9) 3D rocking platform. The membrane was then washed extensively in
PBS 0.1%(v/v) Tween-20 for 45minutes with 3 buffer changes. The horseradish
peroxidase (HRP)-conjugated secondary antibody (section 2.14.1) which is directed
against the species of origin of the primary antibody was then applied at a 1/2500
dilution in PBS 0.1%(v/v) Tween-20 and 3%(w/v) Marvel for 45 minutes. The
membrane was then washed in PBS 0.1%(v/v) Tween-20 for 15minutes with 3

changes of buffer.
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Immunoreaclive products were visualised using an clectrochemilumineseence (ECL)
detection kit (Pierce) using Super Signal® West Pico chemiluminescence substrate.
Cgual volumes of each ECL solution were mixed and then applied to the membrane
for 1 minute. Konica medical film {18 X 24 cm) was exposed to the membrane inside
an X-ray film cassette for 30-60 second exposure or until bands are visible. X-ray
films were developed using a Kodak X-OMAT 2000 processor. This procedure was

carried out in a dark room to minimise background tilm exposure

Membrancs were stained with Coomassie brilliant blue to ensure fransfer on to
membrane after ECL visualisation. Gels were stained as in section 2.11.1. All steps

were carried out at room temperature,
2.14.1 Preparation of Antibodics

Antibadies against 8. subtilis type Il dehydroquinase were supplied by Dr. Craig
Roberts at the University of Strathclyde. Antibodies were raised by injecting 0.1 ml
of B. subtifis ¥23Y dehydroquinase (YqhS) (0.5 mg/ml) in PBS buffer into 3
BALB/C micc and 3 C57BL6 mice. After a period of approximately 4 weeks,
polyclonal antibodies termed IgG (immunoglobulin G} that react specifically with the

introduced protein were harvested from the animal’s serum.

Specific polyclonal antibodies against denatured E.coli type 1 dchydroquinasc were
raised in rabbits by A. Tikidlilid (MSc project 1989). The E. coli type 1
dehydroquinase was denatured by reduction and carboxymethlation. Antiserum was
raised in a New Zealand white rabbit. An initial immunisation of 400 ug of protein
followed by a second (boost) after 6 weeks of 200 pg of protein.  Polyclonal

antibodies that react with denatured . coli type I dehydroquinase were produecd.

HRP-conjugated secondary antibodies for mice were donated by Dr. Craig Roberts
and also supplied by Pierce Scientific. Pierce Scientific also supplied Immuno Purc®
antihody goat-anti-rabbit 1gG (H+L) HRP labelled. All aniibodies were stored in 50
% (v/v) glycerol in 40 pl aliquots at —20°C.

2.15 Mass spectrometry

To identify a cellular protein by mass spectrometry it is necessary to separate the
protein of interest from (he complex protein mixture extracted from the cell. Two

approaches arc outlined below for the protein separation:
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2.15.1 Two-dimensional electrophoresis (2-DE)

This technique sorts proteins according to two independent properties in two steps:
The first-dimension step, isoelectric focusing (IEF), separates proteins according to
their isoelectric points (pI); the second-dimension step, SDS PAGE separates proteins
according to their molecular weight (2.11) (O'Farrell, 1975). Each spot corresponds
to a single protein species in the sample. All 2-DE separations were performed in

duplicate.

All electrophoresis equipment and reagents for 2-DE were supplied by Amersham
Pharmacia Biotech Ltd unless otherwise stated. Frozen Bacterial cell pellets
(approximately 200 pg of protein) were disrupted in 40 pt of lysis solution containing
8 M urea, 4% (w/v) CHAPS, 40 mM 'I'tis (stored at —20°C) and subjected to 5 cycles
of rapid freeze and thawing using liquid nitrogen and a Grant QBT2 heat block set at
25°C. Bacterial cells were further disrupted by five 1-minute cycles of sonication
and incubation on ice a Decon model FS 100 water bath sonicator. Solubilisation
was aided by subsequent addition of a rehydration buffer containing 8 M urea, 2%
(w/v) CHAPS, 22 mM DDT, 0.5% (v/v) immobilisation pH gradient (IPG) buffer and
a trace quantity of bromophenol blue, to a final sample volume of 125 pl. Insoluble

material was removed by centrifugation at 16000 X g for 5 minutes at 20°C.

Proteins were separated in the first dimension using 1PGphor™ isoelectric focusing
system, employing a 7 cm immobilised pH 4-7 linear gradicnt imnobilisation strip.
The sample in rehydration bulfer was loaded into a ceramic strip holder and the TPG
strip was placed gel side down orientating the anodic end of the strip towards the
pointed end of the strip holder. The IPG strip was covered with I’G cover [iuid to
minitnise evaporation and placed on the electrode pads of the IPGphor™ system. The
protocol for the isoclectric focusing was optimiscd by A. Foucher (University of
Glasgow) and included a rehydration step of 15 hours at 20°C series and three
voltage steps that gradually increased from 500 V to 6000 V over 18 hours. After the
II’G strip had been treated for 15,000-20,000 voliage hours (Vh), the proteins focused
on the IPG strip were equilibrated for the second dimension separation by soaking the
strip in 10 ml of SDS equilibraticn buffer (50 mM Tris-HCi, 6M urca, 30% (v/v)

glycerol, 2% SDS) containing 100mg DTT for 15 minutes. A second equilibration
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was performed with equilibration buffer containing 250 mg of iodoacetamide instead

of DTT for 15 minutes.

After equilibration, the proteins were separated in the second dimension by SDS
PAGE (2.11}). The cquilibratcd IPG strip was applied to a 15% acrylamide gel
without a stacking gel and sealed using agarose sealing solution (SDS PAGF running
buffer (Appendix A), 0.5% (w/v) agarose NA, trace quantity of bromophenol blue).
After second dimension electrophoresis the duplicate 2-DE gels were analysed

separately one Coomassie stained (2.11.1) and the other western blotted (2.14).
2.15.2 Immunoprecipitation

Using the Pierce Seize™ Classic (A) Ilmmunoprecipitation kit, all reagents and

disposable spin cartridge apparatus were supplied within the kit.

Frozen Bacterial cell pellets (3 ml of culture grown for 48 hours and then centrifuged
at 16,000 x g for 4 minules al 20°C) were disrupted by sonication in 200 ul of
Tris:-HCl (pH 7.5} and subjected to 5 cyeles of rapid freeze and thawing using liquid
nitrogen and a Grant QBT2 heat biock at 25°C. Bacterial cells were further distupted
by five 1-minute cycles of sonication and incubation on ice using a Decon model I'S
100 water bath sonicator. Disrupted cells were centrifuged for 5 minutes at 16,000 x
g to removc ccll debris. The supernatant was incubated with approximately 1.5
mg/ml of antibody (2.14.1) for 1 hour at 20°C on a Stvart Scientific (modcl STR9)
3D rocking platform. 0.4 ml of TmmunoPure® Plus Immobilized Protein A {50%
slurry) was equilibrated with 3 washes of BupH™ binding/wash buffer (0.14 M NaCl,
8 mM NagPOs, 2 mM potassium phosphate, 13 mM KC1 pH 7.4). All washes were
performed in a spin X cup and centrifuged at 16,000 X g. The immune complex
(antibody and cell lysate) was added to the cquilibrated immobilized Protein A and
tncubated for 30 minutes at 20°C on a rocking platform. The spin X cup containing
the immuoe complex and protein A was washed 3 times with Binding/wash buffer
and then cluted with 190 ul of ImmunoPurc® Elution buffer (pH 2.8) containing
primary amine, the elution step was repeated two further times. Both the washes and
the eluants were analysed by SDS PAGE (2.11).

Prcliminary cxperiments with the Seize™ X Protcin A immunoprecipitation kit were

performed using a similar method to the Seize™ Classic (A) immunoprecipitation kit.
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In this method antibodies were cross-linked to the immobilized Protein A overcoming

the problem of antibody contamination in the eluant.
2.13.3 Protein Digests

After 2-DE (2.15.1) or immunoprecipilation (2.15.2) separated proteins of interest
were recovered from SDS PAGE, for in situ proteolytic digestion (Hellman er al.,
1995). Proteins were excised from a destained polyacrylamide gel (1 mm X T mm
square) and washed for 1 hour in 500 pl of 100 mM ammonium bicarbonate. The
wash was discarded and the gel [ragment was washed in 50% (v/v) acctonitrile, 100
mM ammonium hicarbonate for 1 hour. The wash was discarded and the gel
[ragment was shrunk in 50 ul of 100% acetonitrile for 10 minutes. The solvent was
removed and the gel fragment was dried in a fume hood for 25 minutes at 20°C.
Proteolytic digestion was performed using 0.2 pg of sequencing grade modified
trypsin (Promega) in 30 ul of 20 mM ammonium bicarbonate and the solution was
incubated for 16 hours at 37°C shaking at 200 rpm using a Grant OLS 200
shaker/water bath. Digested protein samples were then either stored at —20°C or

analysed directly using mass spectrometry.
2.15.4 MALDI-tof and electrospray mass spectrometry

Protein masses were determined using a QStar Pulsar mass spectrometer running
AnalystQS software (Applied Biosystems) fitted with a Protana nanospray source
(Protana} or an APl 3000 Triple Quadupole instrument. Buffers salts were first
removed from the sample on a CI18 ZipTip (Millipore) (before use ZipTips were
conditioned by washing three times with each of the following: (1) 10 pl of
acetoniirile in 0.5% formic acid, (2) 50% acetonitrile in 0.5% formic acid and finally
(3) 0.5% formic acid). Protein samples were absorbed on to the tip by repeated
pipetting of the solution. The pt of the adserbed proteins was approximately pH 3.5
due to the formic acid. The samples were then desalted by extensive washing with
0.5% [ormic acid (at least 10 x 10 pl). Proteins were then eluled {rom the lip with 2-3
pl of 50% acetonitrile in 0.5% formic acid and loaded immediately into the nanospray
tip {Protana). Samples for electrospray ionisation (ESI) were spotted on (o a gold
plate for ionisation and left to dry for 30 minutes. Key parameter settings were for
the QStar Pulsar: spray voltage 1000V, curtain gas 25, declustering potential 85, and
pulsar settings of 5 and 6 for IRD and IRW respeclively. Data were collected from
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400-2000 m/z using settings optimised for horse heart myoglobin, and deconvoluted
to zcro charge using the BioAnalyst software. Deconvolution was performed using a
step mass of 0.5 Da running 20 iterations. Mass accuracies were estimated at +/-
0.01%.

2.16 Enzyme assays

All assays were carried out at 25°C in a 1 ml quartz cuvette, 1 cm path length on a

Jasco V-550 dual beam spectrophotometer unless otherwise stated.
2.16.1 Type IT dehydroquinase assay

Type II dehydroguinase aclivity was detemined by monitoring the formation of
dehydroshikimate at 234 nm (¢ = 12x10° Mlem™) (Salamon and Davis, 1953:
Mitsuhashi and Davis, 1954; White ef al., 1990). Assays were performed using 50
mM Tris-acetate buffer, pH 7.0 in a total volume of Iml. Reactions were initiated by
the addition of enzyme (0.015 ng, 0.5 pg, 3 pg and 34 pg of SCDIIQase,
MTDHQase, HPDHQase, and B. subtilis YqhS (F23Y) respectively). Kinetic
parameters were determined by varying the substrate (3-dehydroquinate)

concentration over an appropriate range {(between 10 pM and 2 mM).
2.16.2 Shikimate dehydrogenase assays

Shikimate dehydrogenase and shikimate dehyvdrogenase related protein (YdiB)
activity was measured hy following the conversion of NADP" to NADPH or NAD" to
NADH at 340 nm (e = 6.]8X1031’\/1'lcm“l) {Chaudhuri and Coggins, 1985) during the
either the oxidation of either shikimate to dehydroshikimate (reverse direction of the
shikimate pathway) or quinate to dchydroquinate (forward dircction of the quinate
pathway). Assays were performed using 100 mM Glycine NaOTI buffer, (pIT 10) in a
total volume of 1 ml. Reactions were initiated by the addition of enzyme (0.1 pg and
1.0 ug of A influenzae shikimate dehydrogenase and YdiB protein, respectively).
Fach substrate of the reaction (NADP™ or NAD™ and cither shikimate or quinatc) was
varied in turn over an appropriate range. The ranges were between 25 pM and 60
mM for shikimate, between 10 mM and 200 mM quinate, 25 pM and 1.5 mM NADP
and between 2.5 mM and 20 mM for NAD keeping the concentration of the other

substrate constant.
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2.17 Preparation of substrates

2.17.1 3-dchydroquinate

3-dehydroquinate was gifted by Prof. John Coggins from a batch prepared in 1991
using the method of Grewe and Haendler (1966). The principle ol the method is to
oxidise quinic acid with nitric acid and then crystallisc dehydroquinate as an
ammonium salt. The substrate may be purified using ion exchange resin. Substrate
prepared by this method proved unsatisfactory for studying enzymes with low
activity for two reasons: - (i) there was high backgrouwl absorplion at 234 nm and (ii)
both the 3- and the 3- forms of dehydroquinate are produced. It is thought that 5-
dehydroquinate could have an inhibitory effect on dehydroquinases,  The

dehydroquinate also proved difficult to handle as it forms a sticky solid.

An alternative preparation was performed by T.orna Noble via a multi-stage chemical
synthesis (Evans ef al., 2002). This yielded extremely pure DHQate which in
solution had a very low Ajsq and which was stable for at least one hour at 25°C. 2
and 20 mM stocks of substrate were kept al —20°C; once delrosted stocks were kept

for up to four weeks at 4°C.

The concentration of solutions of substrate were determined on thc basis of the
limiting change in absorbance at 234nm, on addition of 1 pg of of SCDIIQase, taking
into account the equilibrium constant for the reaction which is 15 (Kleanthous et al.,
1991).

2.17.2 Substrates for shikimate dehydrogenase assays

Substrates for the shikimate dehydrogenase assays were bought from Sigma and

Bochringer Mannheim.
2.18 Analysis of kinetic data

The values X, and V. were obtained by performing a non-lincar regression plot,
fitting the change in absorbance per minute (AAmin™) against a range of substrate
concentrations ([S]) to the Michaelis-Menten equation (1913) using Microeal Origin
soflware version 5.0. Values of &y were calculated from the V. data by dividing by
the enzyme concentration. For inhibition studies Lincweaver-Burk (Lineweaver and

Burk, 1934) plots were drawn in which the inverse of AAmin™ (1/v) was plotted
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against the inverse [S] (1/[S]) which gives a straight line with an intercept at the x-

axis equal o —1/K, and an intercept on the y-axis equal to 1/ V.

ye 14 um.\z[S]
Kun +|_S_|

(Michaelis-Menten equation)

1 K 1 1

v ]_SJ Viax Vmax

(Lineweaver-Burk transformation of Michaelis-Menten equation)

Twa substrate reactions are more complex and are categorised depending on the order
in which the enzyme subsirate complexes are formed. SDHase is thought to involve
a ternary complex where the cnzyme binds to both substrates before the products are
formed. The initial rate (v) of the reaction is calculated from the equation:

e ¥ wn[A}[B]
K'aKn+ Ko[A]+Ka[B]+[A]{B]

(Ternary complex mechanism equation Huang, (1979))

Values of 16.5,18.0, 20.6 and 16 kDa were used for the subunit molecular masses of
SCDI1Qase, MTDI1Qase, HPDHQase, and (F23Y) BSDHQasc respeetively. Using a
his-tag purification system David Robinson puritied the HPDHQase and the
MTDHQase the his-tag is included in the molecular weight calculations. The kinetic
parameters of these enzymes were very similar to those previously reported for the

corresponding native enzymes (Bottomley ef al., 1996a).

The subunit molecular masses for H. influenzae SHDase and YdiB are 29.76 and

29.9kDa respectively.
2.19 Stopped Flow assays

Pre-steady state kinetics of S. coelicolor DHQase, H pylori DHQase and B. subtilis
YqghS (F23Y) were measured by stopped flow using an Applied Photophysics
stopped flow reaction analyser. Absorbance at 234nm was measured with a path
length of the observation chamber 2 mm. These measurements were carried out at

room temperature (20°C) the two syringes (A and B) are mixed in less than 2
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mifliseconds wilh a mixing ralio of 1:10 respeciively. Syringe A was [illed with a
known dilution of enzyme, syringe B was filled with the appropriate buffer and

substrate typically 50 mM Tris-acetate, pH 7.0 and 1 mM 3-dehydroquinase.
2.20 Denaturation experiments on Type Il dehydroquinases

The stability of proteins was studied using denaturation reagents. 0.1-0.5 mg/ml
protein samples were incubated for between 1-24 hours at 20°C with either the
denaturant guanidine hydrochloride (GdmCl) or urea at a range of concentrations
(0.25-8 M GdmCl und 0.5-4 M urea). Concentration of denaturant was determined

using refractive index measurements (Nozaki, 1972; Pacc 1986).
2.21 Fluorescence spectroscopy

Changes in the quanium yields and emission maxima of intrinsic fluorescence can be
used to monitor conformational changes in protein structure and their interaction with

ligands.

When a molecule is cxposcd to clectromaguetic radiation it is transformed from a
‘ground’ state to an ‘excited’ state. The energy of the absorbed photon of light
corresponds to the energy difference between these two staies.  The molecule can
return to its ‘ground’ state by the emission of a photon of light which corresponds to
the energy difference of the ‘excited’ state this emission is known as fluorescence
(Szabo, 2000).

[luorescence scans were carried oul durig denaturalion of proteins and ligand
binding experiments. The fluorimeter was set up to selectively excite either
tryptophan or tyrosine residues at a wavelength of 290 nm or 280 nm, respectively.
Emission was monitored either between 340 and 350 nm if the tryptophan was
solvent exposed or between 308 and 340 mn if the tryptophan was buried in the
interior of a native protein (Eftink and Shastry, 1997). The tyrosine emission signal
is much weaker and therefore the enviromment of the tyrosine residues is more
difficult to analysc. Fluorcscence measurements were made at 20°C with 1 cm path
length cell with a 1 ml volume and with the slits set at 5.0 min bandpass using a

Perkin-Elmer LS50B spectrofluorimeler.
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2.22 Circular dichroism

Circular dichroism (CD) measures the difference in absorption of left and right
circularly polatised radiation. Plane-polarised light is split into two components by
subjecting the radiation to an alternating (50 kHz) electric field using a modulator
containing a piezoelectric quartz crystal tightly coupled to a thin quartz plate. When
lett and right circularly polarised light passes through a protein sample the chirality of
secondary and tertiary structures of the protein results in one of the components ol the
circular polarised light being absorbed to a greater extent then the other resulting in

elliptically polarised light, CD data are presented as ellipicity in degrees (#).

In the far UV region (240-190 nm), which corresponds to absorption of peptide
bonds, spectra can be analysed to give an indication of secondary structure content.
The CD spectrum in the near UV region (320-260 nm) reflects the environments of
the aromatic amino acids and thus gives information about the tertiary structure of the
protein, it can also give information about disulphide bonds and non-protein cofactors

which might absorb in this speciral region (Kelly and Price, 2000; Kuwajima, 1995).

CD spectra were recorded at 20°C on a JASCO J-600 spectropolarimeter at protein
concentrations ranging from 0.5 to 1.5 mg/ml in 100 mM potassium phosphate buffer
(pH 7.0).  All speetra were recorded in at a path length of cither 0.02 em (ncar
UVCD) ot 0.5 em (far UVCD). All spectra were recorded by Dr. S. Kelly
(University of Glasgow). The spectra were analysed for secondary structure content
using SELCON (Sreerama and Woody, 1994a; 1994b).

2.23 Dynamic light scattering

Dynamic light scattering can be used to analyse single species protein solutions o
determine quaternary siructure and the elfect of different metal ions, pH or sall
concentrations on the aggregation states. If the molecular weight of the protein is
known, predictions about the shape and density of the protein can be made by taking
into account that the predicted mass from light scatiering relies on the assumption

that the protein in qucstion is spherical and has an average protein density.

When a polarised light beam from a monochromatic laser passes through a solution it
interacts with the particles and causes the electron distribution to oscillate. This

oscillation results in the scattering of light of the same wavelength as the incident
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beam. When the diumeler of the particles is significantly less than the incident beam
this type of scattering is termed Rayleigh scattering. However, macromolecules in
solution are subject to Brownian motion and this can cause fluctuations in the
scattered light intensity. When measuring static light scattering on a second time-
scale the information about the fluctuations is lost as they are averaged. These
fluctuations result in a deviation from Rayleigh scattering, which can be used to
caleulate the diffusion cocfficient. It is possible to measure these fluctuations using a
highly sensitive detector, which measures on a microsecond time-scale, this is termed
dynamic light scatlering (Santos e/ al., 1996). A DynoPro™ gystem was used to
measure dynamic scattering samples of 200 pl with a protein concentration between
of between 0.5-2.5 mg/ml of protein were injected into the observation chamber
(20°C). From the diffusion coefficient, the hydrodynamic radius can be calculated
using the Stokes-Linstein equation (Santos ef al., 1996):

kT
6k

(Stokes-Einstein equation)

Where D is (he diffusion cocfficient, k i1s the Boltzmann constant, T is the

temperature, 1) is the solvent viscosity and R is the hydrodynamic radius.

Using the radius of gyration the mass of the protein can be estimated assuming that

the protein is spherical and of an average protein density.
2.24 Protein Crystallisation

Protein crystals were grown using (he silling drop vapour diffusion method. Using a
Crystchem™ 24 well plate (Hampton Research) a sparse matrix screen was set up.
Sparse matrix screens cover a wide range of crystallisation conditions, varying the
precipitant, buffer and additives over a series of concentrations and types of

precipitant and additives; and pH levels.

A 2 pl drop composed of 1 pl of 10-20 mg/ml protcin solution (>95% purity, section
2.12) and 1 pl of crystallisation reagent from the sparsc matrix screen is placed in the
concave depression on a raised post; 0.8 ml of the same crystallisation reagent is
placed in the reservoir., The drop contains a lower crystallisation reagent

concentration than the reservoir. The wells are then sealed with Crystal Clear Sealing
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Tape (Hampton Research). The Crystallisation screen is left at 20°C for an indefinite
amount of time screening for crystal growth intermittently using an Olympus
microscope model S240. Picturcs were taken of the crystals using a JVC TK-1280E

colour video camera.

The formation of crystals depends on the solubility of the protein solution which can
be manipulated using a precipitant. It is necessary for the protein to be supetsaturated
to form crystals, this is achieved by the equilibration between the protein solution and
crystallisation reagent. To achieve equilibrium, water vapour leaves the drop and
eventually ends up in the reservoir. As water leaves the drop, the sample undergoes

an increase in relative supersaturation (McPherson, 1989).

Once a condition is found that produces crystals it can be optimised to produce larger

crystals, which maybe easier to handle and yield better results from X-ray diffraction.

Protein crystals were tested by X-ray diffraction at the Daresbury synchrotron on
Beam Line 9/6 by B. Lohkamp and A. McEwen.
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CHAPTER 3 SITE-DIRECTED MUTAGENESIS OF S.
COELICOLOR TYPE 1 DEHYDROQUINASE.

3.1 TIntroducticn

The type Il dehydroquinase from S. coelicolor was first purified by White er af
{1990); this was the first micro-organism to be found to possess a biosynthetic type IT
dehydroquinase rather than a type 1. The diflerences between the two types of
enzyme are discussed ih detail in scetion 1.3. It is well known that the catalytic
mechanism of type [ dehydroguinase involves the formation of a Schiff base between
the substratc and the active site lysine 170 (Salmonella typhi numbering of amino
acids) (Chaudhuri ef af., 1991). This is not the casc in type II dehydroquinases which
do not have a conserved lysine and in which no imine intermediate can be
demonstrated by borohydride trapping experiments (Kleanthous ef al., 1992). The
stercochemistry also differs between the two types, type I enzymes catalyse a syn
elimination of water with the loss of the pro-R hydrogen from C-2, whereas type II
enzymes catalyse an anti elimination reaction with the loss of the more acidic axial
pro-S hydrogen from C-2. To demonstrate this, 'H NMR experiments were
performed using dehydroquinate labelled in either the C-2 pro~-R or pro-S posilions
with deuterium and used as the substrate for both type I and If dehydroquinase
(Shoeier et al, 1993), Type Il enzymes are thought to proceed via an enolate
intermediate (TTarris et al, 1996a). Studies with (65)/(6R)-6-fluoro-3-dehydroquinate
and E. coli type 1 dehydroquinase also revealed an imine intermediatc by F NMR
(Parker ef al, 2000). Understanding (he catalytic mechanism and the differences in
the mechanism between the two mechanistically and structurally distinct forms of
dehydroquinase is important for the development of novel selective therapeutic

agents.
3.1.1 The active site and proposed catalytic mechanism

The identification of an essential hyper-reactive arginine residue (Arg23 in S
coelicolor) using the arginine-specific reagent phenylglyoxal (PGO) in conjunction
with electrospray mass spectrometry led o the identification of the active site of type
Il debydroguinase (Krell er al., 1995 and 1996). Thiee site-directed mutants of
Arg23 were constrncted; R23K, R23Q and R23A. All three mutants had significantly

lower ke with R23A being 30,000 times less active than the wild-type enzyme.
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Arg23 was attributed to a role in substrate recognition as well as a possible catalytic
role. Chemical medification with tetranitromethane (TNM) also identified Tyr28 as

being at or close to the active site (Krell e/ af., 1995).

The 3-D X-ray crystal structures of M fwberculosis (Gourley et al, 1999), S
coelicolor and mutant S. coelicalor R23A dehydroquinases (Roszak ef al., 2002)
confirmed the location of the active site. The SCDHQasc R23A structure was solved
with dehydroshikimate bound within the active site. The active site is located in the

cleft formed at the carboxy edge of the 3 sheet between strands [31 and 33 (Figure

14). The active site is partially covered by helix o3 from the neighbouring subunit
forming a salt bridge between Argl17 and Asp92” (S. coelicolor numbering of amino
acids with residues from a neighbouring subunit denoted with an asterisk). This
intersubunit salt bridge maintains the orientation of a flexible loop that forms a lid
domain (residues 21-31) over the active site (Price ef al, 1999), which includes
residues Arg23 and Tyr28. In addition residues Gly21 and Asp31 show a significant
hinged movement resulting in a difference of over 5 A between apo and complexed

structures of the S. coelicolor enzyme (Roszak ef al., 2002).
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Lid domain ,
¥ \

Figure 14. Solid ribbon representation of the X-ray structure of S. coelicolor type 11
dehydroquinase. o helix (red) are labelled ol-a4 and B strands (blue)
labelled B1-B5 and 3y helices are labelled n1-4. The ligand 2.3-anhydro-
quinic acid is shown as a ball and stick representation to highlight the

location of the active site.

The proposed catalytic mechanism for type II dehydroquinase utilises a stepwise
E|CB (elimination unimolar via conjugate base) mechanism proposed to involve an
enolate intermediate. This was first suggested by substrate and solvent isotope
studies, where the proton abstraction was shown to be rate limiting for M.

tuberculosis and A. nidulans type 11 dehydroquinase (Harris et al, 1996b).

Analysis of the crystal structure of S.coelicolor dehydroquinase with various ligands

bound in the active site, such as phosphate, transition state analogue 2.3-anhydro-
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quinic acid and dehydroshikimaie (R23A mutant SCDHQase) revealed that the
carboxylate group of the substrate is bound to the main chain of Ser108 and Ile107.
The phosphate ion, which is a compctlitive inhibitor of SCDHQase, mimics the
carboxlate group. The hydroxyl of Ser108 also binds to the C1 carboxylate of
dehydroquinate (Roszak ef af, 2002; Evans ef af, 2002 and section 5.4.5).
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Figure 15. Schemalic representation of the proposed mechanism of S. coelicolor type

I dehydroquinase.

The substrate and solvent isotope effects show that proton abstraction is partially rate
limiting and occurs at or before the highest transition state (Harris er af, 1996b).
Abstraction of the more acid axial pro S hydrogen from C2 of dehydroquinate by the

side chain of Tyr28 is thought to be the first step in the mechanism. Since the
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hydroxyl group of free tyrosine has a pK, of 10.0, it would be expected that the
tyrosine residue would be fully protonated at pH 7.0. It is thought that the p&, of the
tyrosine is shifted by the proximity of Argll3 and perhaps to a lesser extent by
Arg23 (Figure 15). This environmental shifi of the pX, of a tyrosine residue has been
observed in human aldose reductase (Tarle ¢f al., 1993) where a neighbouring lysine
residue forms a hydrogen bond to the tyrosine thought to be involved in proton
abstraction. A similar interaction with two lvsine residues is thought to alter the
cnvironment of the active site in Class C P-lactamase from Citrobacter freundii
lowering the pX, of a tyrosine residue (Oefner ef al., 1990). The side chains of Tyr28
and Argil3 in SCDHQase are thought to be orientuted by the side chain of Ser108.
It is proposcd that the transition state produced by the abstraction of the pro S
hydrogen will lead to a double bond being formed between C2 and C3 presumably
forming a enolate intermediate (Figure 15). The intermediate is characterized by a
flattening of the carbocyelic ring and is likely to involve stronger hydrogen bonding
to the enolate oxygen in the transition state. However, the absence of a positively
charged amino acid fo interact with the oxygen at C3 makes an enolate intermediate
unlikely. A conserved water molecule (present in all S. coelicolor enzyme-ligand X-
ray structures) is positioned to form an enol intermediate. The water molecule is held
in a specific orientation 2.8 A away from the carbonyl of dehydroshikimate by
invariant residues Asnl6é and the carbonyl of Proi5 and the main chain amide of
Ala82. The next step is Lhe elimination of the hydroxyl group at C1 with His106
acling as a proton donor (Figure 15). The side chain of Asn79 orientates the hydroxyl

group at C1 o accept the proton.

It was originally thought that the His106 formed a His-Glu pair with the invariant
residue Glul04 and could act as base in the removal of the pro S hydrogen at C2 of
the substrate (Gourley et af, 1999). But crystallographic studies on SCDHQase in
complex with 2,3-anhydro-quinic acid show that Hisl106 interacts with the Cl1
hydroxyl of the substrate and does not have a role in proton abstraction (Roszak ef
al., 2002).

The release of the products (dehydroshikimate and water) is probably triggered by the
fact thal the aclive site is not large enough for both to occupy the cavity: on removal
of the hydroxyl from C1, the intermediate undergoes a structural change and becomes

planar as the product dehydroshikimate is formed.
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Table 5. K, values (M) for inhibitors against type I and II dehydroquinases
from Frederickson ez al. (1999 and 2002)

S. typhinmurium

A, nidulans

M. tuberculosis S. eeelicolor

type [ DHQase type IDHQase  type U DIIQase  type IT DHQase
(K pM) (K; nd) (K uM) (K uM)
3000 % 1000 60 = 10 200+ 20 3010
2,3-anhydroquinic

acid

OH, ,CO:M
OH 4500 £ 500 1500 4200 1200 £200 600 x 200
OH

3-deoxyquinic acid
OH, ,CO.Na
HOS //é\
N i OH > 25000 15+1 2042 500+ 0.2
OH
Oxime
OH, ,COH
%,
/@\
F Y ToH 1500 + 500 505 10£2 15+2
o ]l
Vinyl fluoride

Inhibitors of type I dehydroquinase were designed exploiting the two key differences

between type I and II dehydroquinases: the stereochemistry of the initial elimination

of the proton at C2 and the formation ot different intermediates (Irederickson e al,

1999). 2,3-anhydro quinic acid and 3-deoxyquinic acid were synthesized; they are

both structurally similar to the substrate but lack the C3 carbonyl group needed to
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form the imine intermediate formed in type I dehydroquinases. 2,3-anhydro quinic
acid posscsscs a double bond between C2 and C3 and thus acts as a mimic for the
planar ring of the transition-slate. An oxime was synthesized exploiting the
carboxylate-binding pocket with the aim of decrease the K of the inhibitor. Recent
studies by Trederickson (2002) have developed a vinyl fluoride that closely mimics
the geometric and electronic features of the transition-statc. These compounds were

tested on both lype 1 and I dehydroquinases with the results summarised in Table 5.
3.1.2 Site-directed matagenesis as a tool

Substitution of amino acids by site-directed mutagenesis is a powerful tool in testing
hypotheses in regard to the importance of a particular residue in catalysis. 3-D
structures of type 1l dehydroquinase were used to select amino acid residues to be

replaced.

The firsi site-directed mutagenesis strategy that was adopted was developed by
Higuchi {1988), outlined in section 2.6.3.1. Unfortunately this method proved to be
time consuming, as it required the optimisation of three PCRs for cach mutation. The
fragments in the first stage that were generated were very small and thus difficult to
process. The fact that two rounds of PCR were necessary to produce the desired
mutation within the genc meant that there was more chance of introducing unwanted
mismatches. ‘the high G -+ C content of the S. coeficolor genome (Wright and Bibb,
1992) made the optimisation of these PCRs more difficult (for example, the G+C
content of the S. coelicolor aroQ gene is 70%). Dimethyl sulphoxide {DMSO) has
been shown to increase the level of amplificalion of PCRs; it is thought that DMSO
enhances PCR by hydrogen bonding to the major and minor grooves of the template
DNA and destabilising the double helix (Pomp and Medrano, 1991; Chakrabarti and
Schutt, 2002). DMSO was used as an additive in the site-directed mutagenesis PCRs
of the G+C rich agroQ; other additives such as glycerol were also tested, but was

found to be less polent.

The second site-directed mutagenesis strategy was the Stratagene® QuikChange™
site-directed mutagensis kit (2.6.3.2). ‘L'his strategy had many advantages over the
two-stage PCR strategy including the replication of the whole vector with the desired
mutation in one round of PCR and the dircet transformation of the PCR DNA into .

coli without a ligation step. The Stratagene® procedure also used Pfir tutbo DNA
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polymerase that has 2-fold higher fidelity in DNA synthesis than Vent polymerase
(Cline ef al, 1996). The Invitrogen® ExSite™ mutagencsis kit was also tested but was

not successfully used.
3.1.3 Target residues for site-dirccted mutagensis

The residues chosen for site directed mutagenesis were Glul04, His106, Argl13, and
Scr108 and were all mutated to alaninc; Tyr28 was mutatcd to phenylalanine. Thesc
residues are highly conserved across the type 1T dehydroquinase family (Appendix C:
Error! Reference source not tound.). Alanine was chosen for the first four
mutalions, as its small side chain would not be expected to distupt the lextiary
structure. In addition, the methyl group of the alanine residue would also not be able

to perform the same function as the residues that being were replaced.

Phenylalanine was chosen to replace Tyr28, as it lacks the hydroxy! group in the
aromatic ring and thus would not be able to act as a proton donor or acceptor in the
catalytic mechanism. Phenylalanine was also chosen as sequence alignments had
already revealed the B. subtilis YqhS (that shows 47% identity to S. coelicolor
DHQase) possessed a phenylalanine in this position (4.1).

As previously described in section 3.1.1 Argl13 is believed to alter the environment
of Tyr28 and lower pX, of this residue. Thus exchanging this residue for an alanine
should affect the pX, of the lyrosine and reduce the ke of the enzyme. The role of
the invariant Glul04 in the catalytic mechanism is not established; originally it had
been thought fo be involved in abstraction of the pro § proton of dehydroquinate and
hence, it was mutated to establish whether the residue was directly involved in
catalysis or played a structural role. The mutation of Hisl06 was designed to
establish its importance in the catalytic mechanism as a possible proton donor to the
hydroxyl at Cl of dehydroquinate. Ser108 is thought to be involved in substrate
recognition and orientation by binding to the carboxlyate group at Cl of
dehydroquinate, Hence substituting this residuc should Icad to an incrcase in the Ky,

of the enzyme.
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3.2 Construction and over-expression of site-directed mutants. of .S.

coelicolor type 1l dehydroquinase.

A two-stage sitc directed mutagenesis strategy was followed for the HI06A mutation
of S. coelicolor type I DHQase as outlined in section 2.6.3.1, using a construct of
pT7.7 with 8. coelicolor aroQ inserted into the multiple cloning site between the
Ndel and Hind 11, (gifted by Prof. Iain Hunter, Strathclyde University) as the

template for the amplification. The [our primers for the procedure were as follows:

P1 5*GATATACATATGCCCCGCAGCCTGGC 3°
P2 5’CGTCIGCAGAAGCTTCIGCACAGGAAC 3’
P3 ’GTGGTGGAGGTCGCCATCTCCACCATCCAC 37

P4 5’ ATGTTGGAGATGGCGACCTCCACCACCGG 37

The mutagenesis primers (P3+4) were designed with the desired codon change
(shown in bold) to allow the substitution of the histidine by an alanine. The first step
generated two fragments of aroQ ¢cDNA, the first fragment was 257 bp (P1+4) and
the second was 342 bp (P213). The PCR reaction for the P2 + P3 fragment contained
~3 ng of template DNA, 50 pmol of both primers, 0.2 mM of each dNTPs, 2 units
Ventg” polymerase (NEB), 1:10 dilution of 10x ThermoPol reaction buffer (10mM
KCl, 10mM ammonium sufphate, 20mM Tris-TIC1 pH 8.8, 2 mM MgSO, and 0.1%
(v/v) Trilon X-100) an additional 1p} of 0.5 mM MgSO4 and 10% (v/v) DMSO in a
total volume of 50 pl made up with sterilised water. The P1 + P4 PCR rcaction was

the same apart from the addition of MgSO; to a final concentration of 80 pM.

The BioRad Gene Cycler program included 3 elements: a hot start at 94°C for 5
minutes, 35 cycles of amplification consisting of an annealing temperature of 68°C
for one minute, an extension period of 1 minute at 72°C and a denaturation step of
94°C for 1 minute followed by a segment of annealing for 1 minutc and elongation
for 4 minutes. 5 pl of the PCR product was scparated and analysed by agarose gel
electrophoresis using XIV DNA marker (Roche} and EZ Load 100 bp Molecular
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Ruler (BioRad) (Figure 16). Fragments of the appropriate size were purified by

extraction from the gel (2.7.4).

1:2. 3.4 588 7 8B

Figure 16. 1% DNA agarose gels of pT7.7 S. coelicolor aroQ construct, two-stage
site-directed mutagensis (H106A), first round of PCR. (A) Lane 1: XIV
DNA marker (Roche), lanes 2-7: PCR fragment P1 + P4, lane 8: DNA
molecular weight marker X (Roche). (B) Lane 1: EZ Load 100 bp Molecular
Ruler (BioRad), lanes 2-3: PCR fragment P2 + P3, lane 8: XIV DNA marker
(Roche). (5 pl of PCR product).

The two fragments of PCR product (P1 + P4 and P2 + P3) were used as the template
for the second stage of PCR. The second stage PCR reaction contained =5 ng of both
of the fragments from the first stage, 50 pmol of both external primers (P1+2), 0.2
mM of each dNTP, 10% (v/v) DMSO, 2 enzyme units Ventg® polymerase,
1XThermoPol reaction buffer with an additional 1pl of 0.25mM MgSO;, in a total
volume of 50ul made up with sterilised water. The BioRad Gene Cycler program
included 3 elements: a hot start at 94°C for 5 minutes, 30 cycles of amplification

consisting of an annealing temperature of 64°C for one minute, an extension period
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of 1 minute at 72°C and a denaturation step of 94°C for one minute followed by a
final step of annealing for 1 minute and elongation for 5 minutes. 4 pl of the PCR
product was separated and analysed by agarose gel electrophoresis using DNA

Marker X and XIV (Roche) (Figure 17).

1 2 3 4567 8 9101112131415

Figure 17. 1% DNA agarose gels of pT7.7 S. coelicolor aroQ construct, two-stage
site-directed mutagensis (H106A), second round of PCR. Lane 1: XIV DNA
marker (Roche), lanes 2-14: fused PCR fragments, lane 15: DNA Marker X
(Roche), (4 pl of PCR product).

Mutated aroQ H106A was ligated into cloning vector pGEM®-5Zf(+/-) using the
EcoR V restriction site. Both pGEM-5 plasmid and the PCR product were digested in
a reaction containing 45 pl of the PCR product or 15 pg plasmid DNA, 6 units of
EcoR V (NEB) with 1xdigestion buffer 2 (NEB). The digestion reaction was
incubated at 37°C for 3 hours and purified by gel electrophoresis before being used in
the ligation reaction (2.7.5). The ligation reaction consisted of =100 ng of insert
DNA (aroQ H106A), ~50 ng of vector DNA (pGEM-5), 1 unit of T4 DNA ligase
with 1xT4 ligase buffer (Boehringer Mannheim) with sterilised water added to a total
volume of 10pl. The reaction was incubated for 16 hours at room temperature. 10ul
of the ligation reaction product was transformed into JM109 competent cells (as
described in section 2.8.2). Plasmid purifications were performed using colonies
resistant to ampicillin (100 pg/ml) and which exhibited a white phenotype in the
presence of 20 mM IPTG and 80ug/ml of X-gal. Restriction digest analysis was used
to identify successful ligations and to establish the orientation of the gene within the

vector. The pGEM-5 aroQ HI06A construct was ligated into expression vector
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pT7.7 using the restriction sites Nde I and Hind 111. Both the pGEM-5 aroQ H106A
construct and pT7.7 with an unknown 1.3 kb insert (gifted by Prof. Hunter) were
digested in a reaction containing 150 pl pGEM-5 aroQ HI106A or 50 pl pT7.7 with an
unknown 1.3 kb insert, 30 units of each restriction enzyme (Nde I and Hind I from
NEB) with Ixdigestion buflfer 4 (NEB). The digestion reaction was incubated at
37°C for 3 hours and purified by gel cleetrophoresis before use in the ligation
reaction (2.7.5). The ligation reaction consisted of ~150 ng insert DNA (arvQ
H106A), =20 ng veetor DNA (pT7.7), 1 unit T4 DNA ligase with 1xT4 ligasc buffer
(Boehringer Mannheim) in a total volume of 10l and was incubated for 16 hours at
room temperature. 10pl of the Ligation reaction was transformed inte DH5a
competent cells (2.8.2). Plasmid purifications were performed using colonies
resistant to ampicillin. Restriclion digest analysis was used to identify successful

ligations.

The Stratagene Quikchange™ site-directed mutagenesis kit was used to make the
point mutations E104A, RI13A, S108A and Y28F in S coelicolor type 1I
dehydroquinase (AroQQ) as outlined in section 2.6.3.2 (All reagents were supplied by
Stratagene unless otherwise stated). Plasmid p17.7 with S. coelicolor aroQ inserted
into the multiple cloning sitc between the Ndel and Hind 111, was used as the template
for the amplification. Forward and reverse primers were designed using the criteria
outlined in section 2.6.1. The eight primers for the procedure were as follows

(MW@G) with the desired codon change (shown in bold):

E104A

Forward primer 5°GCTGCCGGTGGTGGCGGICCACATCTCC 3°

Reverse primer S*"GGAGATGTGGACCGCCACCACCGGCAGC 3

RII13A

Forward primer S"CCAACATCCACCAGGCTGAGCCGTTCCGGCACC ¥
Reverse primer 5’GGTGCCGGAACGGCTCAGCCTGGTGGATGTTGG 37
S108A

Forward primer 5°GGAGGTCCACATCGCCAACATCCACCAGC 3°

Reverse primer 5’ GCTGGTGGATGTTGGCGATGTGGACCTICC 3°
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Y28F
Forward primer 5’CCAGCCGGAGATCITCGGCTCCGACACC 3°

Reverse primer 5 GGTGTCGGAGCCGAAGATCTCCGGCTGG 3°

The PCR reaction contained ~15 ng templaie DNA, 125 ng of forward and rcverse
primer for each mutation, 0.2 mM of each dN'1Ps, 2.5 units .PﬁJTurbo@ DNA
pelymerase, 1X reaction buffer (200 mM Tris~-HC] (pH 8.8), 20 mM MgSQy, 100 mM
KL, 100 mM (NH4)SO4, 1% Triton® X-100, 1 mg/ml nuclease-free BSA); 8% (v/v)
DMSO was added to the recommended reaction. The total volume was made up to
50 pl with sterilised water.

The BioRad Gene Cyelier program included 2 elements: a hot start at 35°C for 1
minutes, 14 cycles of amplification consisting of a further 30 seconds at 95°C
(denaturation step), an annealing temperature of 535°C for one minute, followed by an
extension period of 6 minutes at 68°C. 10 pl PCR product was separated and
analysed by agarose gel electrophoresis nsing X and XIV DNA marker (Roche)
(Tigure 18) to check for amplification. PCR producl was then digested with Dpn 1

and transformed into XL1-Blue super competent cells as described in section 2.8.2.
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1 2 34 5§67 12 345867

Figure 18. Stratagene Quikchange™ site-directed mutagenesis strategy of pT7.7 S.
coelicolor aroQ construct. 1% DNA agarose gels: (A) Lane 1: XIV DNA
marker (Roche), lanes 2-6: PCRs, lane 7: DNA Marker X (Roche). (B) Lane
1: XIV DNA marker (Roche), lanes 2-6: PCRs, lane 7: DNA Marker X
(Roche), (10 pl of PCR product).

The mutations were checked by the University of Glasgow Functional Genomics
Sequencing Facility (section 2.9). The pT7.7 aroQ mutant constructs were
transformed into the over-expression strain BL21 (DE3) pLysS (as desribed in
sections 2.8.2 and 2.10). Cell growth was monitored by Agoo and once the absorbance
had reached 0.6, the expression of protein was induced by addition of 0.8 mM IPTG:;
Figure 19 shows the time course of the induction of Y28F mutant. Each of the
mutants were grown for a further 5.5 hours after induction, yielding 8.27 g, 12.25 g,
16.37 g, 12.43 g and 12.8 g wet weight of cells for E104A, H106A, R113A, S108A

and Y28F respectively from 11 x 0.5 litres of LB medium.
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Figure 19. SDS PAGE analysis of expression time course of S. coelicolor type 11
dehydroquinase mutant Y28F in pT7.7 BL21 (DE3) pLys S construct. Lane
: Boehringer Mannhiem marker low-range, lanes 2.4.6.8: induced by
addition of 0.8 mM IPTG from 0-6 hours. Lanes 3,5,7: control without 0.8

mM IPTG from 0-6 hours (two hour increments).

The purification protocol is described in section 2.12.1 with the omission of the gel
filtration step on Sephacryl 200. It was not possible to locate fractions by the level of
catalytic activity. Fractions that had a high absorbance at A,g, were analysed using
SDS PAGE, fractions containing S. coelicolor dehydroquinase monomer (molecular
mass 16.5 kDa) were pooled and concentrated using an AMICON" protein
concentrator with a 30 kDa cut-off membrane. Figure 20 shows the DEAE-Sephacel
(A) and phenyl-Sepharose (B) elution gradient profile for mutant Y28F
dehydroquinase. The purified mutant dehydroquinases were analysed on SDS PAGE
to check the purity (Figure 21). The final purified proteins were stored at —20°C in
50% glycerol (v/v). The protein concentration for SCDHQase mutants E104A,
H106A, R113A, SIO8A and Y28F was determined by using the Lowry method (2.13)
as 4.3,6.7,20.5, 2.1 and 6 mg/ml respectively in the pooled peak fractions.
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Figure 20. Elution gradient profile of S. coelicolor mutant Y28F showing Asgo
measurements (green triangles) and concentration of salt in linear gradient
(blue line) (A) DEAE-Sephacel and (B) phenyl-Sepharose. Fractions that

were pooled are shown between the black lines.
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Figure 21. 15% SDS PAGE of purified S. coelicolor mutant type Il dehydroquinases.
Lane 1: Boehringer Mannhiem low-range, lanes 2-6: have between 5 and 10
pg of mutant dehydrogenase HIO6A, SI08A, E104A, R113A and Y28F.

respectively.

In early experiments, an initial heat treatment step at 65°C for 10 minutes was tested.
as type Il dehydroquinases have been shown to be thermally stable. Although the
heat treatment was a very effective purification step it was not possible to recover
more than 80% of the catalytic activity (results not shown). Hence this step was

abandoned for purification of the mutants.
3.3 Protein structure comparisons.
3.3.1 Mass spectrometry

The mass of the purified mutant proteins was determined using electrospray mass
spectrometry (2.15). The protein concentration was between 1.1 and 1.8 mg/ml in
50mM Tris acetate (pH 7.0); samples were passed through C18 zip tips to remove
ions. The molecular masses of all the dehydroquinases tested showed 100%
processing of the N-terminal methionine.  N-terminal methionine process in
SCDHQase has been reported by Krell er al. (1995). The mass of the wild type, type
[I dehydroquinase from S. coelicolor was found to be 16549.68 Da, very close to the
theoretical mass of 16550.6 Da (Figure 22A). The Y28F mutant has a mass of
16535.08 Da; 14.6 Da less than the wild type, which corresponds to the difference
between a tyrosine and a phenylalanine amino acid residue, i.e. one oxygen atom
(Figure 22B).
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Figure 22. Elcctrospray mass spectromeiry data of S, coelicolor wild-type and mutant
type II dehydrogenases. (A) Wild type, (B) Y28F, (C) S1084, (D) H106A,

(E) E104A and (F) R113A.
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The spectrum of the S108A mutant displays two peaks, one at 16533.72 Da, which
exactly matches the substitution of scrine by alanine, The sccond peak is at 227 Da
less than the major peak and has approximately 50% of its intensity (Figure 22C).
Two peaks are also present in the R113A mutant spectrum (Figure 22F) although in
this case the minor peak is only about 20% as intense as the major peak., The major
peak in the R113A spectrum corresponds precisely to the mutation of arginine to
alanine; the minor peak has the same difference in mass (227 Da) as the minor peak
in the S108A mutant spectrum. This indicates that the minor peak is not an impurity
and is likely to be the result of C-terminal processing as the diffcrence in mass
observed is the same as the combined molccular mass of an arginine and alanine,
residues present at the C-terminal, Processing at the N-terminus is less likely as the
sequence starts with a proline followed by an arginine. Proline residues usually
impede cleavage und the combined molecular weight is 26 Da larger than observed
difference in mass (227 Da) between the peaks. Analyses of the 3-D X-ray structures
of SCDHQase suggest that loss of two amino acids at C-terminal is unlikely to affect
the activity. To confirm C-terminal processing the C-terminal sequencing could be
petformed. Enzymatic C-terminal sequencing based on carboxypeplidase cleavage
employing protein digestion using O'*-enriched H,O can be used to identify the C-

terminal peptide.

The spectrum of the HI06A mutant also displays two peaks (Figure 22D). The major
peak is 66 Da smaller (16483.6 Da) than the wild type SCDHQase peak
corresponding exactly to the substitution of histidine by alanine. The second minor
peak that corresponds to the C-terminal processing of two amino acids makes up
about 33% of the protein in solution. The E104A spectrum shows approximately
15% C-terminal processing of the protein in solution. The major peak is equivalent

to the substitution of glutamate by alanine (16491.6 Da) (Figure 22E).

Each protein spectra has a small peak on average 22.8 Da larger than the major
dehydroguinase peak. This corresponds to the atomic weight of sodium and these
small peaks are likely to be a sodiun atom bound to the unfolded protein. This is a

residual salt contaminalion as the C18 zip tips are not totally effective.
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3.3.2 Circular dichroism

The CD spectrum of the wild type SCDHQase and each of the mutants was recorded
in both the near UV (0.5 cm path length) and far UV (0.02 ¢m path length) at protein
concentrations of 1.6 and 0.5 mg/ml respectively in 30mM potassium phosphate
buffer pH 7.0. Evidence from the far UV CD spectroscopy demonstrated that the
secondary struciure of the protein was not altered significantly in any of the mutants
(Figure 234). The dillerences in the percentage distribution of secondary structural
features were calculated using the SELCON procedure (Sreerama and Woody,

1994a) and are shown in Table 6.

Table 6. Secondary structure estimates (%) using the SELCON procedurc of
Sreerama and Woody (1994b).

Alphahelix  Antiparallel DParallel beta Turns Other
beta shect shect
SC W'l 30.7 13.6 8.6 15.1 32.9
E104A 28.8 14.9 8.5 14.4 34.0
H106A 31.1 13.2 8.5 13.5 33.6
R1I3A 29.9 14.0 7.9 12.7 353
S108A 29.9 12.5 9.2 10.9 37.8
Y28F 30.0 13.1 9.0 13.1 34.8
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Figure 23. Superimposed circular dichroism spectra of wild type and mutant S.
coelicolor dehydroquinases. See inserted legend for colour of mutants and
wild type (A) Far UV CD (B) near UV CD.
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The near UV CD spectrum shows little difference in the environments of the aromatic
amino acids between the wild type and the mutant S. coelicolor dehydroquinases
(Figure 23B). The overall shapes of the spectra are similar throughout, suggesting
that the tertiary structure is unaffected by the mutations. Slight alterations in the in
the spectra could reflect the conformational mobility of the protein in solution. There
is a subtle shift in the peak at 290 nm of mutants; E104A, H106A and S108A, this
maybe attributed to a minor change in the environment of the tryptophan, residue 65,
The E104A mutant is the only mutation to have a higher intensity than the wild type
between 280 and 260 nm; this indicates greater rigidity in the residues that absorb

within this region (3 phenylalanine and 3 tyrosine residues).
3.4 Functional assays of mutants.

Enzyme assays were carricd out as described in section 2.16.1. 10 pug of enzyme was
used for each assay of mutants E104A and H106A, 0.5 ug, 25 pg and 50pg of
enzyme were used for each assay of the SID8A, Y28F and RI113A mutant,
respectively and 0.015 pg of wild type SCDITQase. The kinetic parameters were
determined as described in section 2.18, and are summarised in Table 7. The errors

in K, and k. arve less than 5% of the stated values.

Table 7. Catalytic paramcicrs of S. coelicolor DHQase site-directed mutants.

K keat koo’ Km
gmol/min/mg

(M) ) (s" M7
Wild type 454 99 124.8 1.26 x 10°
E104A 1.16 44 0.318 7.16 % 10°
H106A 0.5 92 0.137 1.49 x 10°
R113A 0.21 360 0.057 1.59 x 10°
S108A 14.1 430 3.872 9.00 x 10
Y28F 0.1 100 0.026 2.63 % 10°

All of the mutations of S. coelicolor type I dehydroquinase resulted in a decrease in

Fear. The Y28F mutation reduced the catalytic activity (ke by 4700-fold, although
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the K, was not affected. The X, of the H106A mutant is also unaffected, but shows
a 910-fold decrease in key from the wild type. The catalytic activity of the S108A
mutation is the least affected, but ke, is still 32-fold lower than the wild type, with the
K showing a 4.3 fold increase. R113A mutation showed an inercasc in K, of 3.6~
fold and a decrease in ke of 2200-fold compared with the wild type enzyme., The
E104A mutation is the only mutation to cxhibit a decrease in Ky, of approximately 2-
fold; the kg is also decreased by 33-fold.

3.5 Chapter summary.

All of the sife-directed mutants show a loss in catalytic activity. According to the
proposed catalytic mechanism (Roszak ef al., 2002} Ty128 is essential for catalytic
activity, and this is supported by the very large decline in ke with no effect on Xy, in
the Y28T mutant. Argl13 also scems to be involved catalysis as ke 1 almost as low
as the Y28F mutant. In addition the Rt 13A mutant has an effect on substrate binding
a significant increase i &, which may be due to electrostatic cffects of removing a
charged residue [rom the aclive site. The wild type S. coelicolor dehydroquinase
shows a seven-Told increase in catalytic activity between pH 6.5 to 8.0 (section 5.4.1).
Additional experiments analysing the pil dependence may reveal a different degree
of dependence in these mutants. The mutants Y28F and R113A could be used to
verify that the chemical modification experiments using TNM and PGO performed

by T. Krell (1996) were specifically affecting the mulated residues.

The catalytic properties of the H106A mutant concur with the hypothesis that the
residuc is the proton donor for the hydroxyl at C1 of the substrate, The reduction in
ke 13 ot as great as either R113A or Y28F. The role of the invariant Glul04 is less
clear; the substitution of this restdue by alanine caused tighter binding of the substrate
and a more radical effect on the A than expecicd. A possible cxplanation of the
effect on catalytic activity is the proxinmuty of Glul04 to His106 (X-ray structure
analysis) implying that Glul04 maybe important in the seprotonation of His106 as
well as the correct orientation of this residue, Interestingly the near UV CD spectrum
of the E104A mutation suggests a greater rigidity in the overall tertiary structure,
which could account [or the lower Ky, 1t would be extremely valuable to generate 3-
D X-ray structures of each of the mutants bound with a ligand for further
characterisation, especially the E104A mutant. It is possible that this mutant would

crystalliise under similar conditions to the wild typc as the sccondary structure is
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equivalent and the mutaled residue is unlikely to be exposed on the surface of the

mactromolecule, as it is involved in an ionic interaction with His106.

The substitution of Ser108 by alanine supports the proposed mechanism; the role of
Ser108 is recognition of the subsirate through the binding of the carboxylate group ol
the substrate. The affinity for substrate becomes weaker as reflected in the K, and
although the turnover is impaired this is not to anything like the same degrec as any
of the other mutations. Thc loss in activity of the S108A mulant maybe due to the
rolc of Serl08 in orientating Tyr28 and Argli3. Additional phosphate and inhibitor
binding studies should be performed on the S108A mutant to characterise the binding

of ligands further.

All of the mutants retain a small amount of activity, cven though the major functional
groups of the amino acids have cither been replaced or completely lost. Site-directed
mutants of Bacillus amyloliquefaciens subtilisin (a serine protease) also show small
amounts of residual activity. Replacement of each of the subtilisin catalytic traid
residues Asp32, His64 and Ser221, by alanine reduced the 4. by factors of 3 <107, 2
x10° and 2 %10° respectively. A triple mutation of all three residues to alanine also
decreases activity by 2 x10°%. The K, values of all the site-directed muiants of
subtilisin were increased by only a factor of two. However, it is unlikely that the
residual activity is a result of the presence of a small amount of wild type enzynie,
since the mutants are resistant to inhibition by phenylmethanesulfonyl fluoride, an
irreversible inhibitor of the subtilisin wild type enzyime. The mechanism of the triple
mutant is thought to have changed, as the catalytically important hydroxyl group of
the Ser221 is no longer present. The residual activity is thought to be due to direct
nucleophilic attack by a water molecule on the substrate (Carter and Wells, 1988). Tt
is possible that the overall properties of the active site of the SCDHQase creates a
favourable environment for catalysis and that a bound water molecule may perform
the role of a catalytic residue to a certain extent. Detailed analysis of X-ray structures
of the mutanis may help to answer this problem. It is unlikely that there is
contamination of any of the mutants with wild type enzyme, as the mass spectrometry
data do not show a peak, corresponding to the mass of the wild type in any of the
mutant spectra. Although low levels of contamination of between 0.1-0.01% would

be very hard to identify. If mutant that had absolutely no activity, but wild type

Page 110

€ ryde

1

R S 'R




CHAPTER 3 S, coelicolor MUTAGENESIS

enzyme was present at a Ievel of 0.1%, the result would be a 10%-fold lower key value

than the wild type, but the K, would remain the same.

Alanine was chosen for the majority of the mutations, as it is a small amino acid and
would be unlikely to interfere with the tertiary structure. In order to characterisc the
rolc of these residues further it would be desirable to mutate them to another residue
or perform double or triple mutations. Seri08 could be mutated to an aspartic acid
that would be expected to repel the carboxylate at C1 of dehydroquinate and interact
with Argl13. Argll3 could be mutated to a lysine and the change in the tyrosine

environment could be studied.

There are also several other mutations that would be interesting to study. For
example the oxime inhibitor of M. fuberculosis dehydroquinase does not bind very
well to the S. coclicolor dehydrogquinase, analysis of the 3-D X-ray siructure by D.
Robinson has revealed that Ala81, which is a glycine in M. ruberculosis
dehydroquinase, may cause a steric clash with the inhibitor (Robinson, 2003). It
would be interesting to replace Ala81 with a glycine to see if the inhibitor bound
more tightly. It is thought that the release ol dehydroshikimaic from the active site is
brought about by the fact that therc is not cnough space in the active site for both
dehydroshikimate and the water molecule. The likely route for the water molecule Lo
exit is through a solvent cavity close to the dimer interface, The cavity is formed by
the presence of residues Serl23, Vall29 and Alal31 conserved over many
dehydroquinases, and it might be possible to block this route by replacing one or
more of these amino acids with a larger residue, such as a methionine or lysine,
although this could disrupt the tertiary structure. Asn 79 and Ile]07 are both
implicated in the binding of the carboxylate on C1 of the substrate, It would be
interesting to mutate both of these residues in the wild type and perform a double
mutation using the S108A mutant, which would be expected this to increase the Ky,
further. It might be possible to destabilise the enol intermediate by mutating Asnl9
(which binds to the water molecule within the active site) to a hydrophobic residue

such as a valine or a leucine.

Directed evolution may highlight some previously unidentified contributions from

other residues and help to answer the question of why the native enzyme is so large.
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CHAPTER 4 CHARACTERISATION OF BACILLUS
SUBTILIS TYPE 1l DEHYDROQUINASE RELATED
PROTEIN (YqhS)

4.1 Introduction

To date, Bacillus subtilis is the only bacterium known to have genes coding for both
the type I and type II dehydroquinase enzymes. There are only gene data for four
other members of the Bacillus family (Figure 24). B. stearothermophifus possess a
type I DHQase while B. anthracis possess a type I[I DHQasc. Theie does not seem to
be any pattern of distribution of type I and type 11 dehydroquinases and it is thought
that this is a result of horizontal gene transfer. The start codon of the yghS gene is
GTG, which is quile rare in B. subtilis; 9% of genes start with this codon (Kunst et
al., 1997). The organisation of shikimate enzymes in B. subtilis is distinct from all
other organisms in which the shikimate pathway has been studied (Nakalsukasa and
Nester, 1972; 1.1.3).

An alignment of the amino acid residues of YghS shows high homalogy with the
other type II dehydroquinases, for instance there is 45, 47 and 43% identity with
MTDHQase, SCDHQase and HPDHQase, respectively (Appendix C; Error!
Reference source not found.) (Corpet, 1988; Altschul ef of., 1997). All the residues
in the active stte thought (o be involved in the catalytic mechanism are present in
YqhS apart from the tyrosine 28 which is substituted by phenylalanine, believed to be
involved in proton abstraction (Roszak er al., 2002). In previous work YghS had
been over-expressed in E. cofi strain BL21 (DE3) pLysS and purified by A. Herbert.
Preliminary assays performed by A. Herbert suggested that YghS was catalytically
inactive. The purified YqhS was also crystallised and high resolution structural data
were obtained by Dr. Lapthorn and D. Robingon; these studies confiomed that the
residues thought to be involved in the catalytic mechanism of type Il DHQase (apart
from the tyrosine) are in the correct orientation (Figure 25). Interestingly it was
possible to resolve the active site lid domain in YqghS; this flexible region of the

polypeptide chain has not been resolved in MTDIIQase or HPDHQase.

Site directed mutagenesis was used to mutate the phenylaianine (Phe23) of YghS to a

tyrosine in an attempt o restore catalytic activity to YqhS.
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B. ovis

R. meliloti

Rho. capsulatus
C. crescentus

E. coli

Sal. typhimurium
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F. tularensis
Myxo. xanthus
Chl. trachomatis
Chl. pneumnoniae
Bor. burgdorfeni
Cyto. hurchinsonii
Fl. ferrugineum
The. roseum

Syn. sp. PCC7942 (1)
Sy. sp. PCC6803 (1)
Syn. sp. PCC7942 (2)
D. radurians
Ther. aquaticus
Bac. subtilis

Bac. anthracis
Bac. stearotherm.
Sta. aureus

Strep. pyogenes
Strep. pneurnoniae
L. lactis
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M. pneumoniae
M. capricolum
Clo. acetobutyl.
Clo. perfringens
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Myc. tuberculosis
Str. coelicolor
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Th. acidophilum
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Hal. marismortui
Hal. cutirubrum
T. maritima
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Figure 24. Taxonomic tree of bacteria showing the distribution of classes
dehydroquinases the type I DHQase are highlighted in blue, type II in red,
parasitic bacteria in green and unknown in black. B. subtilis is highlighted
in both red and blue. Modified from Consensus neighbour-joining tree for

prokaryotic organisms based on Hsp70 protein sequences (Gupta, 1998).
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Figure 25. Overlay of subunits from Bacillus subtilis (green), Mycobacterium
tuberculosis (orange) and Streptomyces coelicolor (blue). Residues thought
to be involved in catalysis are highlighted using the numbering system from

B. subtilis. Dehydroshikimate is bound in the active site.

Microarray data from B. subtilis (derivative 168) grown in aerobic conditions showed
that mRNAs for both the type I dehydroquinase (aroC) and the yghS gene are present
during aerobic vegetative growth (personal communication from Rick W. Ye). In
order to study whether YghS is expressed in vivo, Western blots were performed
using antibodies raised against F23Y mutant YqhS to probe cell extracts from B.

subtilis.
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4.2 Construction, over expression and purification of site-directed
mutant of B. subtilis type 1l dehydroquinase related protein
(YqhS)

A two-stage site directed mutagenesis strategy was followed as outlined in section
2.6.3.1, using a construct of pTB361 with B. subtilis yghS inserted into the multiple
cloning site between the Ndel and Kpnl, (gifted by A. Herbert) as the template for the

amplification. The four primers for the procedure were as follows:

P1 5’GAT CCC GCG AAA TTA ATA CGA CTC ACT ATA 3°
P2 5’GAG GAT GCA TTA CAG ATC TGG TAC 3’
P3 5°CGG CCG TAT ACT TCA GGC TCA 3’

P4 5°TGA AGT ATA CGG CCG CCA GAC ACT ¥

The mutagenesis primers (P3+4) were designed with the desired codon change
(shown in bold) to allow the substitution of the phenylalanine by a tyrosine. The first
step generated two fragments of yghS cDNA, the first fragment was 171 bp (P1+3)
and the second was 411 bp (P2+4). The PCR reactions for both fragments contained
~3 ng of template DNA, 50 pmol of both primers, 0.2 mM of each dNTPs, 2 units
Ventg"” polymerase (Life technologies), 1xThermoPol reaction buffer (10mM KCI,
10mM ammonium sulphate, 20mM Tris-HCl pH 8.8, 2mM MgSOy4 and 0.1% (v/v)
Triton X-100) an additional 1ul of 2mM MgSO; in a total volume of 50ul made up
with sterilised water. The BioRad Gene cycler program included 3 elements: a hot
start at 94°C for 5 minutes, 30 cycles of amplification consisting of an annealing
temperature of 55°C for one minute, an extension period of 1minute at 72°C and a
denaturation step of 94°C for one minute followed by a segment of annealing for 1
minute and elongation for 4 minutes. 4 pl of PCR product was separated and
analysed by agarose gel electrophoresis using EZ Load 100bp molecular Ruler
(BioRad) (Figure 16). Fragments of the appropriate size were purified by extraction
from the gel (2.7.4).
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Figure 26. 1% DNA agarose gels of pTB361 B. subtilis yghS construct, two-stage
site-directed mutagenesis, first round of PCR. Lane 1: EZ Load 100 bp
Molecular Ruler (BioRad), lane 2: PCR fragment P1 + P3 (171 bp), lane 3:
PCR fragment P2 + P4 (411 bp), lanes 4— 7: failed PCR, lane 8: EZ Load
100 bp Molecular Ruler (BioRad) (5 pl of PCR product).

The two small fragments of PCR product were used as the template for the second
stage of PCR. The second stage PCR reaction contained =5 ng of both of the
fragments from the first stage, 50 pmol of both external primers (P1+2), 0.2 mM of
each of ANTP, 1% (v/v) DMSO, 2 enzyme units Ventg" polymerase, 1xThermoPol
reaction buffer with an additional 1ul of 0.5mM MgSO; in a total volume of 50ul
made up with sterilised water. The BioRad Gene cycler program included 3
elements: a hot start at 94°C for 5 minutes, 30 cycles of amplification consisting of an
annealing temperature of 65°C for one minute, an extension period of Iminute at
72°C and a denaturation step of 94°C for one minute followed by a final segment of
annealing for 1 minute and elongation for 5 minutes. 4 pl of PCR product was
separated and analysed by agarose gel electrophoresis using Marker X (Promega) and

EZ Load 100bp molecular Ruler (BioRad) (Figure 27).
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Figure 27. 1% DNA agarose gels of pTB361 B. subtilis yghS construct, two-stage
site-directed mutagenesis, second round of PCR. Lane 1: DNA Marker X
(Roche), lanes 1-6, 8- 10: unsuccessful PCRs, lane 7: fused PCR fragments
amplified using P1 and P2 primers. Lane 11: EZ Load 100 bp Molecular
Ruler (BioRad) (4 pl of PCR product).

Mutated yghS F23Y was ligated into expression vector pTB361 using the restriction
sites Ndel and Kpnl. Both pTB361 plasmid and the PCR product were digested in a
reaction containing 45ul of PCR product or 15 pg of plasmid DNA, 40 units of Ndel
(NEB) and 20 units of Kpnl (NEB) with 1xdigestion buffer 1 (NEB). The digestion
reaction was incubated at 37°C for 3 hours and purified by gel electrophoresis to be
used in the ligation reaction (2.7.5). The ligation reaction consisted of ~100 ng of
insert DNA (yghS F23Y), =50 ng of vector DNA (pTB361), 1 unit of T4 DNA ligase
with 1xT4 ligase buffer (Boehringer Mannheim) in a total volume of 20ul and was
incubated for 16 hours at room temperature. 10ul of the ligation reaction was
transformed into DHS5o competent cells (2.8.2). Plasmid purifications were
performed on colonies resistant to tetracycline and restriction digest analysis was
used to identify successful ligations. The preliminary confirmation of the mutation
was by restriction digest analysis, using 5 Units BstZ171, an endonuclease, which
would only cut when the mutation was present. Plasmids that it was possible to cut

were then sent for sequencing at the University of Glasgow Functional Genomics

Sequencing Facility (2.9).
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Figure 28. SDS PAGE analysis of the time course expression of expression of B.
subtilis dehydroquinase related protein YghS (F23Y) in pTB361-BL21
(DE3) pLysS construct. Lane 1: Novex™ mark 12 Wide range protein
standard. Lanes 2 to 7: samples induced by addition of 0.8 mM IPTG from
0-5 hours (one hour increments). Lane 8: Promega low-range protein

molecular weight marker.
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Figure 29. The elution profile from Q sepharose column during purification of B.
subtilis YghS mutant F23Y. Absorbance at 280 nm represented by green
triangles. The liner NaCl gradient is represented by the blue line. Fractions

that were pooled are shown between the dash black lines.
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Figure 30. SDS PAGE analysis of the purification of B. subtilis YqhS (F23Y) from Q
Sepharose. Lane 1: Promega low-range protein molecular weight marker.
Lanes 2 to 12: fractions 67, 70, 77 to 83 and 85, respectively. Lane 13:

Novex™ mark 12 Wide range protein standard.

The PTB361 yghS F23Y construct was transformed into the over expression strain
BL21 (DE3) pLysS. When the Agp reached 0.6, the expression of protein was
induced by addition of 0.8mM IPTG; Figure 28 shows a time course of the induction,
yielding 16 gm wet weight of cells. The purification protocol is described in section
2.12.2. Step 2 consisted of Q Sepharose anion exchange chromatography: the elution
profile can be seen in Figure 29. Pooled fractions were analysed by SDS PAGE
(Figure 30). The pooled protein fractions were concentrated and then split into two
1.5ml volumes, which were applied to the Sephacryl S200 gel filtration column with
a 24-hour interval. 3 ml fractions were collected and the absorbance at 280 nm was
recorded (data not shown). Fractions with A,g) measurements over 0.5 were analysed
by SDS PAGE (Figure 31) to check the purity fraction were then pooled and
concentrated using an AMICON" protein concentrator with a 30 kDa cut-off
membrane. The protein concentration of the purified YgqhS F23Y was determined as

57.3 mg/ml by the Lowry method (2.13) giving a total of 573 mg of protein.
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Figure 31. SDS PAGE analysis of the purification of B. subtilis YqhS (F23Y) from
Sephacryl 200. Lane 1. Promega low-range protein molecular weight
marker. Lanes 2 to 13: fractions 110, 114, 117, 122, 127, 131, 134, 138, 147
and 157, respectively.

4.3 Structural studies of YqhS wusing circular dichroism,

fluorescence and dynamic light scattering
4.3.1 Unfolding experiments on YqhS
4.3.1.1 Circular Dichroism results

Experimentson the unfolding of B. subtilis YqhS by GdmCl were performed. YqhS at
0.13 mg/ml was incubated for 24 hours at 20°C with varying concentrations of
GdmCl1 (0 to 6 M) in Tris-acetate buffer pH 7.5. Far UV spectra were recorded using
a cuvette with a pathlength of 0.05 cm (2.22). The far UV CD spectra showed that
there was no significant loss in secondary structure up to at least 4. 75 M GdmCl, and
even at 6 M, 50% of the native signal at 222 nm still remains (Figure 32). Unfolding
studies on the type Il dehydroquinase from M. tuberculosis, have shown that only
13% of the native signal at 222 nm remains at 6 M GdmCl (Price et al., 1999). This
residual CD signal of the M. tuberculosis DHQase is likely to be due to other

structural elements.
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Figure 32. Far UV circular dichroism spectra of the unfolding of B. subtilis YghS by
guanidine hydrochloride (GdmCl) see figure insert for concentration of
GdmCl.

Further unfolding experiments on B. subtilis YqhS in 8 M GdmCl required the
GdmCl to be dissolved directly into the protein solution. 0.5448 g of GdmCI was
slowly added to 0.3 ml of 255 pg/ml YqhS giving a final concentration of 107 ug/ml
of protein and 8 M GdmCl in a volume of 0.713 ml. The solution was incubated for
24 hours at 20°C along with a native protein solution of the same concentration. The
far UV CD spetrum was recorded as reported above. In 8 M GdmCl only 20% of the

native YqhS signal at 225 nm is preserved (Figure 32).
4.3.1.2 Fluorescence spectroscopy results

The B. subtilis YqhS protein has no tryptophan residues so the fluorescence signals
arise from the six tyrosine residues per subunit. When excited at 290 nm, the
emission peak is at 308 nm. On addition of GdmClI, three distinct phases are noted
(Figure 33):

There is a large increase in fluorescence (85%) in the range of 0-1 M GdmCl. In this

range the far UV CD spectra indicate there is no change in the secondary structure. It
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is possible that this change in fluorescence might be associated with dissociation of

the dodecameric structure into trimers (Price et al., 1999).

Between 1 and 4.75 M GdmCl there is effectively no change in the signal, which is

consistent with the results of the far UV CD spectra.

Above 4.75 M GdmCl. there is a decline in fluorescence occurring over the same

range as the changes in the far UV CD.

250

1004

Fluorescence emissions at 308 nm (%)

'] 1 2 3 4 5 6
[GdmCI] (M)

Figure 33. Percentage change in fluorescence emissions at 308 nm during unfolding
of B. subtilis YghS protein by guanidine hydrochloride (GdmCl)

denaturantion. The values have been corrected for Raman scattering.
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Figure 34. B. subtilis YqhS protein trimer of subunits, tyrosine side chains are shown
in pink.
| Two of the six tyrosines in the subunit are found at the trimer interface (Tyr80 and

82). Tyr67, 131 and 137 are buried within their individual subunits and Tyr104 is
solvent exposed (B. subtilis YqhS numbering system) (Figure 34).

4.3.2 Dynamic light scattering of YqhS in the presence of low concentrations of

guanidine hydrochloride

Dynamic light scattering was used (2.23) to investigate the quaternary structure and
any structural changes in the presence of low concentrations of GdmCl and NaCl.
These experiments were carried out to test whether low concentrations of denaturant
disrupted the dodecamer of the YqhS protein to form trimers causing the observed

increase in fluorescence.
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‘The YghS protein was studied at a protein concentration of 0.75 mg/ml in 50 mM
Tris'HCI (pH 7.0). Where indicated GdmCl and NaCl were added fo a concentration
of 0.5 M. All dynamic light scaliering experiments were incubated at 20°C for 30
minutes prior to analysis. 200 pi of each solution was injected into the dynamic light

scatlering cell.

Table 8. Dynamic light scattering data of B, subtilis YghS protein

B. subtilis YahS protein

Radius {nm) Estimated MW SOS Error
(kDa)
50 mM
4.7 126 8.89

Tris-acetate

50 mM
Tris-acetate 4.5 114 12.44

0.5 M Gdm(l

50 mM
Tris-acetate 4.6 121 2.49
0.5 M NaCl

The estimated molecular weight of the dodecamer 126 kDa is significantly lower than
expected (190 kDa) (Table 8), this would give an estimatcd melecular weight for
gach subunit of only 10.5 kDa, or imply less subunits being involved in the
quaternary structure. ‘L'his seems unlikely as the YghS X-ray crystal structure reveals
the protein forming dodecamers, the assumptions made about protcin density in
estimating lhe molecular weight are unlikely o be true for the YghS protein. The
presence of 0.5 M GdmCl does not significantly affect the quaternary of the YghS

protein.
4.3.3 Intcraction of YqhS with dchydroquinate as revealed by fluorescence

To investigate whether dehydroquinate binds to the YghS protein fluorescence

binding experiments were performed using N-Acetyl-L-tyrosinamide (NATA) to
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investigate the possible quenching effect of dehydroquinate.  Fluorescence
measurements were carried out using 0.1 mg/m!} of protein in 50 mM Tris-acetate (pH
7.0) at 20°C in a 1 ml volume cell with a 1 cm path length cell and with the slits set at
5.0 nm bandpass. The dehydroquinate concentration was increased from 0 to
approximately 6 mM by the addition of 10pl aliquots of solution of 14 mM and 70
mM dehydroquinate in 50 mM Tris-acetate (pI 7.0). The fluorescence cmissions
values were corrected by using the model compound NATA (5 uM). Samples were
excited at 280 nm and their emissions were monitored at 308 nm. Emission values
were corrected for Raman scattering, NATA quenching and the dilution effect of

titration.
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Figure 35, Fluorescence binding of 5. subtilis YqhS protein corrccted using results of

N-Acetyl-L-tyrosinamide quenching by dehydroquinate and dilution cffect.

The corrected percentage change in emission values (where 0% is defined to 0 mM
dchydroquinate) were fitted using a non-linear regression fit and are shown in I'igure
35. The Ky value for B. subtilis YghS is 4500 uM + 1000. It may be possible to get a

more accurate measure of the Xy value using isothermal titration calorimetery (ITC).

Page 125

i,




CHAPTER 4 B. subtilis YqhS

4.3.4 Comparison of YqhS with site-directed mutant F23Y YqhS by circular

dichroism

Far UV CD was used to establish that the secondary structure of the site-directed
mutant was not affected by the substitution of F23Y. Spectra of 0.1mg/ml solutions
of both the wild type and mutant YghS protein in Tris-HCI buffer (pH 7.5) were
measured as described in section 2.22. The F23Y mutant of YqhS has an identical
secondary structure to the wild type (Figure 36). The differences in the percentage
distribution of secondary structural features were calculated using the SELCON

procedure (Sreerama and Woody, 1994a) and are shown in Table 9.

Table 9. Secondary structure estimates (%) of B. subtilis YqhS and YqhS F23Y
mutant using the SELCON procedure of Sreerama and Woody (1994a).

Alpha helix ~ Antiparallel Parallel beta Turns Other
beta sheet sheet
Wildtype 45.1 9.0 6.7 14.7 242
F23Y 454 8.5 6.5 14.0 243
40000 ~
30000

20000

10000 +

[6] degrees.cm’.dmol”

-20000

] ' T v T J 1 - ] N T L T . L] f 1
190 200 210 220 230 240 250 260 270
Wavelength (nm)

Figure 36.  The far UV CD spectra of B. subtilis wild type YqhS protein (red) and
mutant F23Y YqhS (blue).
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4.4 Kinetic comparison of wild type and mutant enzymes

Assays of B. subtilis YqhS and the mutant F23Y YghS were performed in a 1 ml
quartz cuvette with a lem pathlength containing 34 ug of enzyme, 100 pM
dehydroquinate, 50 mM Tris-acetate buffer; (pIT 7.0} at 25°C (2.16.1). The enzymic
reaction was followed by monitoring an increase in absorbance at 234 nm. The YghS
protein was shown to have an extremely low level of catalytic activity (k< 10™ s'l).
It was only possible to observe this very low activity becausc of the purity of the
substrate prepared by Lorna Noble, A. Herbert had previously failed to find activity
but his substrate was not pure. The site-directed mutant F23Y YghS shows at least a
2000-fold increase in activity (Figure 37). Ky and Ve values were obtained for
F23Y YqhS by varying the substrate concentration in the assays between (1.1 mM and
2 mM. The AAzmin™ was fitted to a non-linear regression plot (2.18) to yield
values for & 0 0.18 s and Ky 0f 730 uM.
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Figure 37. Activity assay of B. subtilis YqhS wild type and F23Y mutant measuring
the increase in absorbance at 234 nm. The stability of the substrate over the
time course is shown in red. The wild type B. subtilis YqhS protein in assay
buffer is shown in green. The wild type YghS protein is shown in blue and

the F23Y mutant is shown in magenta.
4.5 Detection of YqhS in B. subtilis cell extract

4.5.1 Western blotting

In order to study whether YqhS is expressed in vivo, western blots were performed
using antibodies raised against the F23Y YqhS mutant as described in section 2.14.1.
The antibodies had been raised against the mutant, as there was more of this protein
available than of the wild type. Circular dichroism analysis showed no significant
differences in secondary structure between the wild type and mutant YqhS (4.3.4).
The polyclonal antibodies were tested against both the mutated and wild type YqhS
protein (Figure 38).
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Figure 38. Western blot of purified B. subtilis wild type and F23Y mutant YqhS
protein using polyclonal antibodies raised against the F23Y YghS mutant
protein. Lanes 1,2: purified wild type YghS, 5 and 1 pg, respectively. Lanes
3.4: purified F23Y mutant YghS, 5 and 1 pg, respectively.

B. subtilis was grown in nutrient broth (NB) and Spizizen minimal medium (SMM)
(2.5.2) for 24 or 48 hours at 37°C. The growth was categorised and checked for
contamination by further growth on NB agar for 24 hours at 37°C and colonies were
checked for phenotypic characteristics. 1.5 ml of the B. subtilis culture was
centrifuged at 16,000 x g for 5 minutes and prepared for SDS PAGE as described in
section 2.11. Western blots were performed on the SDS PAGE gels as described in
section 2.14 with polyclonal antibodies raised against the F23Y YqhS and the
denatured E. coli type I dehydroquinase (2.14.1).

The results of the western blot for the YqhS protein show high affinity binding to a
protein with a molecular weight of 22.5 kDa; approximately 6 kDa larger than YqhS
and slightly lower affinity binding to another protein of approximately 39 kDa
(Figure 39). The western blot for the type I dehydroquinase showed some non-
specific high affinity binding to a protein the same size as the E. coli type 1
dehydroquinase control (25 kDa) (Figure 39).
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Figure 39. Western blots of B. subtilis (derivative 168) cell extract. (A) Using
antibodies raised against F23Y YqhS protein. Lanes 1,2: purified YghS and
F23Y YqghS, respectively. Lanes 3.4: B. subtilis cell extract grown in NB
medium and minimal medium, respectively. (B) Using antibodies raised
against E. coli type | dehydroquinase. Lane 1: Boehringer Mannhiem
marker low-range. Lanes 2.3: B. subtilis cell extact grown in NB medium
and minimal medium, respectively. Lane 4: purified E. coli type |

dehydroquinase.
4.5.2 Proteomics approach

In an attempt to identify the 22.5 kDa protein which had a high affinity to the
antibodies raised against the YqhS mutant, two approaches were used to separate the
22.5 kDa protein 2D SDS PAGE:- electrophoresis and immunoprecipitation. While
these methods were being attempted the disruption mutant (YqhSd) was sent by Prof.

Sato of the Tokyo University of Agriculture and Technology. The approaches used
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to separate and identify the 22.5 kDa protein results are described below, There was

insufficient time to optimise the procedures.
4.5.2.1 2-DE of B. subtilis cell extract

2-DE was carried out as described in section 2.15.1 on samples taken from a 3 mi
culture of B. subtilis (derivative 168) culture grown in nutrient broth for 48 hours at
37°C and disrupted by ultrasonication (2.15.1). Characterisation of B. subtilis
proteins by 2-DL during exponential growth and glucose starvation show a decrease
in the relative synthesis rate ol chorismate mutase (AroA) when limiting amounts ol
glucose were used (0.05%) (Schmid et al., 1997). Four 2-dimensional gels were run:
two were loaded with approximately 200 pg of B. subtilis cell extract protein (gels
1,2) and one ‘control’ was loaded with 100 ug of puritied B. subtilis YqhS (giftcd by
A. Herbert) (gel 3), The fourth gel was loaded with approximately 100 ng of B.
subtilis cell extract protein and 100 pg B. subtilis YghS (gel 4). Protein samples were
separated in the first dimension using a pll 4-7 linear gradient immobilisation strip
from Amersham Pharmacia Biotcch and in the second dimension by 15% (w/v) SDS
PAGE (2.1 1).

After the second dimension separation western blots were performed on gels 2, 3 and
4 using antibodies raiscd against I'23Y YghS (2.14) and gel 1 was stained with

Coomassie Blue (2.11.1). The gels and western blots are shown in Figure 40.

L S St Y I R TP s ST
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4 pH 7 4 pH 7

Figure 40. 2-dimensional SDS PAGE of B. subtilis (derivative 168) crude extract (1)
and purified YghS protein (2) separated by pH 4 to 7 isoelectric gradient and
then by SDS PAGE. Western blots using antibodies raised against the YghS
mutant (F23Y) on 2-dimensional SDS PAGE: (A) 200 ug of B. subtilis
(derivative 168) crude extract, (B) 100 ug of purified YghS protein, (C) 100
ug of B. subtilis (derivative 168) crude extract and 100 pg of purified YqhS

protein.

Both the YqhS and 22.5 kDa protein seemed to focus at approximately pH 5.5
(suggesting that the pl of the two protein is similar). However, there was a 6 kDa
difference in molecular weight. Although gels 1 and 2 were run in parallel in the
same electrophoresis tank there were slight differences in the way in which they
separated the proteins. The separation of the proteins from the B. subtilis cell extracts

show some smearing of the spots; this could be a result of the ionic strength being too
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high in the B. subtilis growth medium (2.3.1) causing poor focusing of the isoelectric
first dimension step. This made the excising spots that had affinity to the F23Y YghS
antibodies difficult. Nonetheless, the spots were excised and digested with trypsin

(2.15.3) and prepared for MALDI mass spectroscopy (2.15.4).
4522 Protein A immunoprecipitation of B. subtilis cell extract

Protein A immunoprecipitation was carried out as described in section 2.15.2 using
the Pierce Seize™ Classic (A) immunoprecipitation kit. 3 ml of B. subtilis (168)
culture grown in nutrient broth for 48 hours at 37°C was disrupted (2.5.3). 40 pl of
F23Y YqghS antibody serum (approximately 60 pg of antibody) was added to 200 pl
of supernatant and incubated for 1 hour at 20°C. Elution and wash fractions were
collected and separated by SDS PAGE (Figure 41).

kDa T 2. 3

97.4
66.2

39.2

26.6

21.5

14.4

e
=
=

Figure 41. SDS PAGE (15% acrylamide) analysis of protein A immunoprecipitation

of B. subtilis cell extract. Lane |: Boehringer Mannhiem marker low-range.
lane 2 and 3: wash fractions. Lane 4 elution fraction. Lane 5: primary

polyclonal antibody (immunoglobulin G) raised against YghS F23Y.

The results from the polyacrylamide gel show that there are several contaminating
proteins within the antibody serum. The majority of the proteins found in the wash
fractions of the protocol are likely to be from the antibody serum. Without the use of
detergent, which was omitted due to possible interaction with the antibody. the

disruption of B. subtilis cells may have been compromised.
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In the elution fractions of the immunoprecipitation the heavy chain (~50 kDa) and
light chain (~25 kDa) of the antibody are cleasly visible. Due 1o the light chain being
of a similar molecular weight to the 22.5 kDa protein the Pierce Seize™ X Protein A
immuneprecipitation kit was used to avoid antibody contamination in the elution

[raction.

The Pierce Seize™ X Protein A immunoprecipitation kit overcomes this problem by
immobilising the primary antibody to protein A via the Fc region of the antibody,
using a cross-linking reagent Disuccinimidy! subcrate (DSS).  Preliminary
experiments failed to cross-link the primary antibody to protein A (results not shown)

and this approach to purily YqhS was abandoned.
4.5.2.3 Mass Spectrometry

MADI-tof Mass spectrometry was carried out by Sharon Kelly, this proved

inconclusive as there were insufficient quantities of peptide o defect,
4.5.3 Disruption mutant (YqhSd)

The complete genome scquence of B. subtilis was published in 1997 (Kunst ef af.,
1997) this revealed approximately 1800 genes with no established function (~43% of
the entire genome). The International Bacillus Consortium has studied the
functionality of these genes, using gene disruption techniques followed by the
monitoring of the effect on cell fitness under different growth conditions. A netwark
of 18 European and 12 Japanese laboratories have completed a gene-by-gene
inactivation procedure of >95% of all the genes with unknown functions (Ogasawara,
2000; Kobayashi ef al., 2003). This was achieved by using the pMUTIN vectors,
which allow insertion mutagenesis. Some of the other benefits of the pMUTIN
vectors arc that they possess a reporter JacZ gene, Lo facilitate the measurement of the
expression of the target gene and an inducible promoter to allow controlled
expression of the genes downstream of, and found in the same operon as, the target
gene (Vagner ef al., 1998). The target genc is inactivated by the insertion of the

pMUTIN vector within the gene in a single crossover cvent (Figure 42).
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Figure 42. Intergration of pMUTIN vector into a target genc. Genes of the or/7-orf3
operon are indicated as white boxes. Hatched box corresponds to the
internal segment of the target gene. The vector is integrated in orf2 by a
single crossover event. Arrows indicate direction of transcription, broken
arrows denote the promoter of the operon and Pspac, and the Iollipop strand

is for the transcription termination. This figure is from Vagner et of., 1998.

Among the ~4,100 genes in B subtifis only 192 were found io be essential and ‘
another 79 genes were predicted to be essential. About 80% of the functions that the

esscntial genes encode fall imto a few large calegories;, namely, information

processing, cell envelope, shape, division, and energetics. (Kobayashi ef al., 2003). 3
The yghS gene was not among the group of genes thought to be essential in B. subfifis
for growth in LB,

Prof. Sato from Tokyo University of Agriculture and Technology (part of the
Japanese Bacillus Consortium) gifted the B. subtilis (168) disruption mutant for YqhS
(YqghSd). Growth experimenis on the YghSd strain by the Japanese Baciflus
Consortivm had shown that the disruption mutant was able to grow in Schaffer’s
medium but not in minimal media. Independent growth experimenis were performed

to tesl these findings (4.5.3.1). The sporulation frequency was found to be >2.0 x 107!

{(Prof. Sato and Michio Takeuchi personal communication).
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The YghSd strain given by Prof. Sato was tested for erythromycin resistance by
growing the strain at 37°C for 24 hours in the presence of 1 pg/ml of erythromycin.
The YqhSd strain was then western blotted using the F23Y YqhS antibodies as

described in section 4.5.1.

The western blot of the YghSd cell extract revealed high affinity for the 22.5 kDa
protein (Figure 43). This proves that the 22.5 kDa protein is not a modified YqhS

and is more likely to represent non-specific binding to the antibody.

1 2 3 4 kDa

<38

<225
<€16.5

Figure 43. Western blot of B. subtilis derivative 168 and YqhSd cell extracts using
antibodies raised against YqhS F23Y protein. Lane 1: purified wild type B.
subtilis YqhS protein. Lanes 2,3: B. subtilis (derivative 168) cell extract
grown in NB medium and minimal medium, respectively. Lane 4: B.

subtilis (YqhSd) cell extract grown in NB medium.
4.5.3.1 Growth experiments on the YqhSd mutant.

Independent growth experiments were performed on the YghS disruption mutant to
support growth studies performed by the Japanese B. subtilis Consortium. 100 ml
cultures were set up from an overnight culture of both the disruption mutant and
derivative 168 in nutrient broth (NB) and minimal medium (SMM) (Anagnostopoulos
and Spizizen, 1960) with and without glucose (2.3.1). When glucose was utilised it
was added to a final concentration of 0.5% (w/v). Cultures were grown under aerobic
conditions shaking at 200 rpm at 37°C. The initial absorbance at 600 nm was
calculated to be approximately 0.009. Absorbance at 600 nm was measured of B.

subtilis growth experiments growth at various time intervals; the results are shown in
Table 10.
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Table 10. B. subtilis disruption mutant (YghSd} growth experiment.4

B.subtilis strain Medium Hours of growth Agoo measurement
YqhSd NB” 15 1.177
18 1.178
44 0.533"
WT NB 15 1.418
18 1.420
44 0.680Y
YqhSd SMM™+ Glucose 15 0.087
18 0.104
44 0.083
WT SMM + Glucose 15 1.289
18 [.386
44 1.479
YghSd SMM 15 0.025
i8 0.058
44 0.062 !
WT SMM 15 0.169
18 0.212
44 0.266

¥ NB, Nutrient Broth

YCarbon starvation

!
i
i
i

* $MM, Minimal Mediuin
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There does not appear to be any growth of the disruption mutant (YqhSd) in minimal
medium and very little growth if any in minimal medium including $.5% glucose.
The wild type B. subtilis grows well in minimal medium with 0.5% glucose and only
very slowly in minimal medium without glucose. Reduction in growth of both the
wild type and mutant in nutrient broth is thought to be due to carbon starvation

leading to cell death.

4.6 Inactivation of B. subtilis type 1 dchydroquinase from cell

extract

To establish whether the debydroquinase activity from B. subfilis cell extract was due
to a type I enzyme, sodium borohydride (NaBH,) reduction and heat treatment
studies were performed on the extract. Sodium borohydride (NaBH,) was used in an
attempt to trap the Schiff base intermediate produced by the type 1 dehydroquinase
mechanism (Butler ef al., 1974; Chaudhuwri er al., 1991; Kleanthous et al., 1991).

200 m] cultures were sct up of B. subiilis 168, B. subtilis disruption mutant {(Y¢hSd)
and E. coli DHSo, (which possess only a type I debydroquinase); these were grown at
37°C for 18 hours in NB and LB, respectively (2.5). Cells were harvested by
centrifugation al 5,000 X g for 15 minutes, yielding approximately 0.3g wet weight of
B. subtilis 168 and YqhSd and approximately 0.75 g wet weight of E. coli DHSa.
Harvested cells were split between potassium phosphate buffer (100 mM; pH 7.0)
and Tris-acetate buffer (100mM; pIl 7.0). This was because type I dehydroquinase
catalytic activity is assaycd in phosphate butter but type IT dehydroquinase activity is
assayed in Tris-acetate since phosphate is a competitive inhibitor of the latter
enzymes (5.4.5). The resuspended cells were homogenised by a French pressure cell
(2.5.3) in a total volume of 0.75 ml and centrifuged at 16,000 X g for 15 minutes at
4°C. For the chemical modification experiments a 10 mg/ml solution of NaBH, (in
40 mM NaOH) was added 10 seconds after the addition of dchydroquinate and then
incubated for 20 minules at 20°C. F. coli cells extracts were diluted 5-fold and B.
subtilis cells extracts were diluted 1.1-fold, incubated in 1 mM dehydroquinate with
either 0 mM, (.1 mM or .5 mM NaBH,. Additional incubations were performed
using purified £ coli (strain reference code: AB2848/PKD203) type I
dehydroquinase (gilled by John Greene) and S. coelicolor type 11 dehydroquinase
(2.12.1). Incubations of the purified E. coli type 1 dehydroquinase (0.1 mg/ml) and S
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CIIAPTER 4 B. subtilis YghS

coelicolor (0.01 mg/ml) werc only performed in their assay buffers, in 1 mM

dehydroquinate followed by the addition of either 0 mM or 0.5 mM NaBH.,.

‘The volume of each of the incubations was kept equal by the addition of distilled
water (200 pl total volume). 20 pl of each incubation was assayed for
dehydroquinate activity by monitoring the increase at 234 nm (2.16.1), using 1 mM
dehydroquinate in either potassium phosphate or ‘[tis-acetate buffers in a total volume

of 1 ml. All assays were performed in duplicate.
The results of the chemical modification with NaBH, arc shown in Table 11 below.

There is a 95.5% reduction in catalytic activity of the purified £ coli type 1
dehydroquinuase by treatment with NaBH, in the presence of substrate. The purified
type II dehydroquinase shows only a 21% reduction in activity. The activities of
extracts in different buffers could not be compared directly with each other because
no sieps were taken to cnsure that the degree of cell lysis was constant. For each
extract, activities are referred to the value obtained in the absence of added NaBH..
In all cases NaBH, significantly reduced the catalytic activity of the cell extracts. It
is likely that the dehydroquinase reaction is catalysed via a Schiff base intermediate
in B. subtilis, and therefore the type I dehydroquinase from B. subtifis is likely to
contribute the catalytic activity. The B. subiilis YqhSd strain showed catalytic
activity, confirming that the YqhS protein is not invelved in the dehydroquinase

reaction.
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Table 11. Sodium borohydride (NaBH4) chemical modification experiments on

E. coli and B. subtilis cell extracts and purified E. coli type T dehydroquinase

and S. coelicolor type II dehydroquinase.

Buaffer (100

% Activity

Average
mM; pH 7.0) . o loss in respect
[NaBH4] (mM} activity
to 0 mM
(AA34min™)
NaBIH,
E. coli ccll K phosphate 0 0.03522 -
extract 0.1 0.02097 40.5
0.5 0.060373 894
Tris-acetate 0 0.03996 -
0.1 0.02201 45
6.5 0.00306 92.3
B. subtilis 168 X phosphate 0 0.01583 -
cell extract 0.1 0.00209 87
0.5 0.0 100
Tris-acetate 0 0.01178 -
0.1 0.0 100
0.5 0.0 100
B. subtilis K phosphate 0 0.02131 - o
YghSd cell 0.1 0.00188 91
extract 0.5 0.0 100
Tris-acetate 0 0.01329 .
0.1 0.0 100
0.5 0.0 100
E.coli type 1 X phosphate 0 5479 -
dehydroquinase 0.5 0.2456 95.5
S, coelicolor Tris-acetate 0 1.399 -
type I
dehydroguinase 03 1108 21
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CHAPTER 4 B. subtilis YqhS

The thermostability of type I dehydroquinases (57°C in E. cofi) is significantly lower
than the type 1T dehydroquinases (82°C in 4. widulans) (Kleanthous et al, 1992).
This difference in stability was used to cxplore the properties of the catalytically
active dehydroquinase in B. subtilis cell extrucls. Cell extracts of £, coli and B.
subfilis were prepared as described previously. 200 ul of each cell extract was
subjected to heat treatment of 65°C for 5 minutes. Assays were performed using 20
u of sample and 1 mM dehydroquinate in both potassium phosphate and Tris-acetate
buffers, 1 ml volume. Upon heat (reatment of the B, subtilis and E. coli cell extract
there was a complete loss of catalytic activity (data not shown). This study also
points towards the catalytic activities observed in B. subfilis cell extracls being

entirely coniributed by the type I dehydroquinase from B. subtilis.
4.7 Chapter summary

B. subtilis YghS was shown to have an extremely low level of catalytic activity and is
therefore not a [unclional dehydroquinase. The site-directed mutant F23Y of YqhS
shows at least 2000-fold increase in activity from the wild type, confirming the
importance of this residue. ¥23Y YqhS displays a K, of 730 pM and kg, of 0.18 s
kew/ Ko 18 2.5 x 10* M's™. Compared with other type II dehydroquinases such as .
coelicolor (Ky of 100 uM and ke of 120 575 koa/Ku is 1.2 x 105 M's™) this is still an
extremely low level of activity. Although, it is broadly within (he range observed for
the type II dehydroquinases from Helicobacter pylori (Ky of 205.75 uM and ke of
0.94 5_1), M tubercutosis (K 0of 170.8 uM and &gy of 5.17 S_l) and Neurospora crassa
(K of 70 uM and ke of 0.08 s'l) (Hautala ef @l., 1973, Kleanthous ef af., 1992); there
must be other factors involved in improving the catalytic efficicncy of the high
activity DHQases. The 3-dimensional structurce shows that the potential active site is
much shallower in the B. subiilis enzyme than in any other functional type I

dehydroquinase.

The type I dehydroquinase is the catalytically active dehydroguinase as shown by
inactivation experiments (4.6) chemical modification using NaBll; to react with an
essential lysinc in type I DHQ forming a Schiff base. Heat trcatment of the cell
extract also suggested that a tvpe I DHQase was the active DHQase in B. subiilis.

If YghS is expressed although catalytically compromised, it must still confer some
evolutionary advantage indicating a possible sccond function for AroQ. DNA

Page 141

TR < R

|
1
|
:




CIIAPTER 4 B. subtilis YghS

microarray experiments in B. subrilis showed higher levels of the mRNA for the yghS
(the T'ype II DHQase) than for aroC (the Type I DHQase) (personal communication
from Rick W. Yc¢). Dircet investigation of the expression of the YqhS protein using
antibodies proved to be inconclusive. This does not mean that the YghS protein is
not cxpressed; YghS may be cxpresscd under different conditions than those
investigated here. Further western blot experiments of 8. subtilis cell extract under
different growth and stress conditions including heat shock, salt and ethanol stress
and glucose and phosphate starvation may provide direct evidence of expression. It
should be noted that the B. subtilis microarray experiments were conducted with 2 x
YT medium, while the western blot experiments were conducted using Nutrient
broth. This difference only came to light late during the investigations and a direct
comparison should be performed. Tt would also be uscful to carry out western blots
on B. subtilis cell extracts that have been exposed to different stress conditions. The
Y¢hS prolein is extremely (thermoslable and retains 50% of its secondary structure in
6 M GdmCl (4.3.1.1). It is possiblc that il may play a rolc in hcat or salt stress
response. The high resolution 3D X-ray crystallography structure (1. Robinson,
2003) shows that there is a large cavity in the middle of the YqhS dodecameric
structure which is also seen in all other type II dehydroquinases. This could provide a
possible clue to the proposed second function of type II dehydroguinases. There are a
number of conserved side chains within the cavity of the dodecamer, including His85,
Glu39 and Asp64 (S. coelicolor DHQase numbering system); it is unclear whether
these side chains are purely structural or are involved in an as yet unknown function.
This cavity may be suitable to assist protecin folding even though it is not
hydrophobic; thus YqhS could be a molecular chaperonin or a heat shock protein. 1f
YqghS is expressed in response to cither heat or salt stress, it could also be linked to

the formation of endospores.

B. subtilis can differentiate to form heat-resistant endospores in response to starvation
of carbon, nitrogen or phosphorus. Spore formation can be divided into a basic
sequence of morphological changes: at the start of differentiation (stages 0 to 1I) there
is onc ccll type; two complete chromosomes are formed, an asymmetrically sited
septum is formed separating the two genomes of the cell. In the second phase (stages
II to III) the differentiation becomes fixed and the two dislinct genomes start to

function differently. The junction of the septum and the outer surface of the
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sporangium migrates 10 the pole of the sporangium and the developing forespore is
then engulfed by the mother cell. At stage III B subtilis has irreversibly
differentiated into two different cell types, and the forespore can only return to
vegetative growth by spore formation and then germination. The forespore develops
resistance and dormancy propertics to form the mature spore within the mother ccll
(stages III to VII). The cortex and primordial germ cell wall are formed (stage IV)
followed by the development of a proteinaceous spore coat around the forespore at
stage V. The (wo [inal slages are the maturation of the spore (stage VI) and the
release of the mature spore by the lysis of the mother cell (stage VII) (Errington,
1993).

The inactivation procedure using pMUTIN vector system incorporates the lacZ gene
(2.8.3) as part of the disruption of the target genc. The Japanese Baciflus consortivin
have used this gene duting growth experiments on the disruption mutant YqhSd to
monitor the cxpression of the target operon. YqhSd shows an increase in -
gulactoside activity during exponential growth, this indicates that the open reading

frame in which yg#S is situated is cxpressed.

The yghS gene is located in the genome close to a scries of genes which when
mutated block sporulation after engulfment (spollldA-AH) {Sharp and Pogliano,
1999). Dircctly downstrcamt of the yghS gene is a gene encoding for a Xaa-Pro
dipeptidase followed by a genc encoding for elongation factor P. Directly upstrcam
of the yghS is a conserved protein of unknown function (ygh7). The arrangement of
these genes 1s the same is in B. anthracis and B. halodurans both of which possess a
type II dechydroquinase. Ocearonbacillus iheyensis possess a type T dehydroquinase,
but also possesses the genetic region containing the genes encoding for the Xaa-Pro
dipeptidase, elongation factor P and conserved protein of unknown function; however
the gene encoding for a type 1l dehydroquinase is not present. This seems to suggest
that the Bacillus family members that possess a type II dehydroquinase share a
common ancestor which has had the yghS gene inserted into this region without the
incorporation of any other genes. Studies on the Spofld gene (Piggotl et al., 1984)
revealed that polycistronic transcription units are involved in sporulation of B
subtilis. 'This helps to organise and regulate the complex process of sporulation.
YqghS may be within the polycistronic unit that transcribes the spolild4-AH genes. It

is still possiblc that YqhS performs some role during sporulation, although first level
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phenotype analysis of the YqhSd sfrain by the Japuncse Bacillus consortium, reveals
that the YqhSd strain is able to produce spores. The shikimate pathway genes; aroF,
H, B and F are also grouped together (Kunst et o/ 1997) and may also be expressed as
a polycistronic transcription unit; however it should be noted that the arod
(chorismate mutase) and C (type I DHQase) are not grouped. The location of the
type I dehydroquinases in B. subfilis, O. ihevensis and B. stearothermaphilus are not

analogous.

B. subtilis contains several different ¢ factors which play an important role in
reprogramming the ecll in response to different environmental condilions. Vegetative
growth is conirolled by o”, other responses included the formation of an endospore

F ) o and 6®, motility, chemotaxis and autolysin controlied by

controlled by ¢" ¢° o
o and the expression of general stress proteins controlled by " (Horsburgh et
al.,2001). Stress response is activated by two discrete stress classifications: energy
stresses such as carbon, phosphorus or oxygen limitation and environmental stresses
such as acid, ethanol, heat or salt stress (Akbar ef ¢l., 2001). Tn several studies of
stress responsc in B, subtilis particularly in relation to ¢ YqhS has not been
identified as being involved including; microarray profiles of B. subilis grown under
anaerobic conditions (Ye er al,, 2000} and high resolution 2-DE monitoring the
changes in expression levels of proteins under different stress conditions: salt, heat,
ethanol, oxidative stress and glucose starvation. This latter comprehensive study of
general stress proteins in B. subtilis and o” mutants was performed by Bernhart er af.
(1997). The 2-DIU studies identified 42 gencral stress prolein which require o, but
seven which did not. Tt is possible that YghS is expressed in stress conditions that

have not been characterised and is not regulated by o®.

Expiession of the distupted gene was found to increase at the end of exponential
growth in the enriched medium. It has been confirmed that, unlike the wild-type
strain of B. subtilis, the yghS-disputed mutant will not grow on minimal medium with
either glucose or citrate as a carbon source. While the B. subtilis wild type is able to
growth on minimal medium with glucose and shows poor growth on citrate as a
carbon source. B. subtilis growth experiments on TCA cycle intermediates as the
sole carbon source show that citrate is a viable carbon source for B. subtilis as

measured by optical density at 600 nm and involves the Mg”*-citrate transporter CitM
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(Warner and Lolkema, 2002). The disruption mutant and wild type both grow very
well on nutricnt broth. Although nutient broth does not contain major amounts of
carbohydrate or fatty acids, growth on nutrient broth by amina acid degradation
provides energy and allows incorporation of many preformed polymer precursors.
Energy produced via the ftricarboxylic acid (TCA) cycle oxidation provides
precursors for gluconcogenesis which is essential to supply glycerol, hexoscs,
hexosamines and pentoses. The disruption mutant must have the gluconeogenic
pathway and at least some reactions of TCA c¢ycle as the YqhSd strain is operating to
degrade amino acids (Dr. Fixter, pcrsonal communication). Analysis of the B.
sublilis genome revealed nine genes associated with citrate regulation, transport and

metabolism.

Thus although YghS protein is functional, the precise role of this protein is still
unclear, Auxotrophic studies on the disrupted mutant should be performed, in order
to establish the precisc nature of the YghSd strain and to deline more clearly the role
of the YqhS protein in B. subtifis. These studies might provide the opportunity to
dissect out an additional function for proteins with the type II DHQase structure.
‘This study offers an insight into how new functions may evolve in existing protein

families.
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CHAPTER 5 Bacterial type II dehydroquinases

CHAPTER S KINETIC AND STUCTURAL STUDIES
OF TYPE H DEHYDROQUINASES FROM
DIFFERENT BACTERIAL SPECIES

5.1 Introduction

The type 11 dchydroquinase (DHQases) which have been characterised kinetically
appear to fall into two main groups. The enzymes from organisms such as S
coelicolor and Aspergillus nidulans have relatively high values of ke, in the range
100 to 1000 s at pH 7.0 and 25°C (Klcanthous ef al., 1992; Krell ef al., 1996). By
contrast, the enzymes from Helicobacter pylori, M. tuberculusiy and Newrospora
crassa have much lower values of k., in the range 10 s or lower (Ilautala et al.,
1975; Bottomley ef af., 1996a; Price ef al., 1999). There appears {0 be no obvious
correlation between the values of k¢ and K,y for these cnzymes. Scquence
alignments of these show strict scquence conservation of all the amino acid residues
implicated in catalysis (Appendix C; Error! Reference source not found.) with the
exception of Ser 56 which is a threconine in 77 pylori (S. coelicolor numbering of
amino acids). Comparisons of the orientations of the residues within (he active site
by X-ray crystallographic data (Figure 44) shows there are no large differences in the
orientation of the residues within the active site, apart from the finding that the lid
domain (residucs 19 to 26 in M. ruberculosis DHQase) of itwo of the lower activily

species (H. pylori and M. tuberculosis) is not resolved.
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Figure 44. Overlay of subunits from Streptomyces coelicolor (green), Mycobacterium
tuberculosis (orange) and Helicobacter pylori (blue). Residues thought to be
involved in catalysis are highlighted using the numbering system from S.

coelicolor. Dehydroshikimate is bound in the active site.

The activity of Aspergillus nidulans and M. tuberculosis DHQases were shown to be
pH-dependent, activity increased with pH (Kleanthous et al., 1992; Harris et al..
1996a) over the range 6.3 to 9.0. Above pH 8.0 it is possible that a decrease in the
stability of the substrate may affect the interpretation of the results. In this chapter,
the pH-dependence of the activities of S. coelicolor, H.pylori and M. tuberculosis
type Il DHQases and the B. subtilis YqhS F23Y mutant were investigated over a pH
range of 6.5 to 8.0, in order to characterise the differences in catalytic properties in

greater detail.

It had been originally speculated that the differences in the levels of catalytic activity

were due to variations in flexibility of the structures especially within the lid domain

Page 147




CIIAPTER 5 Bacterial type H dehydroquinases

of the active site. Unfolding experiments on S. coelicolor and M. tuberculosis
DHQase showed a complete loss in activity of the S. coelicolor enzyme at 3.75M
guanidinuim chloride (GdmCl) but also revealed a significant activation of the AL
tuberculosis enzyme by low concentrations of GdmCl (0.5-1.0M) at pH 7.5 in
Tris"HC1 (Price et al., 1999). This type of activation in the presence of moderate
concentrations of denaturant had been previously observed in a number of systems
including Thematoga maritima glyceraldehyde 3 phosphate dehydrogenase which is
activated by 300% in 0.5M GdmCl (Rehaber and Jaenicke, 1992) and adenylate
kinase from rabbit muscle which shows a 60% increase in activity in 1M urca (Zhang
et al., 1997). Human phenylatanine hydroxylase is transiently activated by 10 and
100-minute incubations of between 0 and 4 M urea in the absence of the substrate L-
phenylalanine (Kleppe et al., 1999). It has been suggested that the activation by
denaturants of dehydroquinases may be due to increcasing conformational flexibility at
the active site (Price ef al., 1999). Denaturation experiments using GdmCl and Urea
(NaCl was used as a control) were performed to investigate the relative stability and
activity of typc IT DHQases from S. coelicolor, H.pylori and M. tuberculosis and the
YqhS ¥23Y mutant from B. subtilis. The structural stability of 1T pylori type 11
DHQase lowards denaturation was further characterised using fluorescence and
circular dichroism. During the denaturation experiments it was obscryed that there
appeared to be a difference in the cffect of chloride anion on the activities of the high
and low ke families of DHQase. This apparent effect of chloride ions was
investigated further by performing activity studies in the presence of different anions:

parallcl studies were carried out on the effect of urea in place of GdmCl.

‘The effect of phosphate on type II DHQuses was first characterised during
experiments comparing the sieady-state parameters of the two types of DHQase
(Kleanthous et al., 1992). Preliminary results obtained by Deka (1993) indicated that
phosphate behaves as a competitive inhibitor of the type IL DHQase from A. nidulars,
with a Kj of 10 mM at pH 7.0 and 25°C. The effect of the polyanionic ligands
sulphate and phosphate on the type Il DHQases of M. tuberculosis, H pylori, S.
coelicolor and the B. subtilis YqhS F23Y mutant was investigated.

All kinetics assays were carried out as described in section 2.16.1 in 50mM Tris

acetate pI 7.0 unless otherwise stated.
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5.2 Structural comparison of Type Il dehydroquinases

Scquence alignments demonstrate high homology between the type 11 DHQases from
different bacterial species, The primary structures of type II DHQases are strongly
conscrved with 13 % of residues invariant and 65 % conscrved over the 47 sequences
shown in Appendix C; Error! Reference source not found.. The H. pylori, A
nidulons, M. tuberculosis DHQases and the B. subtilis protein YqhS show a
percentage identity of 43, 56, 44, and 47% respectively, to the S. coelicolor DHQase.
Using the S. coelicolor numbering system for amino acids all of the residues thought
to be invalved in catalysis are conserved in these DEIQase apart from serine 56,
which is a threonine in H. pylori and tyrosine 28 which as already highlighted in
chapter 4 (4.1) is a phenlyalanine in B. subtilis YqhS. The subunit of the type II
DHQases has a flavodoxin-like fold (Burnett ef al., 1974). 'The C terminal a-helix of
H. pylori is significantly extended compared to the other DHQases discussed in this
chapier. The overlay of the structures of S. coelicolor, M. tuberculosis and F. pylori
DHQase (Figure 44) shows that there is no significant difference in the orientation of
the residues involved in catalysis. There are subtle differcnces at the floor of the
active sites of the type II DHQase X-ray structures. Amino acid side chains at
positions 81 and 82 (SCDIIQase numbering system) are found on the floor of the
active site and are highly conversed as eilber a glycine or alanine. Ala81 is thought
to cause a steric clash with the oxime inhibitor in the SCDHQase (Table 5). It is also
noteworthy that the flexible loop that forms a lid to the active site (residues 21-31) is
not resolved in the H. pylori or the M. tuberculosis DI1Qases which are both of which
are low kseenzymes, This region may be more flexible in these two bacterial species,
although there are no indications from the primary structure as to why this might be
the case nor whether this extra flexibility may contribute o the lower activity of these

enzynes.

5.3 Unfolding of Type II dehydroquinase from H. pylori

The type II DHQases from both S. coelicolor and M. fuberculosis have both been
studied by unfolding experiments in the presence of GdmCi (Kleanthous ez al., 1992,
Price ef al., 1999). A denaturation curve of the H. pylori was determined using

concentrations of GdmC] from OM to 6M. (.2 mg/ml of enzyme was incubated at
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room temperature for 24hrs. The samples were then analysed using far UV circular

dichroism, fluorescence and by measuring catalytic activity (2.22: 2.21; 2.16.1).

5.3.1 Structural analysis using circular dichroism

1.0 -
0.5
0.0 \
0.5
1.0
| ——0M GdmCl
_— -1.5 4
g’ | — 0.5 M GdmClI
-2.0 -
'g ] —— 1M GdmcCl
E 25
—_— : ——— 2 M GdmClI
o, -3.0-
. 3 M GdmClI
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] ———5M GdmClI
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] — 6 M GdmCI
-5.0 T T " T ¥ T v T =0 Y T
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Wavelength (nm)

Figure 45. Far UV circular dichroism spectra of the unfolding of H. pylori type 11
DHQase by guanidine hydrochloride (GdmCl) see figure insert for

concentration of GdmCl.

CD spectra show the changes in secondary structural features. H. pylori DHQase 1s
very stable in GdmCl and shows approximately 40% of the native CD signal at
225nm in 6M GdmCl. At low concentrations (up to 2M) GdmCl there is some
evidence for a modest increase in secondary structure (Figure 32). It could be
possible that this may reflect a change in the quaternary structure with dissociation of
the dodecamer into trimers, but no further experiments have been undertaken to

check this suggestion.
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5.3.2 Structural analysis using fluorescence

320
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Figure 46. Fluorescence data of the unfolding of H. pylori type Il dehydroquinase by
guanidine hydrochloride (GdmCl). Values are corrected for Raman

scattering.

Fluorescence scans were carried out on H. pylori DHQase with low concentrations of
denaturant; guanidine hydrochloride. H. pylori DHQase does not possess any
tryptophans so the fluorimeter was set up to selectively excite tyrosine residues at a
wavelength of 280 nm. The fluorescence data show no large-scale changes in
emission at 308 nm with an increase in GdmCI concentration. At 0.5M GdmCl there
is a minor rise in emission; the overall trend is slight increase in emission with
GdmCI concentration (Figure 46). This indicates the environment of each of the
tyrosines is not significantly altered and the tertiary structure is unchanged by low
concentrations of GdmCl. This is consistent with the CD data, which show that the

H. pylori DHQase is extremely stable towards the denaturant.
5.3.3 Catalytic activity

At low levels of GdmCI (0.5 M and 1 M) there is a significant increase in enzyme
activity. It was originally hypothesised that this increase in activity was due to either

an increase in flexibility in the structure or was a consequence of the dodecameric
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quaternary structure dissociating into trimers (Price er al., 1999). This is explored

further in section 5.4.2.
5.3.4 Structural analysis using dynamic light scattering

To investigate any structural changes in the presence of low levels of GdmCl,urca,
sodium chloride, sodium phosphate (pH 7.0) and sodium sulphate, dynamic light
scattering was used to monitor any changes in quaternary structure. T'wo catalytically
different DHQases, S. coelicolor and H. pylori were studied at a protein concentration
of 0.5 mg/ml. Each protein sample was incubated at 20°C for 1 howr with the test
reagents in 50 mM Tris acetate buffer pH 7.0. 200 ul of each salution was injected

into the dynamic light scattering cell.

The estimatcd molecular weight of S. coelicolor DHQase is much lower than the
actual value as determined by White ez al., (1990). This is likely to be due to the
assumptions about the density and shape of the protein made by the software of the
DynaPro™ system (2.23). Thete is only a slight change in the radius of the protein
andd the estimated molecular weight in the presence of the low levels of denaturant
and salt tested. This is nat thought to be significant as the SOS (sum of squarcs) is
increased in the presence of all the reagents tested which is likely to be due to a slight

aggregation (Table 12).

The H. pylori results show large amounts of aggregation in the presence of all the
reagents tested. In the presence of Tris acetate buffer pH 7.0 the estimated molecular
weight is much closer to the actual molecular weight than with the value obtained
from the S. coelicolor dynamic light scattering data (Kwak ef af., 2001). In the
presence of 0.5 M urea and 0.17 M sodium sulphate it was not possible to acquire
enough counts to make any measurements and the SOS of all the results was >5.0 so

their data arc likely 1o be unreliable (2.23).

The dynamic light scattering data do not show any evidence that type II DHQascs
dissociate into trimers in the presence of low levels of denaturant. All of the reagents

tested seem Lo cause aggregation of the low activity DITQase of H. pylori.

Page 152




CHAPTER 5

Bacterial type 11 dehydroquinases

Table 12. Dynamic light scattering data for type 1I dehydroquinases in the

presence of various denaturants and salts,

S. coelicolor dehydroquinase

H. pylori dehydroquinase

Radius  Estimated SOS Radius Estimated SOS
(nm) MW (kDa) Livor (nm) MW (kDa)  Error
[50mM]
Tris 4.4 106 1.788 5.8 209 8.190
acetate
(0.5 Mj
4.4 104 5.548 7.4 383 25.124
GdmCl
[0.5 M]
4.7 128 2.399 )
Urca
1.0 M] * . .
4.8 129 4271
Urea
[0.5 M] . .
_ 4.7 128 2.525
NaCl
{0.28 M] ]
5.3 166 7.472 6.3 254 13.682
NaP1i
[0.17 M]
4.9 142 3.725 )
Nasta,

5.3.5 Structural analysis using differential scanning calorimetry (DSC)

Differential scanning calorimetry was used to determine the thermal stability of the

bacterial type LI DHQases from S. coelicolor, M. iuberculosis and H. pylori, the YqhS

protein from B. subiilis was also tested. Experiments were carrfed using 0.1 mg/ml of
protein in 100 mM Tris-acetate buffer (pH 7.0) in the Biophysical Chemisiry

" [nsufficient counfs

" Sample aggregation.
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Laboratory, University of Glasgow (Prof. Cooper). All the proteins were stable to

over 100°C whereupon all the protein samples aggregated (data not shown).
5.4 Kinetic characterisation of type Il dehydroquinases

5.4.1 pH dependence of the kinetic parameters of type II dehydroquinases

The pH dependence of the kinetic parameters was studied in four type Il DHQases; S.
coelicolor, M. tuberculosis, H. pylori, and B. subtilis protein YghS mutant F23Y.
DHQase activity was measured as described in section 2.16.1. Reaclions were )
initiated by the addition of enzyme (0.015 pg, 0.5 pug, 3 pg, and 40 pg of S *
coelicolor, M, (uberculosis, H. pylori, and B. subfilis protein YqhS F23Y ¢
respectively). Assays were performed over a series of pH values from 6.5 to 8.0.

Data at each substratc concentration were measured in quadruplicate.
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Figure 47. Steady-state kinetics pH-dependence studies effect on (A) keq and (B) K,
of type Il DHQases from S. coelicolor (green), H. pylori (blue), M.
tuberculosis (orange), A. nidulans (purple) and B. subtilis YqhS F23Y
mutant (red) (4. nidulans data from Dr. Deka 1993).
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Table 13. pH-dcpendence steady-state kinetics studics on bacterial type II
DIIQases (4. nidulans data from Deka (1993).

pH S. coeticolor dehydroguinase
kent (87) n T K (M) + Fod Ko (STMTY)
6.5 84.85 2.92 81.99 8.38 1.03 x10°
7.0 124.79 2.78 99.17 7.67 1.26 x10°
7.3 20524 531 157.44 11.91 1.30 x10°
7.5 260.04 6.76 229.92 16.05 1.15 x10¢
7.8 416.03 16.33 341.48 3121 1.23 x10°
8.0 480.76 21.13 428.18 43.03 1.13 x10°

H. pylori dehydroquinase

6.5 0.51 2.92 17305 1535 2.95 x10°
7.0 0.94 2.24 205.75 13.78 4.55 x10°
7.3 1.31 1,66 281.87 17.94 1.66 x10°
7.5 2.88 6.54 469.71 25.74 6.08 x10°
7.8 3.06 15.07 779.40 41.23 3.93 x10°
8.0 3.76 12.24 499.05 32.00 3.76 x10°

M. tuberculosis dehydroguinase

6.5 2.72 308 18.84 239 1.44 310°
7.0 3.17 3.00 23.79 1.97 2.18 x10°
7.3 7.30 4.72 45.16 3.96 1.62 %10° :
7.5 8.50 10,09 54.83 8.87 1.64 x10°
78 8.76 6.33 58.98 5.46 1.56 x10°
8.0 11.38 19.50 87.98 18.44 1.45 x10°

A. nidulans dehydroquinase

6.5 579 e 116 T 4.99 x10° _
7.0 9732 Nn 153 w 6.36 x10° ]
1.3 1326.6 ND 163 ne .14 x10° l
7.5 1981.8 e 229 e 8.65 x10° i
7.8 32853 s 382 W® R.60 %10°
8.0 3224.1 D 464 P 6.95 x10°
B. subtilis YQbS F23Y mutant

7.4 0.194 0.0089 731,79 77.66 2,65 X107
7.5 0.21 0.0034 765.26 2822 2.77 %10?
3.0 0.33 0.0448 1310.85 335.60 2,51 x10° i
1

NP Not determined.

a
4
T
3
+
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The resnits show that there is a dramatic increase in Z.y as the pH increases (Figure
47A) with approximately a seven-fold increase in catalytic activity between pIl 6.5
and 8.0 in all the DHQases tested. Similar results were obtained for the A, nidulans
enzyme {(Dcka, 1993) (Table 13). As the pH dependence of kg is similar in all the
DHQases tested it is likely that they all share the same catalytic mechanism. There is
also an increase in Ky as pH increases although the relationship between pH and K,
varies across the DHQases tested (Figure 47B) (Table 13).

The hydroxyl of free tyrosine (as a free amino acid) has a pX, of 10.0 and therefore
would be expected to be fully protonated at pH 7.0: therefore its environment must
significantly shift the pK, of tyrosine 28 to allow proton abstraction. The proximity
of arginine 113 and to a lesser extent argininc 23 would be expected to have a
significant effect on the pX, of tyrosine 28 (Roszak ef «l., 2002), as has been shown
to be the case in human aldose reductase (Tarle ef af., 1993). This is consistent with
the pH dependence data which show; an increase in activity with increasing pH,

specilically related to the increased deprotonation ol tyrosine 28.
5.4.2 Stopped flow assay experiments

To invesligate any differences in the pre-steady state kinetics of bacterial type II
DHQases stopped flow experiments were performed on 8. coelicolor, H. pylori and
B subtilis (F23Y) DHQases. Assays were performed using an Applied Photosystems
Stopped flow apparatus. No lag or burst phase was observed for HPDHQase or
SCDHOQase (data not shown).

5.4.3 Effects of salts on catalytic activity

Low concentrations of GdmCl were shown to increase the catalytic activity of two
type 11 DHQases significantly during unfolding experiments (5.3.3) this effect had
been previously documented for the M. tuberculosis enzyme (Price ef al., 1999).
Further cxperiments were carried out using low concentrations of GdmCl, urea and
sodium chloride on both the high key (S. coelicolor) and low key (M. tuberculosis, H.
pylori, B. subtilis F23Y) type Il DHQases (Figure 48, Table 13).
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Figure 48. Catalytic activity of S. coelicolor (green), H. pylori (blue), M. tuberculosis

(orange) DHQase and B. subtilis YqhS F23Y mutant (red) in the presence of

low concentration denaturants and salt (A) GdmCl (B) Urea (C) NaCl.
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There is a 240% increase in activity of A pylori DHQase at 0.5 M GdmCl and a 77%
increase in activity of M. tuberculosis DHQase at 1.0 M GdmCl. The same effect
was not observed with the higher k., DHQase from S. coelicolor and the B. subtilis
mutant F23Y where low GdmCl concentrations lead to a small decrease in activity
(Figure 48A). These experiments were repeated nsing comparablc concentrations of
urea and sodium chloride. As urea is not as sttong a denaturant as GdmCl the
concentration chosen was double that of the GdmC]1 used in the assays. The catalytic
activity of the M. tuberculosis DHQase increased by 27% in 1.0 M urea, but the H.
pyiori DHQase did not increase significantly in low concentrations of vrea. The S
coelicolor and the B. subtilis mutant 1'23Y DHQases both showed a decline in
catalytic activity as the concentration of urea increased (Figwre 48B). All four
enzymes were also assayed using low levels of sodium chloride and the activity of the
DIQases followed the same trend as (the GdmCl assay results (Figure 48C). The M.
tuberculosis and 11 pylori DHQases showed a 150% (0.5 M NaCl) and 288% (1.0 M
Na(l) increase in catalytic activity respectively. The 8. coelicolor and the B. subtilis
mutant F23Y DHQases showed a decrease in catalytic activity as the concentration of
sodium chloride increased. The catalylic paramcters of the bacterial DHQases
studied in this chapter in the presence of 0.5 M Gdmi(Cl and of sodium chloride are
shown in Table 14. All assays were performed in duplicate or in the case of B
subtilis (F23Y) quadruplicate.
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Table 14. Catalytic kinetic parameters of bacterial type T DHQases in the
presence of 0.5 M NaCl and GdmCl.

Bacterial strain

Salt tested ket / K
of type NI Koo (5 + K (UM) + g ‘
z S i
DHQase (0.5 M]
S. coelicolor Nosatt  124.79  2.78 99.17 7.67 126 x10°
NaCl 78.97 254 20189 1990  3.91 x10°
GdmCl  96.92 727 33994 5620  2.85x10°
H. pylori No salt 0.94 224 20575 1378 4.55x10°

NaCl 3.52 0.07 306.85 19.54  1.15 x10°

GdmCH 3.76 0.07 418.05 23.07  8.99 x10°

M tuberculosis  No salt 5.17 3.00 23.79 1.97  2.18x10°
NaCl 5.44 0.11 36.26 3.01 1.50 x10°

GdmCl 4.20 0.08 36.89 3.22 1.14 x10°

B, subtilis  No salt 0.194 0.009  731.79  77.66  2.65x1Q?
(F23Y)

NaCl 0.097 0.006 930.3 112.0  1.05 x10?

GdmCl 0.071 0.004 780.5 91.4 9.16 x10'

The ke of A pylori DHQase (low kg enzyme) shows a significant increase in the
presence of both 0.5 M NaCl and 0.5 M GdmnCl (Table 14). The ke of the M
tuberculosis DHQase (low &, enzyme) shows a moderaie increase in the presence of

0.5 M NaCl and a small decrease in the presence of 0.5 M GdmCl. The effect on the

Ll e . Ty il .. - X . ° e .
RTINS T It A v S S S U P A S R

K, is similar between the two low &y enzymes; the K, increases by approximately
the same order of magntude in the presence of both NaCl and GdmCl. This evidence
suggests that the increase in activity in the M tuberculosis and H. pylori DHQases is
not due to increased flexibility caused by low concentrations of denaturant as
previocusly thought, and is more likely to be due to a salt effect on the lurnover of the

substrate.
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The activity of the S. coelicolor DHQase and B. subtilis YghS F23Y mutant enzyme
both decrease in the presence of both 0.5 M NaCl and 0.5 M GdmCl. The K, of the
S. coelicolor DHQasc is inercased approximaicly 2-fold in the presence of 0.5 M
NaCl and 3-fold in the presence of GdmCl (Table 14). The K, of the B. subtilis
enzyme is less affected by both 0.5 M NaCl and 0.5M GdmCl. The X, of the B.
subtilis enzyme increased by 1.3-fold in the presence of Nall. There was only a
moderate increase in the K, of the B. subiilis enzyme in the presence of 0.5 M
GdmCl.

Originally thought to be devoid of life the Dead Sea is native to a number of
halophilic archaea including Haloarcula marismortui, the enzymes malate
dehydrogenase and 2Fe-2S protein ferredoxin of this halophilic archacon werc
studied by Mevarch et al., 2000. Ialophilic enzymes require high sall concentrations
for catalylic activity and stability and it is argued that high negative surface charge of
halophilic proteins make them more soluble and renders them more flexible at high

salt concentrations.

The effect of the chloride ions and other salts on type Il DHQases was investigated
using a number of salts [rom the Hofineister series. The Holmeister series was
originally drawn up on the basis of the effects of various ions on the solubility of
proteins (Hofmeister, 1888; Collins and Washabaugh, 1985). It has been shown that
the salts of this serics can alter enzyme activity by disrupting the organised structure
of protein macromolecules (Baldwin, 1996). Bovine liver B-galactosidase and sweet
potato B- amylasc among others were found to be inhibited by the higher ranking of
anions of the Hofimcister series (Warren and Cheatum, 1966).  Acetoacetic
decarboxylase from C. acetobutylicium is also inhibited by anions in a manncr which
follows the pultern of the [ofmeister series and the size of anion (I'ridovich, 1963).
The effect of the scrics of salts on the catalytic aclivily of the type II DHQase was
compared to a conirol in the absence of added salt. The salts used were sodium
bromide, sodium chloride, potassium chloride, sodium fluoride, sodium acetate,
GdmCl and sodium thiocyanate; urea was added as a control. The DHQases were
incubated for I hour in each of the salts tested prior to the activity measurements.
The ionic strength was kept constant; 0.5 M in all assays and all the assays were
performed at pH 7.0 with 1 mM dehydrequinate. The pH was adjusted for the NaF
and NaAc assays to pH 7.0 with glacial acetic acid. The ionic strength (/) is defined
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as half of the total sum of the concentration {c;} of every ionic specics in the solution
(i) times the square of it charge (z;). The cquation for the ionic strength of a solution

1s shown below:
I=05%(cz")

The relative catalytic activity of the two low key specics of DHQases (M. fuberculosis
and H pplori) increased significantly in sodium bromide, sodium chloride
(previously obscrved), potassium chloride, sodium fAuoride and GdmCl. The M
tuberculosis DHQase also showed a significant increase in relative catalytic activity
in the presence of sodium acetatc and sodium sulphate. The S. coelicolor DHQase
was inhibited by all the salts tested, as was the B. subtilis ¥23Y DHQase with the
exception of a 41% increase in rclative catalytic activity in the presence of sodium
acetate and no significant change in activity in the presence of sodium fluoride. All
the DHQases tested were inhibited by sodium thiocyanate (Figure 49). None of the
DHQases [ollow the precise pattern of the Iofmeister series. The interactions of salts
and macromolecules appears to be very complex: ionic specics can potentially affect
hydrogen bonds, hydrophobic interactions and eleclrostatic interactions, Interestingly
there seems to be a correlation between a rise in catalytic activity in the low ke type
1I DHQases and the presence of chloride ions. Detailed studies of M. tuberculosis

PHQase X-ray crystallographic data havce revealed chloride binding sites.
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Figure 49. The affect of salts from the Hofmeister series on the catalytic activity of S.
coelicolor (green), B. subtilis YqhS F23Y mutant enzyme (red), /. pylori

(blue), and M. tuberculosis (yellow) dehydroquinases.
5.4.4 Temperature effect on catalytic activity

Preliminary steady-state kinetics experiments were carried out on SCDHQase,
MTDHQase and HPDHQase at 37°C. Both MTDHQase and HPDHQase showed an
increase in activity at 37°C, while SCDHQase showed a minor decrease (data not

shown).

5.4.5 Characterisation of effects of phosphate and sulphate on type II

dehydroquinases

The inhibitory effect of polyanions; sodium sulphate and sodium phosphate on type 11
DHQases was used to give an insight into the differences in substrate specificity of
the low and high kcy enzymes. Preliminary results (Frederickson et al.. 1999) had
indicated that phosphate behaves as a competitive inhibitor of the type II DHQase
from A. nidulans, with a K; of 10 mM at pH 7.0 and 25°C. Studies of
bisulphonamides by Arrow therapeutics (2001) revealed moderate inhibition of type
[I DHQase and dehydroquinate synthase. The anti-microbial effect was also tested
and shown to have an inhibitory effect on growth on methicillin resistant

Staphylococcus aureus. Theorell and Nygaard (1954) have also documented the
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strong inhibitory effect of polyanions in flavoprotein systems. The inhibition is
caused by the tendency of these anions to interact with positive groups of the protein,
which are essential for the attachment of FMN. Polyanions have been shown to be

bind more strongly to proteins than monovalent anions (Theorell and Nygaard, 1954).

These studies were extended to other type II cnzymes for the polyanionic ligands

sulphate and phosphate using a combination of kinetic and structural approaches.

Kinetic parameters were obtained by varying substrate concentralions over the
appropriate range (between 20 uM and 2 mM) in the presence and absence of sodium

phosphate or sodium sulphate.

Table 15. Inhibtion by polyanions on the kinetic properties of type II DHQases

K (phosphate) K (sulphate)

Enzyme Fo (57) Ko (M) (mM) (mM)
SCDHQase 124.79 99.17 7 11
HPDHQasc 0.94 205.75 9 9
MTDHQase 5.17 23.79 ¢ v
BSYqhS (F23Y) 0.194 731.79 9 ¥

¥ In the presence of phosphate, a complex patiern is ohserved in which Vo and K, are both raised; see

Figure 51A.

¥ In the presence of sulphate, the ¥, remains essentially unchanged, but the dependence of K, on
sulphate concentration is markedly non-linear, indicating that the anion may bind to multiple sites on

the enzyme.

¥ In the presence of sulphate, The X, is not significantly affect, while V), decreases as the

concentration of sulphate increases, indicating non-competitive inhibition,
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Figure 50. Inhibition of S. coelicolor and H. pylori type Il dehydroquinases by

phosphate and sulphate. A: Lineweaver-Burk plot for inhibition of
SCDHQase by phosphate. B: Ratio of Kn'/Km Vs. [phosphate] for
SCDHQase. C: Lineweaver-Burk plot for inhibition of SCDHQase by
sulphate. D: Ratio of K,'/Ky, vs. [sulphate] for SCDHQase. E: Lineweaver-
Burk plot for inhibition of HPDHQase by phosphate. F: Ratio of Kp'/Kpy vs.
[phosphate] for HPDHQase. G: Lineweaver-Burk plot for inhibition of
HPDHQase by sulphate. H: Ratio of Ky'/Km vs. [sulphate] for HPDHQase.
Km and K,,' values are the Michaelis constants for dehydroquinate in the

absence and presence of either phosphate or sulphate.
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Figure 51. Inhibition of M. tuberculosis type 11 dehydroquinases and B. subtilis YqhS
(F23Y) by phosphate and sulphate. A: Lineweaver-Burk plot for inhibition
of MTDHQase by phosphate. B: Ratio of K,/K, vs. [phosphate] for
MTDHQase. C: Lineweaver-Burk plot for inhibition of MTDHQase by
sulphate.  D: Ratio of Kn/Km vs. [sulphate] for MTDHQase. E:
Lineweaver-Burk plot for inhibition of B. subtilis YqhS (F23Y) by
phosphate. F: Ratio of Ko'/Kg vs. [phosphate] for B. subtilis YqhS (F23Y).
G: Lineweaver-Burk plot for inhibition of B. subtilis YqhS (F23Y) by
sulphate. K, and Ky, values are the Michaelis constants for dehydroquinate

in the absence and presence of either phosphate or sulphate.

The effects of phosphate and sulphate on the kinetic properties of DHQase are shown
in Table 15, Figure 50 and Figure 51. The polyanions both behave as simple
competitive inhibitors with respect to dehydroquinate for SCDHQase and HPDHQase
(Figure 50 A-H). In contrast, in the case of M. tuberculosis DHQase, the effects of
the anions were more complex. Although sulphate did not change the V.. and thus
appeared to act as a competitive inhibitor (Figure 51C), the dependence of the K, on
the anion concentration did not follow the expected linear model for simple
competitive inhibition. In the presence of phosphate, both V. and K, were
increased (Figure 51A). These results indicate that the anions may bind to more than
one site in M. tuberculosis DHQase, leading to multiple effects on the kinetic

properties of the enzyme.

Phosphate is also a simple competitive inhibitor of B. subtilis (F23Y) YqhS (Figure
S51E). The inhibition of B. subtilis (F23Y) YqhS by sulphate is more complex; the K,
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1s not significantly altered at all concentrations of sulphate tested while the Vi
decreases with an increase in sulphate concentration. Both Lineweaver-Burk plot
(Figure 51G) and direct non-linear fitting point towards sulphate being a non-
competitive inhibitor of the YqhS mutant enzyme. This would indicate that sulphate
binds at a distinct site from dehydroquinate in the YghS mutant enzyme. However, in
view of the limited amount of data collected and the low activities observed, it would

be inappropriate to over interpret these data.

Figure 52. Comparison of the two active sites of the two DHQases. Solid Ribbon
respesentation of the active sites of (A) phosphate (P1) bound within the
active site of the S. coelicolor DHQase. (B) M. tuberculosis DHQase with
sulphate 1ons (S1 and S2) bond within the active site. Amino acid residues
important for ligand binding are shown in stick and coloured according to
atom type, hydrogen bonds are shown as dashed lines coloured magenta

(Evans et al., 2002).

The crystal structures of S. coelicolor and M. tuberculosis DHQase in complex with
phosphate and sulphate respectively, were compared in order to try and interpret the
effects of these polyanions on the kinetic parameters of the enzymes. The protein
folds are very similar and overlay well. The M. tuberculosis DHQase structure has
two sulphates in the active site compared with the single phosphate in S. coelicolor
DHQase, this is consistent with the more complicated kinetics seen in the former

enzyme. Unexpectedly, the single phosphate bound to S. coelicolor DHQase does
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not correspond to cither of the sulphates bound in the active site of M. fuberculosis
DHQase. This finding could be interpreted structurally as the result of the differcnces
between the two ligands. The phosphate ion possesses a protonated oxygen
{(hydroxyl) while sulphate does not, this protonated oxygen of the phosphate could
bind in the analogous position to the Cl1 hydroxyl of the substrate while this
conformation would not be as favourable for sulphate. Howevet, the structure of the
S. coelicolor DHQase structure with sulphate bound has been solved at 2.8 A
resolution and the anion occupies exactly the same position as is observed in the
higher resolution phosphate structure (Roszak e af,, 2002). Figure 52 shows a
comparison of the two active sites of the two DHQases. The phosphate bound within
the active site of the S. coelicolor DHQase (Figure 52A) forms several hydrogen
bonds with key catalytic residucs and occupies an analogous position 1o the
carboxlyatc and C1 hydroxyl of the substrate. In the stracture of M. rubercuiosis
DHQase (Tigure 52B), the S1 sulphate is located in this region, but adopts a different
conformation from the P1 phosphate seen in the S. coelicolor enzyme. The St
sulphate forms hydrogen bonds with the catalytically important residues Seri03 and
Asn75 representing the common position of two of the oxygens of the phosphate
anion. However, His101 hydrogen bonds to a water molecule rather than the
sulphate, and the catalytically important tyrosine in the lid domain does not close
over the active site and interact with the sulphate. Instead Argl9 has moved much
further into the active site than observed in the S. coelicolor DHQase structures, and
is able to form a hydrogen bond with the sulphate. The second sulphate ion also
interacts with this arginine and also with residues at the N-terminal end of the flexible

lid domain.
3.5 Chapter summary

Type II DITQases fall broadly into two categories: high and low £qy enzymes. Protein
sequence alignments and analysis of the 3-dimensional X-ray structures of type II
DHQases show high homology between the structurcs of the high and the low
activity DHQases. They also seem to share several biophysical propertics including
high stability in the presence of denaturant and no observed lag or burst phasc using
stopped-flow kinetics. pH dependence studies provided evidence that all the type 11
DHQases tested shared a common catalytic mechanism. However, studies on M

tuberculosis and A. nidulans type 11 DHQase performed by Harris et al. {1996b)
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showed significant differences in solvent and substrate isotope effects between these
enzymes. The relationship between the V/Vy ratio and the fraction of ’H in the
solvent of the assay (1) (¥, is the ratc of reaction when the a fraction of deuterium
(*H) in the solvent is # and ¥ is the rate when » = 0) suggests that a single proton
contributes to the isotope effect in the MTDHQase, whilst the results for 4. nidulans
enzyme suggest that at least two protons contribute to the observed effects. Substrate
isotope effects also reveals differences in Pipax and Ve Kin between the two enzymcs.
The step in the mechanism that contributces to the substrate isotope effect is thought to
occur at different points on the free-energy profile of the MTDHQase and A. nidulans
dehydroquinase reactions; the highest point and the transition state with the highest
energy, respectively (Harris ef gl., 1996a). Unfortunately it was not possible to
determine pKj values for the DHQases tested as there were problems caused by

substrate instability at pH values higher than 8.0 (L. Noble, personal communication).

It was originally thought that subtle structural changes especially in the lid domain
caused by low levels of denaturant were responsible for the obscrved increascs in the
catalytic activity in the presence of IM GdmCl. The 3-dimensional X-ray structures
of two low ku enzymes (MTDHQase and HPDHQase) show that both have
disordered lid domains. The lid domain is thought to be more flexible in these
enzymes. Analysis of the protein scquence of the lid domain of all the type I
DHQases tested shows no significant differences between the amino acid side chains
which would account for the exira [lexibility in this domain (Appendix C; Error!
Reference sonrce not found.), Unfolding studics using urea as a denaturant
indicated that increased activity caused by guanidine hydrochloride is not due to an
increase in flexibility, but rather to the presence of chloride ions. In contrast B.
subfilis YqhS mutant (F23Y), a low &y cnzyme, docs not show an increase in activity
in the presence of low concentrations of chloride. This indicates that not all low key
enzymes show the same chloride effect. However it should be noted that the B.
sublilis YghS enzyme is not a true DHQase (CHAPTER 4) und it is possible that
different factors are responsible for the low catalytic activity of the YghS (I'23Y) that

are not involved in the evolution of the other low &y DHQases.
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Figure 53. 3-dimensional structure of M. tuberculosis dehyroquinase in complex with
2,3-anhydro-quinic acid and chloride ions. (A) M. tuberculosis DHQase
dodecamer, secondary structural features are represented in flat ribbon and
strands, subunits are individually coloured, chloride ions are shown as
yellow balls. (B) Interactions of chloride ions (Cl1, 2) at subunit interface:
amino acids highlighted in green are involved in the coordination chloride 1
(CI1) and highlighted in magenta are residues which interact with chloride 2
(C12). Catalytic side chains (H101 and E99) are represented by their
electrostatic charge. (C) The potential stabilisation of the minor loop
domain by two chloride 2 ions involving 5 subunits. 2,3-anhydro-quinic
acid (FA1) is shown as a ball and stick representation while the catalytic side
chains are represented as colour-coded stick models (carbon atoms are
shown in green, oxygen atoms shown in red and nitrogen atoms shown in
blue). Amino acids are labelled according to the M. tuberculosis numbering

system and numbers are coloured according to their respective subunit.
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Several differences between the type II DHQascs have been identified in this study.
Low concentrations of chloride have been shown to increase the catalytic activity of
both MTDHQase and HPDIIQase while the same concentration of chloride lowers
the catalytic activity of SCDHQase and B. subtilis YghS (F23Y). Chloride ions are
present in the X-ray structure of the M. tuberculosis enzyme in complex with the
inhibitor 2,3-anhydro-quinic acid (FA1); as a result of the crystallisation conditions
used to obtain crystals for diffraction. In total there are 18 chloride ions within the
dodccamer (Figure 53A), 1.5 per subunit, The chloride ions arc found in two distinct
orientations within the dodecamer. Six chloride ions (choride I, Cil) are located at
subunit interfaces (Figure 53B) and form hydrogen bonds with the imidazole rings of
a pair of histidine residues (1lis106), Val124 and Val 126 arc approximatcly 4.5 A
(using the M. fuberculosis numbcering system for amino acids) from neighbouring
subunits. The other twelve chloride ions (chloride 2, CI2) are located behind the
minor loop domain of the active site (Tigure 53C); this loop domain contains the
catalyiic residue Arg108, responsible for the localised p&, effect on Tyr24 (thought to
be involved in proton abstraction, CHAPTER 3). Chloride 2 forms hydrogen bonds
with Arg113 and is 4 A away from Phell1 both of which are located on the minot
loop domain, but interact with different chloride 2 ions. Proll6 [rom the
neighbouring subunit is 3,7 A away from chloride 2 and possibly forms weak Van der
Waals interactions. The main chain amide group of Tyrilé from the same

neighbouring subunit is 5 A away from the chloride 2 ion.

Chloride 1 is thought to have a role in the stabilisation of the quaternary structure of
MTDHQase. It is also possible that chloride 1 has some indirect affect on the
catalytic residues His101 and Glu99 (likely candidates to be involved in donation of a
protont to the hydroxyl at Cl of dehydroquinate, CHAPTER 3) on the neighbouring
B-strand (Figure 53B). Two CI2 ions are thought to be involved in an increase in the
stability of the minor loop domain of the active sitc. The orientation of ArglQ8 is
important for catalytic activity and the extra stability of the minor loop domain may
account for the moderate increase in activity observed in MTDHQase in the presence
of 0.5 M chloride ions.

The B-factors of Cll and CI2 in the X-ray structure of M. tuberculosis are 37 and 28
A, respectively giving an indication of their mobility and consequently order in the

structure, This suggests that C12 is more precisely located and therefore more likely
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to be invofved in the increase in catalytic activity. In contrast CI1 interacts weakly
with Vall24 and 126 and the indirect effect on His101 and Glu99 is less likely. CI2
may bind more tightly so be present at low chloride concenirations and therefore

represent the site of binding for chloride.

Without 3-dimensional structural data on the binding of chloride to SCDHQase it is
difficult to propose a reason for the reduction in catalytic activity observed. In the
SCDHQase 3-dimensional structures reported by Roszak et al., (2002) histidine
residues (H111, H106 in MTDHQase) from neighbouring subunits make the largest
single contribution (83 A?) to the buried surface area at the dimer interface. As in the
MTDHQase structure the two imidazole rings of the histidines point toward each
other, restricting the size of the solvent cavity, which is occupied by water. In the
presence of chloride ions it is conceivable that these interactions maybe disrupted

causing the observed decrease in catalytic activity.

The polyanions, sulphate and phosphate were found to be simple competitive
inhibitors with respect to dehydroquinate [or SCDHQase and HPDHQase as
previously observed in A. nidulans (Irederickson ef al., 1999). In conirast the effect
of polyanions on MTDHQasc was morc complex. The results of MTDHQase kinetic
studies in the presence of phosphate indicated that the anions bind Lo more than one
site, leading to multiple effects on the kinetic properties of the enzyme. Phosphate is
a simple competitive inhibitor with respect o dehydroquinate and sulphate is
surprisingly a non-competitive inhibitor for B, subtilis YqhS (I'23Y) protein, although
it should be noted that errors associated in measuring the low activity of the YghS
mutant and the limited amount of data that was collected may have affected these
data. The X-ray crystallographic data on the enzymes from S. coelicolor and M.
tuberculosis with phosphate and sulphate bound respectivcly identify significant
differences in both the mode of binding and number of polyanions bound by the two
enzymes. The differences in binding of the anion to the carboxylate recognition site
of the enzymes may account for the relaiive potencies of several rationally designed
inhibitors (Frederickson er af., 1999). A grealer understanding of the differences in

binding of known inhibitors of type 1I DHQascs may lead to further selectivity.

Analysis of the crystal structure of S.coelicolor DHQase with various ligands bound
in the active site, such as phosphate, the transition state analoguc 2,3-anhydro-quinic
acid and dehydroshikimate (R2Z3A mutant SCDHQase) reveals that the main chain
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amide nitrogens of Serl08 and Ile107 to bond to the carboxylate group. Phosphate,
which is a competitive inhibitor of S, ceeficolor DHQase, mimics the carboxylate
group. Scrl08 binds to the carboxylate of dehydroquinaic. Scrl08 is probably
responsible for substrate recognition and orientation (Roszak et af., 2002; Evans et
al., 2002; 3.5).

Four sulphate molecules were identified in the MTDHQase structure, with two lying
in the active site of the enzyme. Neither binding position of the sulphate molecules
was analogous to the location of the phosphate molecule in the SCDHQase structure.
The catalytic lid domain is disordered as in the apoenzyme structurc. The [irst
sulphate molecule (SI, Figure 52) in the active site is positioned in the carboxylate
binding site as identified from the SCDHQase-inhibitor complexes, the second
sulphate molecule (82, Figure 52) interacts with the amide nitrogens of residues 17-
19 and the side chain of Argl9., The binding of a second anion in the position of the
lid domain of the M. fuberculosis DHQase structure may help {o explain the complex
kinetic effects of the peolyanions observed for this enzyme. The finding that the
sulphatc anion does not occupy the same position as the C1 hydroxyl and carboxylate
of the substrate helps to cxplain differences in the inhibition of type II DHQases. A
number of selective inhibitors have been synthesized by Frederickson et af., (1999)
including the transition state analogue 23-anhydroquinic acid and its oxime
derivative. Thesc inhibitors contain all the structural features of the substrate and
transition slate respectively, with the exception of the C3 carbonyl which is absent.
The K; values for these inhibitors were two-fold and nine-fold lower respectively for
SCDHQase than for MTDHQase therefore pelyanions do not bind as tightly to
MTDHQasc. As the Ky of MTDHQase is lower than SCIJHQase, polyanions are less
effective inhibitors of MTDIHQase than SCDHQase. This suggests that while
recognition of the C1 carboxylate and hydroxyl is the major component neccssary for
the specific binding of substrate to SCDEQase, the C3 carbonyl also plays a
significant role in subsirate binding in MTD11Qase, quite possibly by interacting with
Argl9.

The differences between sulphate and phosphate with respect to both the potency and
type of inhibition suggest that the X-ray structures of SCDHQase in complex with
phosphate and MTDHQase in complex with sulphate may not be directly comparable.

However, a low resolution X-ray structure of SCDHQase in complex with phosphate,
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shows phosphate occupies the same location as sulphate in the SCDHQase-sulphate
structure.  The effects of the two polyanions on HPDHQasc are analogous fo
SCDHQase. [t would be valuable to produce a 3-dimensional structure of
HPDHQase in complex with polyanions or either a higher resofution structure ol
SCDHQase-phosphate or MTDIIQase in complex with sulphate.

During the course of evolution, the catalytic activity of an cnzyme is presumably
optimised by an organism to suit its environment, The availability of the substrate
and the relative nced for the product govern the catalytic parameters. IL pylori and
M. tuberculosis are both human pathogens which grow at 37°C in contrast to S
coelicolor and A. nidulans which both grow at lower fluctuating temperatures found
in soil where the concentration of quinate (utilised in the catabolic quinate pathway)

is high.

The effcct of salts and polyanions on type II DHQases is complex and does not seem
to fall into a simple pattern with low and high & enzymes. The type of inhibition of
type II DHQases by polyanions can vary and structural data indicate that mode of
binding can differ. It would be beneficial to extend this study by analysing type 11
DHQases from other species, for example the Campylobacter jejuni DHQase which
has been cloned by Prol. Hunter and co-workers at the University of Strathclyde
(CHAPTER 7). In view of the complexity of effects observed, it is unlikely that one
single factor is important in determining whether a DIQase has a low or high kg,
Rather it is likely that a variety of factors including the flexibility of the active site
and the nature and orientation of the residues involved in substrate binding and
catalysis have been employed during evolution in order to match the catalytic

properties of each enzyme with the metabolic nceds of the particular organism.
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CHAPTER 6 HAEMOPHILUS INFLUENZAE
SHIKIMATE DEHYDROGENASE AND RELATED
YdiB PROTEIN

6.1 Introduction

Shikimate dehydrogenase coded by the arof gene is present as a monomer in £. coll
(ECAroE) (Chaudbwri and Coggins, 1985) and exclusively uses NADPH as a
cofactor (Yaniv and Gilvarg, 1955). In plants shikimate dehydrogenase occuss as a
bitunctional enzyme (on a single polypeptide chain) with a type I dchydroguinase
(Koshiba, 1978; Polley, 1978;Mousdale et ¢i., 1987, Deka et al., 1994) this enzyme
also requires NADPH as a cofactor. Tungi such as Aspergillus nidulans possess a
pentafunctional arom polypeptide (Chailes er al., 1985), the C terminal domain of
which carries the shikimate dehydrogenase activity. The organisation of the enzymes
of the shikimate pathway within different organisms is deseribed further in section
1.1.3.

Quinate dehydrogenase (gutB) catalyscs the conversion of guinate to dehydroquinate,
which is then connected to protocatechuate via the catabolic quinate utilisation
pathway (1.2). This pathway shares two metabolites of the shikimate pathway,
namely dchydroquinate and dehydroshikimate (Giles ef «l., 1967, Hawkins ef al.,
1993), Some shikimate dehydrogenases arc also ablc to catalyse the quinate
dehydrogenase reaction. To date three independent families of quinate/shikimate
dehydrogenases have been identified. The first group are NAD® dependent
dehydrogenascs and are widesprecad amongst microorganisms (Lopez Barea and
Giles, 1978; Hawkins ef al., 1993), ihe second is found in gymnosperms such as
Pinus taeda and utilises NADPH as a cofactor (Ossipov er ai., 2000), whilst the thied
use pyrrolo-quinoline (PQQ) as a cofactor and are aimost exclusively found in gram-

negalive bacteria and are often membranc-associated dehydrogenases (Duine, 1991).

Protein sequence analysis of AroE fiom £. cofi using BLLAST (Altschul ¢f al., 1997)
identified approximately 150 sequences, predominantly designated as putative
shikimate dehydrogenases (Appendix C; Error! Reference source not found.). The
BLAST analysis also revealed that shikimate dehydrogenases have significant

sequence homology to NAD ~dependent quinatc/shikimate dehydrogenases.

Page 177

]

1
%
!
!
3
i
4
K
¢




CHAPTER 6 H. influenzae Shikimate dehydrogenase

Several organisms including £ coli, H influenzae and Deinococcus radiodurans
possess a second analogue of the shikimate dehydrogenase denoted as YdiB function
unknown, The existence of a second shikimate dchydrogenase could atfect the
design of potential drugs directed at AroE as YdiB may compensate for any
inhibition of AroE. There are significant differences in scquence between Arol and
YdiB in the N-terminal region, which is thought to be involved in the binding of the
C1 carboxylate of dehydroshikimate and in forming the dimer interface (Michel et
al., 2003). Based on the N-terminal region the YdiB proteins broadly fall in to two
groups (6.1.1). The first group, which includes the F. coli YdiB protein (ECYdiB),
are more closely related o the majority of the AroE proteins than the second group,
which includes one of the proteins in this study namely YdiB from H. influenzea

(HIYdiB). The differences between the two groups are discussed in detail below.

pH dependence studies on the bifunctional plant shikimate dehydrogenase family
have been performed including Pisum sativum (Balinsky and Davies, 1961a; Dennis
and Batinsky, 1972), Camellia sinensis L. (Sanderson, 1966) and Pinus taeda
(Ossipov ef al., 2000). These showed the rate of the reverse reaction (formation of
dehydroshikimate from shikimate) to be maximal at pH 10.0-10.6. The overall trend
of pH dependence points towards a similar mechanism being adopted in each of the
enzymes tested. pH dependence experiments on Phaseolus aureus showed an
optimum rate at pH 8.0 although the enzyme was only partiaily purified (Nandy and
Ganguli, 1901). pll dependence experiments performed on the crude ECAroE
(Yavin and Gilvarg, 1955) indicated a pI1 optimum of 8.5. The difference in the pIH
optima for the plant and bucterial enzymes could be due to the fact that the bacterial

enzyme was not fully saturated with the cofactor (Balinsky and Davies, 1961b).

The catalytic properiics of ECAroEl and ECYdiB were determined for the reaction in
reverse direction (shikimate to dehydroshikimate) in 100mM Tris-HCIl (pH 9.0) by
Michel et al., (2003). ECAroE oxidises shikimate exclusively using NADP" as a
colactor with a Kyapp of 0.056 mM, Ksux of 0.065 mM and the kg was found to be
260 5. Unusually ECYdiB is able to oxidise both shikimate and quinate with either
NAD" or NADP" as the cofator. The Knap and Ky were found to be 0.087 mM
and 0.1 mM respectively using shikimate as substrate and 0.116 mM and 0.5 mM
respectively using quinate as subsirate. The cofactor also has an ellect on the binding

of the substrate in the presence of NAD'. The Ky and Kour values are 0.0205 mM
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and 0.041 mM respectively, while in the presence of NADP" the values are much
higher 0.12 mM (&Kspx) and 0.555 mM (Kqur). Using shikimatc as a substrate the
activity of ECYdiB is ~1700-fold lower than ECAroF with k. values of 0.0624 and
0.156 s using NAD" and NADP" as substrate respectively. ‘L'he catalytic activity
with quinate is also extremely low for both NAD" and NADP" (ke 0.0416 and
0.0625 57", respectively).

The E. coli ydiB and aroll proteins share 25% sequence identity, and X-ray structurcs
of both the proteins have been reporled (Michel ez al., 2003). Despite there heing
relatively low sequence homology between . coli AroDll and YdiB, the two cnzymes
have highly similar 3-dimensional structures and adopt the same fold. The ECYdiB
protein has an extended loop region (residues 176-182), which is typical of the first
group of YdiB proteins. It is unclear what role the exiended loop region plays in the
protein, since X-ray structural data show that the loop is not close to either the
substrate or the cofactor. Dynamic light scattering experiments on the ECYdiB
revealed that it has a hydrodynamic radius consistent with a globular protein of
approximately 60 kDa, indicating that ECYdiB occurs as dimers (Michel e al.,
2003). The dimer interface contains several hydrophobic residues that arc not present

in the monomeric ECAroE.
6.1.1 Substrate binding domain and rcaction mechanisim

To date there is no X-ray structure of a substratc analoguc bound to any enzyme of
the shikimate dehydrogenase family. The active site has been identified by the
position of the nicotinamide ring of the cofactor. The presence of a sulphate or
phosphate ion within the substrate-binding pocket of the ECAroli and ECYidB, and a
DTT molecule in the ECAroE structure are the result of the crystallisation conditions
(Figure 54). These reagents give clues lo the orientation of the substrate in the
enzyme binding site. The X-ray structures reveal a closed conformation only in the
presence of the DTT molecule (ECAroE, molecule A) and it is proposed that the
conformational change which closes the central cleft occurs on substrate binding
(Michel ef al., 2003). Studies on glyceraldehyde-3-phosphate dchydrogenase from
rabbit muscle provided strong evidence for ligand-induced conformational changes
which cause negative cooperatively in binding of cofactors of different subunits

(Henis and Tevitzki, 1980). Chemical modilication experiments of ECArobt
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(Chackrewarthy. 1995) identified Lys65 and Hisl3 as either being involved in the

catalytic mechanism or being close to the binding site for shikimate.

"/"—"T\..
\——0’—%:, p— " His 13
“J\\_} L  Ser 14 ‘ -
. \\) 1 ‘o » o
G S FoR 25 sor 16

Tyr 215

Figure 54. X-ray structure of ECAroE-NADP" complex substrate binding pocket
with bound sulphate (S1) and DTT molecules represented as ball and stick
(carbon atoms in green), highlighted protein side chains are colour coded
according to the type of amino acid and labelled according to the ECAroE
sequence. The proposed position of dehydroshikimate is represented by the

red ghost overlay.

The N-terminal domain is involved in substrate binding and recognition and typically
the sequence pattern for shikimate dehydrogenase (AroE) is G-N-P-I-X-[H,q]-S-K-S-
P (where X is variable). The ECYdiB was chosen for further analysis as it is closely
related to the AroE group and represents one group of YdiB proteins characterised by
the sequence pattern [M.i]-[A/G]-[Y.t]-P-I-H-S-[L.k]-S-P within the N-terminal

region. HIYdiB represents the second group; the substrate binding domain deviates
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quite considerably from the AroE shikimate dehydrogenascs with the N-terminal
sequence heing: C-[M/]-S-L-[A,s]-[A,g]-R-P. However, there are similarities
between these regions, the S-[L.k]-S and C-[M/I]-S sequences in ECYdiB and
HIYdiB, respcctively may perform the same rolc in these proteins, it would be
valuable to produce an X-ray structure of HIYdiB to determine the orienation of
specific residues. The second group of YdiB proteins also has a highly conserved

insertion of four amino acids after the substrate binding domain: [R t,a,q]-F-H-N.

Using stereosﬁcciﬁcally labeled cofactors and substrate it was possible Lo determine
that hydride transfer takes placce from the A-side of the nicotinamide ring of NADIPH
(Dansette and Azerad, 1974), which is consistent with the orientation of the cofactor
in the X-ray structure of both ECAroE and ECYdiB (Michel et al., 2003). The C3 of
cither dehydroshikimate or quinate must be positioned to acecpt/receive the hydrogen

from C4 of the nicotinamide ring.

The conserved serine side chains near the N-terminus of the AroE enzymes (814 and
S16 in ECAroE) are expecicd to be involved in the binding of the carboxyl at C1.
Tyr215 of ECAroE is also thought to cstablish an additional hydtogen bond with the
carboxylate group {Figure 54). The scrine and tyrosine residues arc present in the
HIAroE and ECYdiB, but there are significant differences in the IIIYdiB substrate-
binding pockct. There is only one conserved serine residue in the N-terminal dontain
and an alanine side chain replaces the tyrosine side chain. The C5 hydroxyl of the
substrate is expected to form hydrogen bonds with a glutamine residue (Q244 in

ECAroE) present in all the shikimate dehydrogenase family.

The invariant residues Lys65 and Aspl02 are the most likely candidates (o donate a
proton to the C3 carbonyl of the substrate, as they are oricntated toward the subslrate-
binding pocket in which the DTT molecule is present (Figure 54). Another contender
for the role of proton donor is Hisl3; this residue was highlighted by pH dependence
of the inactivation of ECAroE by diethyipyrocarbonatc (DEPC), which is a histidine~
specific reagent (Chackrewarthy, 1995). However, in the X-ray structure His13 is not
correctly orientated to perform this role and is some distance away from the cofactor
(Michel et af., 2003).
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6.1.2 Binding specificity of the cofactor

Interestingly unlike most dehydrogenases that utilise NAD or NADP as a cofactor
(Carugo and Argos, 1997a), the shikimate dehydrogenase family does not show a
strong preference for either cofactor. NAD and NADP are stereachemically similar
the only difference being a phosphomonoester on the C2 of the ribose attached to the
adenine ribose of NADP. They both show different biochemical reactivities with
NAD" behaving being almost exclusively involved in oxidative catabolism and
NADPH serving as a reductant, confined with few exceptions to the reactions of

reductive biosynthesis (Carugo and Argos, 1997a).

The comparison of the cofactor binding sites within the shikimate dehydrogenase
family is of interest as il reveals the structural features necessary to discriminate
between NADP and NAD. The amino acid sequence of ECAroE between residues
121 and 151 exhibits the characteristic ‘finger print’ of an ADP-binding Bof-fold
(Anton and Coggins, 1988). The charge of the side chain of the residue in the final
position ol this “fingerprint” determines whether the enzyme is able o accommodate
the 2’ phosphate group of the adenosine moiety (Wierenga et al., 1986). Chemical
modification experiments using PGO on ECAroE revealed that an arginine side chain
either forms part of, or is situated closc to, the NADP binding site (Chackrewarthy,
1995). The protein sequences (Appendix C; Erroxr! Reference source not found.) of
the H. influenzae homologues were analysed using the X-ray structure data for
ECAroE and ECYdiB (I'igure 55). An invariant arginine side chain stacks against the
A face of the adenine ring of the cofactor. The B face of the adenine ring is
orientated by a serine side chain in the NADPH-dependent ECAroE (S190) and H.
influenzae shikimate dehydrogenase (FHIArolZ S189). This is replaced by a valine in
the NAD-dependent ECYdiB (V206) and an isoleucine in . influenzae YJiB protein
(HIYdiB 1185). The substitution of the serine to valine causes a shift in the position
of the A face arginine and affects the arrangement of the adenosinc moiety
recognition and binding loop (Michel ef al., 2003). Tlel8S of the HIYdiB could also

cause a shift in the position of this loop.
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CHAPTER 6 H. influenzae Shikimate dehydrogenase

B

Figure 55. Comparison of the cofactor recognition and binding site of ECAroE (A)
and ECYdiB (B). NADP" and NAD" are represented as ball and stick
(carbon atoms in green), protein side chains colour coded according to the
type of amino acid and labelled according to their appropriate protein
sequence. The protein backbone and secondary structural features are

represented by a solid ribbon.

In the ECAroE structure the invariant arginine side chain (R150) also forms an
“electrostatic clamp™ with another arginine (R154) and plays a crucial role in the
binding of the adenosine phosphate of NADP" (Michel et al., 2003). Argl54 is
replaced by a lysine in both the H. influenzae AroE and YdiB. The X-ray structure of
the ECAroE-NADP" complex (Figure 55A) shows that the invariant asparagine
residue (N149) forms a hydrogen bond with the hydroxyl group at the O3” position of
the adenosine ribose. In the ECYdiB-NAD" complex (Figure 55B), the asparagine
side chain (N155) adopts a different position and together with an aspartic acid side
chain (D158 in ECYdiB), forms hydrogen bonds to the O2° hydroxyl of the
adenosine ribose. In the HIYdiB sequence Argl50 and Asnl49 are in the reverse
order (Argl51 and Asn152, HIYdiB numbering of amino acids) this may cause shifts

in the orientation of the residues around this region.

NADP binding is thought to be favoured by the HIAroE as it retains a threonine
(Thr151) which creates a polar environment for the phosphate group of the adenosine
moiety. In the ECYdiB this residue is replaced by a phenylalanine (Phel60) which

creates a neutral environment for the O2" hydroxyl group of NAD'(Michel et al.,
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2003). HIYdiB possess a valine in place of the threonine that could potentially affect
the polar environment of the phosphate-binding pocket, since the valine side chain is
hydrophobic. Howcver, due to the difference in the order of the amino acid residues

this is unlikely.

The binding of the nicotinamide and pyrophosphate moieties of the cofactor should
be analogous in ECAroE and ECYdiB. The amide group of the nicotinamide ring is
hydrogen bonded fo an invariant glycine side chain and a methionine or cysteine side
chain in ECAroF and ECYdiB respectively. Both the /I influenzae homologues

possess a methionine in this position.

Throughout the shikimate dehydrogenase family the pyrophosphate moiety binds to a
glycine rich loop (residues 126-131 in ECAroE) (Michel ef al., 2003). The sequence
pattern is a modification of the canonical pattern identified in NAD'-dependent
dehydrogenases (Carugo and Argos, 1997b). Interestingly the group of YdiB
proteins (which includes HIYdiB) with a lower sequence homology to the AroE, has
a conscrved serine (S127) and a methionine (M130) within the pyrophosphate
binding motif; however detailed analysis of both the X-ray structures suggests that
this is unlikely to affect binding of the pyrophosphate moiety. The glycine rich loop
also forms a hydrogen bond with the O3’ hydroxyl group of the adenosinc ribose
unit.

6.1.3 Inhibitor and analogue studies of shikimate dehydrogenase

Balinsky and Davics (1961b) performed inhibitor studies using a variety of phenolic
compounds. These studies revealed that the Piswm sativum bifunctional enzymc
bound to the substrate by means of the Cl carboxy! and the hydroxyl groups at C4
and C5 and identified vanillin, gallic acid and p-hydroxybenzoic acid as inhibitors.
On the basis of this evidence, Baillic e/ af., (1972) synthesized various novel
dehydroshikimate analogues from 1,6-dihydroxy-2-oxoisouicotinic acid (Figure 56).
‘The analogues were tested for inhibition of the Pisum sativum enzyme and couch
grass enzyme. Several of these analogues were found to be reversible competitive
inhibitors with K] values ranging from 0.07-0.8 mM for the Pisum sativum enzyme.
Intriguingly compounds found to be competitive in the tcverse direction for the
bifunctional enzyme of Pisum sativum such as 1,6-dihydroxy-2-oxoisonicotinic acid,

werc shown to have no inhibilion in the forward reaction despite the structure of the
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compound being more closely related to dehydroshikimale (han to shikimate (Bajllic
et al., 1972). This anomaly was attributed to the difference in the binding of the
substrate in the presence of NADP" and NADPH (Dowsett ef al., 1972).

Several structural analogues of shikimate were tested as possible inhibitors of the
Pisum  sativum  bilunctional enzyme.  Mecthyl vanillate, syringate and p-
hydroxybenzaldehyde (Figure 56) were found to be competitive inhibitors (73, 61 and
17% loss in activily respectively) these studics highlighted the importance of the C4
hydroxyl for substrate binding and revealed that substitutions larger than -OCHj in
the C3 position and —CO,H in the C1 position were not inhibitory because of steric

hindrance to binding (Dennis and Balinsky, 1972).

Gallic acid, thought (0 be an inhibitor of the plant bifunctional enzyme of Pisum
sativum, has been shown to be a substrate for the production of hydrolysable tannin
synthesis. Tn the case of mountain birch (Befula pubescens ssp. czerepanovii)
shikimate dchydrogenase (Ossipov ef al., 2003) these studies used HPLC to analyse
the concentration of gallic acid formed from dehydroshikimate. Assays were stopped
by the addition of 6 M HCI followed by centrifugation,

Product inhibition and isotope studies on the Pisum sativim bifunctional enzyme and
the dissociation constants of the cofactor of this enzyme have shown an ordered BiBi
mechanism with NADP likely to hind fitst followed by dehydroshikimate (Dowsett ef
al., 1972; Balinsky er al., 1971).
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Figure 56. Substratc analogues and inhibitors of the shikimate dehydrogenase family.

Dehydroshikimi COOH Gallic acid COOH
c acid Baillie et al.,
Yavin and 1972; Ossipov
Gilvarg, 1955 9 T M e, 2003 HO OH
OH OH
Quinic acid HO CO2  Vanillin CHO
Hawkins ef dl., Balinsky and
1993 HO oH Davies, 1961b;
OH Baillie et af, €O
1972 OH
S-deoxy COCH Vanillic acid COOH
analogue Dennis and
Bugg et ai., 1988 Balinsky, 1972
© H,CO
OH
OH
Dideoxy- COOH Syningic acid COOH

dihydro Dennis and
analogue Balinsky, 1972
@)

Bugg et al., 1988 H,;CO CH30

OH ]

|

p- COOH 1,6- COOH }

hydroxylbenzoi dihydroxy-2-

Yuroxy Yy \ P
¢ acid oxoisonicotini ’

Dennis and ¢ acid ) i]l OH

Balinsky, 1972 OH Buaillie er a4l OH _

1972 T

Page 186




CHAPTER 6 H. influenzae Shikimate dehvdrogenasc

Substrate analogues which lacked erther the C5 or both the C5 and C4 hydroxyl
groups were tested on ECAroFE by steady state kinetics in the forward direction (Bugg
et al., 1988). On removal of the C5 hydroxyl group (producing 5-deoxy-analogue
Figure 56} only moderate specificity was lost between the substraie and the enzyme, a
1.56-fold increase in K, and 25% reduction in kg There 1s a substantial increase in
K to 17 mM (a 189-fold increase) on the removal of both the C5 and C4 hydroxyl
group (dideoxy analogue Figure 56) (Bugg et al., 1988). Apparent binding energies
(AGapp) were calculated from the ratio e/ Kiy for each of the analogues. AG,p, can be
used as an approximation of the true enzyme-substrate binding interaction and the
classification of hydrogen bond interactions which fall into two groups: uncharged
{2.0-7.5 kJ mol™) and charged (12.5-25 kJ mol™) donot/acceptor interactions (Fersht,
1988). The removal of the C-4 hydroxyl group gives a AGyp, value of 29.0 kJ mol”!
suggesting that the C4 hydroxyl forms important hydrogen bond interactions with a
charged residue such as a lysinc or a cysteine (Bugg ef ¢l., 1988), X-ray data suggests
that this is most likely to be Lys65 (Miche! ef af., 2003).

6.2 Construction, over expression and purification of H. influenzae

shikimate dehydrogenase and the related YdiB protein
6.2.1 Purification of H. influenzae shikimatc dehydrogenase

The pTB361 aroF construct was gifted by S. Campbell (University of Glasgow). The
arol construct was transformed into Z. coli over-expression strain BL21 (DE3)
pLysS (2.10). Cell growlh was monitored by measuring Aggo; once the absorbance
had reached 0.6, the expression of protein was induced by addition of 0.8 mM [PTG.
The time course of the induction is shown in Figure 57. The pTB361 . influenzae
arok construct was grown for a further 6 hours after induction, yielding 0.4 g wet
weight of cells from 11 x 0.5 litres of LB medium. Shikimate dehydrogenase was
purified using the methods of Chaudhuri and Coggins, (1985) and Maclean et al.,
(2000), as outlined in scction 2.12.3. The elution profile of the DEAE Sephacel
columm is shown in Figure 58. The final purification step (ADP affinity column) was
omitted as the protein was considered to be of a sufficient purity after gel filtration on
Sephacryt 200 (Figure 59). The enzyme was then dialysed against S0mM Tris 1ICI,
200 mM KCL, 50% glycerol (v/v) and stored at —20°C. The protein concentralion
was 18 mg/ml as determined by absorplion at 280 nm (2.13).
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kba 12 3 4 56 7 8 9’“10’1\1121314

Figure 57. SDS PAGE analysis of the time course of expression of H. influnzae
shikimate dehydrogenase (HIAroE) in pTB361-BL21 (DE3) pLys S
construct.  Lane 1: Boehringer Mannhiem marker low-range, lanes
3,5.7.9,11 and 13: Control without 0.8 mM IPTG from 0-6 hours. Lanes
2.4,6.8,10,12 and 14: Induced by addition of 0.8 mM IPTG from 0-6 hours

(one hour increments).
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Figure §8. The elution profile from DEAE Sephacel column during purification of /.
influenzae shikimate dehydrogenase (HIAroE). Absorbance at 280 nm
represented by green triangles. Shikimate dehydrogenase activity is shown
as blue cirlces. Fractions that were pooled are shown between the dash

black lines.
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kpa1 2 3 4 56 7 8 910 1112 131415

Figure 59.SDS PAGE of Sephacryl 200 fractions during purification of H
influenzae shikimate dehydrogenase. Lane 1: Boehringer Mannhiem marker
low-range, lane 2: E. coli pTB361 aroE-BL21 (DE3) pLys S construct crude
extract. Lanes 3-8: fractions 50 to 75 with (5 fraction increments) eluted
from Sephacryl 200. Lanes 9-15: fractions 80 to 87 eluted from Sephacryl
200.

6.2.2 Cloning and over-expression of H. influenzae of YdiB protein

The ydiB gene was cloned from H. influenzae genomic DNA (2.2.4) using PCR (2.6).

Two PCR primers were designed by S. Campbell and are shown below:

P1. 5’ TATAAGGAGACCATATGATCAACAAAG 3’

P2.5" AACACAATGTACCAGATCTTTATTTC 3’

The PCR primers were designed with mismatches incorporated into them to (shown
in bold) to add in endonuclease restriction sites, Nde 1 and Bgl/ II respectively, at
either end of the ydiB gene. The mismatches did not effect the sequence of the gene.
The PCR reaction contained 0.5 ng of genomic DNA as the template for
amplification, 50 pmol of each primer P1 and P2, 0.2 mM of each dNTPs, 5 units 7agq
DNA polymerase (Promega), 1:10 dilution of 10x Taq reaction Buffer (500 mM KCl,
100 mM Tris'HCI, pH 9.0, 1.0% Triton® X-100) an additional 0.5 pl of 50 mM

MgSO; in a total volume of 50 pul made up with sterilised water.

The BioRad Gene Cycler program included 3 elements: a hot start at 95°C for 7

minutes, 35 cycles of amplification consisting of an annealing temperature of 54°C
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for one minute, an extension period of 1 minute at 72°C and a denaturation step of
95°C for 1 minute followed by annealing for 1 minute and elongation for 7 minutes.
4 ul of PCR product was separated and analysed by agarose gel electrophoresis using
XIV DNA marker (Roche) (Figure 16). Fragments of the appropriate size were
purified by extraction from the gel (2.7.4).

Lo B 4. .5

Figure 60. 1% DNA agarose gel of H. influenzae PCR. Lane 1: XIV DNA marker
(Roche), lanes 2-5: 4 ul of PCR product.

Originally the primers were designed to ligate the ydiB gene directly into an
expression vector. This approach was found to be unreliable as it was difficult to
confirm whether the PCR product had been digested properly prior to ligation. The
pUni/V5-His-TOPO® Echo™ Cloning system from Invitrogen was utilised to clone
the PCR product containing the ydiB gene. The TOPO® cloning reaction included 1.5
ul of gel purified PCR product (50 ng), 1 pl of pUni/V5-His-TOPO® (1 ng) and 1 pl
of salt solution (1.2 M NaCl; 0.06 M MgCl,) in a total volume of 6 pl made up with
sterilised water. TOPO® cloning reactions were incubated at 20°C for 25 minutes.
2ul of the TOPO® cloning reaction was transformed into E. coli competent cells
strain; PIR1 (supplied by Invitrogen). The transformation protocol is described in
section 2.8.2 and then checked by restriction digest with endonucleases: Nde I, Sac 1
and Bgl II. Once the pUni/V5-His-TOPO® ydiB construct had been generated, it was
ligated into pTB361 using the restriction sites Nde I and Sac I. The ligation reaction
consisted of approximately 5 ng of digested vector, 80 ng of digested insert DNA
(vdiB gene), 1 unit of T4 DNA ligase with 1xT4 ligase buffer (Boehringer
Mannheim) with sterilised water added to a total volume of 20ul. The reaction was

incubated for 16 hours at room temperature. 10pl of the ligation reaction was
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transformed into JMI109 competent cells (2.8.2). Plasmid purifications were
performed on colonies resistant to tetracycline (12.5 pg/ml). Restriction digest
analysis was used to identify successful ligations. The pTB361 ydiB construct was
sequenced by the University of Glasgow Functional Genomics Sequencing Facility

(2.9).
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Figure 61. SDS PAGE analysis of the time course expression of expression of .
influnzae shikimate dehydrogenase related protein YdiB (HIYdiB) in
pTB361-BL21 (DE3) pLysS construct. Lane 1: Boehringer Mannhiem
marker low-range, lanes 3.5,7,9 and 11: Control without 0.8 mM IPTG from
0-6 hours. Lanes 2.4,6,8,10 and 12: Induced by addition of 0.8 mM IPTG
from 0-6 hours (one hour increments). Lanes 13 and 14: overnight control.
and induced, respectively. Lane 15: Promega low-range protein molecular

weight marker.

The pTB361 H. influenzae ydiB construct was transformed into the over expression
strain BL21 (DE3) pLysS (2.10). Cell growth was monitored by Agp. once the
absorbance had reached 0.6, the expression of protein was induced by addition of 0.8
mM IPTG: Figure 19 shows the time course of the induction. The pTB361 H.
influenzae ydiB construct was grown for a further 6 hours after induction, yielding

15.25 g wet weight of cells from 11 x 0.5 litres of LB medium.
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6.2.3 Purification of YdiB protein

The purification protocol of H. influenzae YdiB was based on the protocol described
in section 2.12.3. The H influenzae YdiI3 protein has a significantly different
predicted pl (8.59) from the E. cofi shikimate dehydrogenase (predicted pl = 5.35),
for which the protocol had been optimised. Therefore several of the steps were not as
effective when applicd to the pwification of H. influenzae YdiB. The ammonium
sulphate cuts for HIYdiB were optimised as follows. 100ml of induced the A
influenzae ydiB construct (BL21 (DE3) pLysS) was centrifuged at 5,000 X g for 15
minutes and resuspended in 5 ml of extraction buffer (2.12.3.1). Cells were lysed
using a French pressure cell at 3,500 psi. 0.1mg of DNase was added and the lysate
was stirred on ice for 30 minutcs. The lysate was then centrifuged at 40,000 x g for
30 minutes. Samples of the resulting soluble and insoluble fractions were taken for
analysis on SDS PAGE. Benzamidine was added to the soluble fraction to a final
conceniration of 1 mM and then solid ammonium sulphate was added to increase the
concentration from 10% to 55% saturation in 5% increments. Al each level of
saturation the solution was stirred for 15 minutes at 0°C and then centrifuged at
40,000 x g for 15 minutes. The supernatant was ceollected for funther analysis. 20 ul
samples were taken after each centrifugation of both the supernatant and resuspended
pelict, so that analysis by SDS PAGE could be performed (Figure 62). Most of the
IT influenzae YdiB protein precipitates between 20% and 25% saturation (N )»SOs.
This is significantly different from the Z coli shikimate dehydrogenase protein
purification which utilised (NH)2SO;4 cuts between 30% and 55% saturation.
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Figure 62. SDS PAGE analysis of ammonium sulphate saturation experiment. Lane
I: Boehringer Mannhiem marker low-range, lanes 2.4.6.8 and 10:
supernatant fractions of (NH4),SOy saturations from 10% to 30% saturation.
Lanes 3,5,7.9 and 11: redissolved pellets of (NH4),SOy saturations from 10%
to 30% saturation (5% increments). Lanes 12 and 13: E. coli H. influenzae

YdiB construct crude extract control and induced, respectively.

The E. coli shikimate dehydrogenase protein purification also included an anion
exchange step on DEAE Sephacel; this purification step was omitted from the YdiB
protein purification since preliminary experiments revealed that YdiB did not bind to

the column.

The purification of H. influenzae YdiB was performed as follows; cells were lysed
and centrifuged as described in section 2.5.3. The soluble supernatant was adjusted
to 25% saturation (NH4), SO4 and centrifuged as described in section 2.12.3.2. The
resulting precipitate was re-dissolved in 0.5 M NaCl 100 mM Tris-HCI pH 7.0 (buffer
A) and dialysed overnight in the same buffer. The dialysed soluble protein was then
concentrated to a volume of 20 ml and applied to an affinity chromatography column
(2°,5°-ADP Sepharose) that had been pre-equilibrated in buffer A at a flow rate of
10ml/hour. The column was washed in 100 ml of buffer A and 4 ml fractions of the
eluant were taken. A 20 ml portion of ImM NADP" in buffer A (flow rate of
Iml/hour: Iml fractions) was then applied to the column to elute the YdiB protein.
Fractions were assayed as described in section 6.6 except; 100 mM sodium carbonate
buffer (pH 10.6) was used instead of the 100 mM glycine-Tris-NaOH buffer (pH10.0)

later used in kinetic analysis. The capacity of the column was not large enough and
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consequently a large fraction of the YdiB protein did not bind to the affinity column.
This meant that fractions with activity were found before and after the NADP"
elution step (data not shown). In the futurc it will be preferable to usc a larger
column of the samic material or a less expensive option could be to use a Resource Q
or Phenyl-Sepharose column. Fractions containing shikimate dehydrogenase activity
were pooled and concentrated to a volume of 2 ml and applied to a Sephacryl 200
{(gel fltration) column (165 x 2.5 cm diameter), which had been equilibrated in 100
mM Tris-HCl, pH 7.5 containing 0.5 M NaCl (buffer B) at a flow rate of’ 10ml/hour;
5ml fractions were collected. The protein was eluted using buffer B. The Ajgo of the
elnant was monitorcd and assays for shikimate dehydrogenase activity were
performed: Figure 63 shows the clution profile. Samples that posscssed shikimate
dehydrogenase activity were analysed by SDS PAGE (Figure 64) to asscss the level
of purity of the YdiB protein; appropriate fractions were pooled and concentrated to
approximately 10 mg/ml, The concentration of Tris-HCI (pH 7.5) was adjusted to
300 mM. The concentrated YdiB protein was divided into two aliquots; to one an
equal volume of glycerel was added prior to storage at —20°C. The second aliquot
was concentrated by using a 0.5 ml Vivaspin 500 centricon with a 10 kDa cut-off
(Viva Science) which was cenirifuged at 16,000 x g for 15 minutes at 4°C. The
concentrated solution was then adjusted o 300 mM Tris'HC1 (pH 7.5), 15mg/ ml

YdiB protein and used in crystallisation screens (6.4).
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Figure 63. Elution profile of the purification of FH. influenzae shikimate
dehydrogenase related protein YdiB (HIYdiB) on Sephacryl 200 column.
The Ajgp of the eluant is shown as green triangles. Shikimate dehydrogenase
activity is shown as blue cirlces. Fractions that were pooled are shown

between the dash black lines.
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Figure 64. SDS PAGE analysis of Sephacryl 200 elution fractions. Lane I:
Boehringer Mannhiem marker low-range, lanes 2-15: S200 fractions 80 to
94.
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6.3 Dynamic light scattering of HIAroE and HIYdiB

Dynamic light scattering was used (2.23) to investigate the quaternary structure and
any structural changes in the presence cofactor, substrate and the potential inhibitor
vanillin. The ECAroE has been shown to be a monomeric protein by gel filtration
(Chaudhuri and Coggins, 1985) and by dynamic light scattering analysis (Maclean e/
al., 2000). Dynamic light scattering of ECVYdiB indicated that the predominant
species was ~60 kDa indicating that ECYdiB forms dimers. This was confirmed by
size exclusion chromatography where the apo protein cluted as a single species of 64
kDa (Michel et al., 2003), Sequence analysis of both the H. influenzae AroE and
YdiB proteins reveal hydrophobic side chains in the samc positions as ECYdiB

suggesting that both HIAroE and HIYdiB form dimers.

The HIAvoE protein was studied at a protein concentration of 2,5 mg/ml in 50 mM
Tris-HCI, 200 mM KCI (pH 7.0). The HIYdiB protein was analysed at a protein
concentration of 1 mg/ml in 300 mM TrissHC1 (pH 7.0). Where indicated NADP"
was added to a concentration of 2 mM, shikimate and vanillin were added to a final
concentration of 4 mM. All protein-ligand cxperimentis were incubated at 20°C for §
minutes prior to analysis. 200 pl of each solution was injected into the dynamic light

scattering cell.

The estimated molecular weight of HIAroL in the presence of NADP" and shikimate
is ~32 kDa which is consistent with HIAroE being monomeric in a similar fashion to
the ECAroL protein (Maclean ef al., 2000). Without NADP" and shikimate the sum
of squares (SOS) increased significantly; this is likely to arise from aggregation of the
enzyme. In the presence of NADP™ and vanillin the SOS shows the data to be
unreliable reflecting greater polydispersitly of the protein, (Tuble 8).
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Table 16. Dynamic light scattering data of A influenzae shikimate

dehydrogenase and YdiB protein”.

H influenzae shikimate H influenzae YdiB protein

dehydrogenase

Radius  Estimated SOS Radius  Estimated SOS
{nm) MW (kDa) Emor (nm) MW (kDa)  Error

300 mM
ND ND ND 35 60 1.326
Tris"HClL

30 mM
Tris'HCL,
200 mM
KCl

29.9 11041 131.1 ND ND ND

2 mM
NADP

ND ND ND 33 54 0.583

2mM

NADP™,
2.7 32 6.49 3.3 55 0.678
4 mM

Shikimate

2 mM

NADP™,
4 87 60.28 ND ND ND
4 mM

Vanillin

The estimaled molecular weight of HIYdiB in buffer is 60 kDa (T'able 8). consistent
with the formation of dimeric units as observed for ECYdiB (Michel er af., 2003). In
the presence of NADP and shikimate the hydrodynamic radius of HIYdiB is slightly

reduccd which is most probably be due to a closing of the protein conformation

> ND = Not determined.
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caused by the binding of the ligands. Various closed conformation are seen in the X-
ray structure of ECAroE and ECYdiB (Michel et al., 2003). The diameter of the
ECYdiB in 300 mM Tris:HCl is approximately 70 A in the presence of 2 mM NADP'

and 4 mM shikimate the diameter decreased to 66 A.
6.4 Crystallization of HIAroE and HIYdiB

AroE and YdiB from H. influenzae have been crystallized by the sitting drop vapour-
diffusion method at 20°C (2.24). Crystallisation trails were set up with protein
freshly purified. The HIAroE and HIYdiB were concentrated to 20 mg/ml by using a
0.5 ml Vivaspin 500 centricon with a 10 kDa cut-off (Viva Science). | pul of HIAroE
in I mM NADP, 200 mM KCI, 50 mM Tris-HCI, (pH 7.0) was added to 1 ul each of
the crystallisation reagents to be tested, trials of HIAroE with 0.5 mM vanillin
included in the primary buffer were also set up. The primary buffer for HIYdiB was
I mM NADP, 300 mM Tris-HCI (pH 7.0). Sparse screen matrices of HIAroE were
set up using a comprehensive range of conditions including commercial screens such
as Wizard II (Emerald Biostructures), and local sparse screen matrices such as Magic
50, M-screen, N-screen and CAS screen (Hampton research) overall a total of 672
crystallisation conditions were set up. The sparse screen matrices Wizard I, Wizard
II, M- screen and magic 50 were set up for HIYdiB. overall a total of 312

crystallisation conditions were set up.

R 3 3 S U el
Figure 65.  Crystals of HIAroE 10 mg/ml HIAroE in I mM NADP, 200 mM KCl,
50 mM Tris-HCI, (pH 7.0). Formed by the sitting-drop vapour diffusion
method (A). 0.2 M sodium nitrate, 20% (w/v) PEG 3350 yielded large
needle forms. (B) Small rhombus shaped crystals were found in 0.1 CaCls,

10% (w/v) PEG 8000, 0.1 M HEPES (pH7.5) without vanillin.
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Several conditions gave promising results for HIAroE, 0.2 M sodium nitrate, 20%
(w/v) PEG 3350 yielded large needle forms both in the presence and absence of 0.5
mM vanillin (Figure 65A). Small thombus shaped crystals were found in 0.1 CaCl,,

10% (w/v¥) PEG 8000, 0.1 M HEPES (pH7.5) (Figurc 65B) without vanillin,

HIYdiB crystallised under several different conditions as summarised in Table 17.

Table 17. Crystallisation conditions for H1YdiB.

Crystallisation

(number)

screen Crystallisation conditions

Morphology of cryslals

Wizard I (6)

Wizard II (36)

M-Sereen (2)

M-Screen (76)

M-Screen (82)

Magic 50 (20)

30% (w/iv) PEG 3000,
0.1 M citrate (pH 6.0)

0.2 M NaCl, 10% (w/v)
PEG 3000,
phospho/citrate  buffer
(pH 4.2)

0.1 M LiSOy, 10% (wiv)
PEG 8000, 0.1 M acctate
(pH 4.6)

0.2 MgCi2, 15% (w/v)
PEG 4000, 0.1 M acctate
(pH 4.57)

30% Mono-methylether
PEG 2000, 0.1 M citrate
(pH 5.38)

0.2 (NHy)LSO,, 25%
(wiv) PEG 4000, 0.1 M
acetale (pH 4.6)

Large needle like crystals

Large cubic crystals
(Figure 66)

Large hexagonal prisms

(Figurc 66)

Large cubic crystals

Large needle like crystals

Smali cubic crystals

some precipitation
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CHAPTER 6 H. influenzae Shikimate dehydrogenase

Figure 66. Crystals of H. influnzae shikimate dehydrogenase related protein YdiB
(HIYdiB) 10 mg/ml in I mM NADP, 300 mM Tris-HCI (pH 7.0). Formed
by the sitting-drop vapour diffusion method (A) 0.2 M NaCl, 10% (w/v)
PEG 3000, phospho/citrate buffer (pH 4.2). (B) 0.1 M LiSOy4, 10% (W/v)
PEG 8000, 0.1 M acetate (pH 4.6). (C) 0.1 M Li,SO4, 0.1 M acetate buffer
10% (w/v) PEG 8000, (pH 5.0 and 5.2). (D) 0.2 M MgCl,, 0.1 M acetate
buffer 10.5% and 12% (w/v) PEG 4000, (pH 5.0).

HIYdiB crystallised predominately in the presence of low concentrations of NaCl,
Li,SO4 or MgCl, salts, 10-25% (w/v) PEG 3000-8000 and in either acetate or citrate
buffer at a pH of between 4 to 5. Three optimisation matrices were set up for
HIYdiB. In the first optimisation the protein drop size was adjusted, under the
crystallisation conditions already determined. The 1: 1 pl ratio of protein solution to
crystallisation reagent was repeated and ratios of, 1.5: 1.5 pl, 2: 2 pl and 1: 2 ul were
also set up. Most of the conditions of optimisation 1 still yielded crystals of various
sizes. The second optimisation matrix varied both the concentration of PEG 8000
from 4-14% (w/v) and the pH from 4.4 to 52 (0.1 M Li;SO4, 0.1 M acetate buffer)
across 24 wells, yielding irregular cubic crystal forms in 10% (w/v) PEG 8000, pH
5.0 and 5.2 (Figure 66). Crystals were also found in 12% (w/v) PEG 8000 pH 5.2.

The third optimisation matrix varied both the concentration of PEG 4000 from 10.5-
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18% (w/v) and the pH from 3.8 to 5.0 (0.2 M MgCl;, 0.1 M acctate buffcr) over 24
wells, vielding small cubie crystal forms in 10.5% and 12% (w/v) PEG 4000, pH 5.0
(Figure 66). Optimisations were not carried out on HIAroE as K. Stewart continued

this part of the project.

Protein crystals were tested by X-ray diftraction at the Daresbury synchrotron on
Beam Line 9.6 by B. Lohkamp and A. McEwen. Preliminary diffraction experiments
showed that HIYdiB crystals diffracted to approximately 8.0 A. These crystals were
more than 2 months old and it is possible that newer crystals may diffract

significantly better.
6.5 Structural comparisons using circular dichroism

The CD spectrum of the HIAroE and BIYdiB was recorded in both the near UV and
far UV at protein concentrations of 1.38 mg/m! and 0.5 mg/ml respectively and in
cells of 0.5 cm and 0.02 em path length respectively in S0mM potassium phosphate
buffer pl1 7.0. From the far UV CD spectra it was clear that the secondary structures
of HIAToE and HIYdiB are very similar {Figurc 67A). The is a slight incrcase in the
peak al 195 nm is likely to be due to higher content of alpha helix in HIAroE. The
secondary structural contents were calculated using the SELCON procedure
(Sreerama and Woody,1994b) and are shown in Table 18,

Table 18. Secondary stiucture cstimates (%) using the SELCON procedure of
Sreerama and Woody (1994b).

Alpha helix  Antiparallel Parallel beta Turns Other
beta sheet sheet
ITIAROE 32.6 10.5 9.2 15.7 31.6
HIYdiB 28.1 12.4 8.4 16.8 34.1

The near UV CD spectrum shows differences in the environments of the aromatic
amino acids between HIAroE and IIIYdAIB. There arc no (ryptophan side chains in
the HIYdiB sequence; this is reflected in the near UV CD where there is onty a low
signal at 290 nm compared with the HIAroE which possesses three tryptophan side
chains, which contribute to the signal at 290 nm (Figure 67B).
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CHAPTER 6 H. influenzae Shikimate dehydrogenase
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Figure 67.CD spectra of HIAroE (red) and HIYdiB (blue) in 50mM potassium
phosphate buffer pH 7.0. (A) Far UV CD spectra of H. influenzae analogues
(0.5 mg/ml; 0.02 cm path length). (B) Near UV spectra UV of H. influenzae
analogues (1.38 mg/ml; 0.5 cm path length).
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Overall the HIYdIB siructure has more aromatic residues than HIAroE, although the
HIAroE signal is substantially stronger this is could either be due to a greater
structural rigidity in the tertiary structure or neighbouring aromatic side chains that
are quenching cach other’s signal. It would be interesting to use CD to study the
effect of NADP on the tertiary structure in solution, since changes in the tettiary
structure could correspond to formation of the closed conformation observed in the
X-ray structure of HIAroE-complexed with NADP" and DTT. However the strong
absorption by NADP® at 260 nm could complicatc the interpretation of the CD

spectra.
6.6 Kinetic Comparisons of AroE and YdiB enzymes

At physiological pH (7.0) the reaction equilibrium favours production of shikimate
over dehydroshikimate, i.e. the direction of the biosynthetic route of the shikimate
pathway. Ilowever it is more convenient to follow the reverse reaction at the non-

physiological pH (10.0), because dehydroshikimate is not readily available.

Steady-state kinetics experiments were performed on TTTAroE and HIYidB. The
formation of dehydroshikmatc {rom shikimate or the formation of dechydroquinate
from quinale was monitored by measuring the formation of the reduced form of the
cofactor (NADH or NADPIT) by observing the increase in absorbance at 340 nm
(2.16.2). Assays were performed in a 1 ml quartz cuveite, 1 ¢m path length with
100mM glycine adjusted to pH 7.0 with 2 M Tris and then additionally adjusted to
pH 10.0 with 10 M NaOH (assay bufler) at 25°C using either 0.05-5 pg of HIAroE or
1-10 pg of HIYdiB. All assays were petformed in duplicate. 'The concentrations of
colactors: NAD' and NADP" and the substrates shikimate and quinate were both
varied in systematic fashion to give a matrix of 25 two-substrate assays. Stock
solutions of substrates were made up in assay buifer and adjusted to pH 10.0. The

concentration range of each of the substrates is summarised in Table 19.
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CHAPTER 6 H. influenzae Shikimate dehydrogenase

Table 19. Summary of concentration ranges used for two substrate assays
performed on HIAroE and FIIYdiB the range in conjunction with the other

substrate present (¥} (mM).

Shikimate Quinate NADP NAD

* NADP NAD  NADP NAD SHK QUIN SHK  QUIN
(mM) (@M) (MM) @mM) @@M) @@M) (mM) (mM)

IIAroE 0.025- 0.07- 10- 20- 0.025- 0.05- 520 2.5-20
1.5 1. 200 200 1.5 1.5
HIYdiB 3-80 5-60 N/A N/A  {0.05- N/A 520 NA
1.5

Doublc reeiprocal graphs (2.18) were plotted for all of the two-substrate matrices. In
addition Vs and K, values were determined by hyperbolic regression fits of
individual groups of assays where one substrate was kept constant (substrate A) and
the other varied (substrate B). These values were converted to give the intercept and
slope values using the as two substrate steady-state kinetics equations shown below

{Price and Stevens, 1999):

1
Intercept = e

mas.

K
v

max

i

Slope =

The intercept and slope values were plotted against the reciprocal valucs of the
concentration of subsirate A (Figure 68), The final kinetic parameters were
calculated from the intercept and slope of the secondary plots, as shown in the
equation below. Values of &y were calculated from the actual V., values using the
extinction cocfficicnt for NAD(P) of 6270 M em™ and the theorctical molecular
weights of HIAroE (29.76 kDa) and HiYdiB (29.9 kDa). The rcsults of the steady-

state kinetic analysis of 71 influenzae Arols and YdiB are summarised in Table 20.
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CHAPTER 6 H. influenzae Shikimate dehyvdrogenase

V. XSlope

K’ln —_ mix —
‘&A
Dectermination of K values from double reciprocal plot data (Price and Stevens,

1999).
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Figure 68. Steady state kinetics double reciprocal plot of H. influenzae shikimate
dehydrogenasc (HIAroE) with NAD" and shikimate.
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Table 20. Steady-state kinetic analysis of /7, influenzae shikimate dehydrogenase

(HIAroE) MW = 29.76 kDa.

ng of Fear ke Ko
Ky (mM) K (mM) wmol/min/pg
Bz ¢t M st
Shikimate NADP"  0.0196 - - - - 9.92 x10°
NAD' 8.558 - - = - =
Shikimate :
18 0.09075 391,87 0.1 19437 1.08 x10
(+NADP")
Shikimate ‘
N 0.18 0.0925 719.94 0.05 357.09 1.98 x10
(+NAD™)
“Quinate NADP®  0.024 . - . - 2.07x10°
NAD"  16.946 - - - - A460x10°
Quinate .
. 98.7 100.13 0.5 4966 5.54 x10°
(+*NADP")
Quinate ‘ 5
. 1894 77.49 15.71 5 7.79  4.11x10
(+NAD")
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CHAPTER 6 H. influenzae Shikimate dehydrogenase
Table 21, Steady-state kinetic analysis of 77, influenzae shikimate dehydrogenase
related protein (HIYdiB) (MW = 29.9 kDa).
Mg ()f kuul kcal/ Km
Kn(mM) K (mM) wmol/min/ug
Eng., S"] M—l S-l
Shikimate NADP"  0.3761 - - - - 5.09x10*
NAD*  13.58 - - . - 446 x10!
Shikimatc ] 5
. 6415 6.989 38.44 1 19.15 2.99 x10
(+NADP)
Shikimate .
N [1.85 25.04 1.22 10 0.61 5.11xI0
(+NAD")
Quinate NADP* T - - - - -
NAD" & - - - - -
uinate
Q . . - - [0 - -
(+NADP")
uinate
< . - - 10 - ~
(+NAD™)

HIYdiB only exhibited a very low level of calalytic activity with gquinate as substrate
in the presence of either cofactor. Assays were performed using 100 mM quinate,
either 10 mM NADP" or 15 mM NAD" and 10 pg of HIYdiB in the standard assay
buffer. The AAsgmin” was 0.005 (approximately 5 x 1073 s7) and 0.0024

(approximately 2 x 107 ™), for NADP" and NAD" respectively so it was not possible

S S had I S bt e e T g

to obtain kinetic parameters for HIYdiB with quinatc as a substrate.

* 0.005 AAggmin™ for 10mM NADP 100mM Quinate 10ug of enzyme.

* 0.0024 AAsqpmin™ for 10mM NADP 100mM Quinate 10pg ol cnzyme.
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CHAPTER 6 H. influenzae Shikimate dehydrogenase

The inhibitory effect of vanillin on HIAroE was investigated. The concentration of
the cofactor was kept constant (1.5 mM) while both shikimate and vanillin were
varied to generate data for a Lineweaver-Durk plot. Preliminary experiments
revealed that vanillin absorbed substantially al 340om. Figure 69 shows the
absorbance spectrum of 0.1 mM vanillin at pH 9.0 showing that the absorbance at
340 nm is 1.2 using a cuvette with a 1 cm path length, Further inhibition studies werc
performed using a cuvette of 4 mm path length and monitoring the increase in
absorbance at 366 nm, No inhibitory cffecct was observed for vanillin at a
concentration of 0.1 mM (note the absorbance of 0.1 mM vanillin at 366nm in a 4
mm path length was 0.58). These inhibition experiments were not performed using a
layer of toluene (o stop the oxidation of vanillin as described by Ralinsky and Davies,
(1961b). It might be possible to use this method to study higher concentrations of
vanillin and obscrve an inhibitory effect. However, inhibilion studies on the P.
sativum shikimate dehydrogenase revealed a X value of 93 pM for vanillin (Balinsky
and Davies, 1961b), the concentration of vanillin (0.1 mM) used in the inhibition

studies on HIAroE would be cxpected to have some inhibitory affcct.

1.4+

N
)

0.8 ~ /

:: v /\\/ J \\

Absorbance
>
1

360 . séo . 460
Waveiength {(nm)

¥ T
200 250

Figure 69, Absorbance spectrum of 0.1 mM vanillin at pH 9.0, 1 cm path length.
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CHAPTER 6 H. influenzae Shikimate dehydrogenase

6.7 Fluorescence binding experiments of H. influenzae shikimate

dehydrogenase

To investigate whether the HIAroE follows a BiBi ordered mechanism like the
bifunctional P. sativim (Dowsett et al., 1972) fluorescence binding experiments were
performed using shikimate in the absence of NADP®, Fluorcscence measurements
were catried out in 100 mM glycine-NaOH buller (pH 10.0) at 20°C in a [ ml volume
cell with a 1 cm path length cell and with the slits set at 5.0 nm bandpass. The
shikimate concentration was increased (rom 0 to 540 uM by the addition of 10ul
aliquots of solution of 3 or 15 mM shikimate. Shikimate was not found to quench
any cmission at 312 nm and there if was not nccessary to correct the fluorescence
results by using a model compound such as N-Acetyl-L-tyrosinamide. Samples were
excited at 290 nm and their emissions were monitored at 312 nm. Emission values

were corrected for both Raman scattering and the dilution effect of titration.

18
16 -
14 I

. =
12 .////i/;
] []

10 =

Corrected % A Emission at 312 nm

T T T T T T T T T T T ]
G 100 200 300 400 500 600

[Shikimate] (uM)

Figure 70. Fluorescence binding of H. influenzae shikimate dehydrogenase (HIAroF)

corrected for Ruman scattering and dilution effect.

The corrected percentage change in emission values (where 0% is defined to 0 mM
shikimate) were fitted using a non-linear regression fit and are shown in Figure 35,

The Ksm value for HIAroE in the absence of NADP™ is 82 uM = 11. The Kguik
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CIAPTER 6 H. influenzae Shikimate dehydrogenase

value is comparable to the K'quix observed in the steady state kinetics results (90
uM). This shows that shikimate is able to bind to HIAroE irrespective of the
presence of NADP*, Further cvidence that the mechanism of HIAroE is not ordered

in contrast with the BiBi mechanism of P. sativum (Balinsky ef al., 1971).
6.8 Chapter summary

1IAroE and HIYdiB arc both NADPH-dependent dehydrogenascs. IHowever, they
ate both able to utilise shikimate in the presence of NAD" and HIAroE is able to
utilise quinate in the presence of both cofactors. HIAroE appears to bind NADP™
(Knapp 20 uM) mare tightly than NAD (Kyap 8500 pM). This is consistent with the
results of sequence analysis that revealed similar residues within the cofactor
recognition site to those in the NADP-dependent ECAroE (Knapp 56 pM). On this
basis Thr151 in ITfAroE is likely to play an important role in cofactor recognition.
HIYdiB also appears to bind more tightly to NADP" (Knapp 380 pM) than NAD"
(Knap 1400 pM). It is probable that the cofactor-recognition site of LIIYidB is
broadly similar to both ECAroE and HIAroE. The hydrophobic valine side chain
(V154) could be responsible for some of the loss in binding affinity observed in
HIYdiB compared with HIAroE. However, it is also possible that Vall54 could be
orientated {o [ace away from the cofactor, with some allerations in the relevant part of
the amino acid sequence of HIYdiB, a 3-dimensional X-ray structure would clearly

resolve these issues.

Since 11IAroE is able to catalysc the reduction of both shikimate and quinate, it is
possible to assign HIAroE as a putative shikimate/quinate dehydrogenase. The Ksuik
values for HIAroE in the presence of either cofactor are identical (180 pM). The
HIAroE K’ values for shikimate (K° of ~90 uM) with either cofactor are lower than
the Kguix values. This was unexpected as it was originally thought that binding of the
cofactor would aid the binding of substrate, although substrate binling maybe related
to the release of the product, as there is a trade off between binding specificity and
catalyvtic activity. The fluorescence studies revealed that shikimate is able 1o bind to
HIATOE irrespective of the presence of a cofactor with a Ky of 82 uM which is
very close to the X value reported. On this basis it would appear that the enzyme
mechanism is not ordered as in P. sativumn (Balinsky ef al., 1971). It is thought that

the non-cooperaiive binding observed may be related to product release as tight
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CHATPTER 6 H. influenzae Shikimate dehydrogenase

binding of the enzyme-cofactor-substrate complex could decrease the turnover of the

enzyme (personal communication [rom Prol” Paul Engel, University College Dublin),

The catalytic activities of HIAroE in the presence of shikimate with cither NADP*
(ke 194 5™ 0 NAD™ (keat 357 57') are comparable; the ke of HIAToE may reflect the
precise binding mode of the colactor. The 2-fold difference in kg may be explained
in part if the release of the cofactor is the limiting factor within the catalytic reaction,
as the Knapgy is higher for NAD" than NADP". Releuse of the product has been
shown to be the rate-limiting step in u number of dehydrogenases such as lactate

dehydrogenasc (Price and Stevens, 1999; Siidi, 1974a; 1974b).

The catalytic properties of HIAToE for quinate in the presence of either NADP™ (k.
50 s") or NAD" (%cw 8 s"l), do not follow the same pattern as for oxidation of
shikimate. The HIAroE Kqum values for quinate in the presence of cither NADP'
and NAD" are 90 and 19 mM respectively. In these circumstances it appears that the
release of dehydroquinate may be the limiting factor in this catalytic reaction. In
contrast to the HIAroE K” values for shikimate the HIAroE K values for quinale (99
and 78 mM in the presence of NADP" and NAD", respectively) are higher than the
Kqum values, suggesting that the cofactor promotes binding of guinate although the
high X values point fo weak binding of this substrate. The ECAroE catalyses the
oxidation of both shikimate and quinate, but the catalytic activities are much lower
than for HIYdiB. Interestingly the catalytic activity of ECYdiB in the presence of
NAD" is higher for quinate and lower for shikimate, the reverse of the trend observed
in HIAroE. ECYdiB is untikely to be a truc quinate/shikimaie dehydrogenase due to
its extremely low catalytic activity with quinate as substrate, although the true
substrate of this protein may share some of the same structural features of both

dehydroshikimate and quinate.

The analogue HIYdiB is only able to catalyse the oxidation of shikimate, and
although the catalytic activity is higher than for ECYdiB it is unlikely that HIYdiB is
a true shikimate dehydrogenase, since the ke values of 19 and 0.6 5™ are 10 and 600-
told (for NADP" and NAD", respectively) lower than for HIAroE. Interestingly
shikimate appears to bind tighter to HIYdiB in the presence of NAD" (Kgu 12 mM)
than NADP" (Ksuik 64 mM). A similar pattern is observed with the HIAroE-quinate
results, where lighter binding is accompanied by lower catalytic activity, The

extremely low catalytic activity observed using quinate as substrate in the presence of
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CHAPTER 6 H. influenzae Shikimate dehydrogenase

cither NAD" or NADP" is likely to result from differences in the amino acid sequence
near the N-terminus. The kinetic data suggests that the true substrate of HIYdiB and
the other members of this subset of the shikimate dehydrogenase family are unlikely
1o possess a carboxylate and a hydroxyl group at C1. ‘the conserved insert of four
amino acids near the N terminus ([R,t,a,q]-F-H-N) may well play some catabolic role
possible in binding some small hydrophobic group. A 3-dimensional X-ray structure
would be valuable in discovering the true substrate of HIYdiB. The preliminary
crystals obtained here could provide the basis for such a structural determination.
Equally screening a series of dehydroshikimate analogucs could identity the
important components for binding which could be used in a wide search for the true

substrate.

It would bc beneficial to study the conversion of dehydroshikiinate to shikimate
(forward reaction). This could be achieved either by performing a coupled assay with
a dehydroguinase enzyme or dehydroshikimate could be chemically synthesized via
the dichloro-dicyano-benzoquinone (DDQ) oxidation of commercially available
shikimate as described by T. Bugg (1989). pH dependence profiles of both the
forward and reverse reactions of shikimate dehydrogenase would be very valuable.
The pl of HIYdiB is 8.59 and protein incubated at a high pH (10.0) and at a high
protein concentration (~10 mg/ml) for extended periods of time (>4 hours) tendexd (0
precipitate. [t is therefore possible that these non-physiological conditions may have
affected the kinetic properties of HIYdiB. In the future it would be informative to

repeat these experiments at pH 7.0.

The inhibition studies of HIAroE show no inhibitory effect of vanillin, Most of the
previously reported inhibition studies were performed on the plant bifunctional
enzymes such as that from Pisum sativum, where several analogues including vanillin
were found (© be competitive inhibitors. The substrale-binding domain of these
bifunctional cozymes may well adopt a different conformation from that of the
bacterial shikimate dehydrogenases. Gallic acid was found to be a competitive
inhibitor of the Pisum sarivim enzyme (Baillie et af., 1972), but recent studies have
shown it to be a subsirate of the mountain birch bifunctional enzyme which is
involved in the formation of hydrolysable tannins (Ossipov et al., 2003). It is
possible that these early studies were complicated by the high absorbance of many of

these potential inhibitors, although Balinsky and Davies (1961b) did lake measures to
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CHAPTER 6 H influenzae Shikimate dehydrogenase

limit thc oxidation of wvanillin and some other potential inhibitors.  Further
crystallisation trials of both HIArok and ITIYdiB should be performed with other
potential inhibitors such as p-hydroxybenzaldehyde acid; with an aim of obtaining a
tertiary complex of the enzyme. This would shed light on the mode of binding of the

substrate to the enzymes.

The protein purification method used for HIYdiB (pl of 8.59) could be further
developed; instead of using an anion cxchange column at pH 7.5, a cation exchange
mono or resource Q column at pH 7.5 could be used. This is likely to increase the
purity, and yield of the protein purification, although it should be noted that the
protein obtained from the method described (6.2.3) was of a high purity as judged by
SDS-PAGE.

The existence of two isoforms of shikimate dehydrogenases in many bacterial species
evokes evolutionary and metabolic questions, and also affects the design of any
potential inhibitors. The location of the aroF genc within the I influenzae genome
is between a gene coding for a DNA-3-methyladenine glycosidase I and a conscrved
hypothetical protein of function unknown. The loci of the ydiB gene is close to a
serine acetyltransferase and a conserved hypothetical protein. The location of these
genes within the Z. cofi genome is different; the greE gene is surrounded by genes
with unknown or putative functions and pdiB (subset more closely related gene to
arol’) is located between a gene thought to encode an amino actd transport protein,
and the aroD gene coding for a type I dehydroquinase. It is postulated that this vdiB-
aroD cluster is the ancestral precursor to the bifunctional enzyme found in plants and
some bacteria (Michel ef ¢l., 2003). Since H, influenzue possesses a type I DHQase

rather than a type I DHQase a bifunctional enzyme would not be expected.

The dynamic light scatiering data shows that HIYdiB forms dimers of approximately
60 kDa, in contrast to HTAroE which is apparently monomeric. A site-directed
mutagensis strategy could be used fo identify the key residues likely to be involved in

dimer formation, especially residues Leu9, Met40 and Phe42 in ECYdiB.

The crystallisation trails of HIAroE and HIYdiB, yielded cncouraging results. Only a
few crystals were tested at the Daresbury synchrotron and it is expected that further
X-ray diffraction experiments using fresher crystals will give a better diffraction

pattern. The X-ray structure of HIYdiB is currently on hold at the Prolein Data Bank
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CHAPTER ¢ H. influenzae Shikimate dehydrogenase

(PDB identifier: INPY) (http:/www.rcsb.org/pdb/} submiited by Korolev e al. at the
Feinberg School of Medicine, Northwestern University, Chicago this data should be
very useful in understanding the precise nature of the substrate-binding pocket in the

enzyme,
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CHAPTER 7 GENERAL DISCUSSION

In this chapter 1 would like to highfight some of the major conclusions concerning the

bacterial type 1I dehydroquinases and shikimate dehydrogenases.

Site-directed mutagenesis of the active site residues of SCDHQase: R113A, H106A,
E104A, S108A and Y28T all significantly decrease the catalytic activity of the
enzyme (Table 7 page no, 108). The mutation Y28F and R113A gave the largest
effects with 4700-fold and 2190-fold reductions in 4., CD evidence confirmed that
none of the mutalons signilicantly altered the secondary or tertiary structure of the
enzyme (Tablc 6 page no. 106). 'this indicates that the enzyme structure was not
significantly altered and strongly suggests that the mutations altered the catalytic
mechanism of SCDHQase. pll studies of SCDHQase, HPDIIQase, MTDHQase and
B, subtilis YghS mutant F23Y show that as pH increases from 6.5 to 8.0 there is a
seven-[lold increase in catalytic activity (k) (Figure 47 page no. 155). This implies
that all of these type 11 DHQases share a common catalytic mechanism. This is
confirmed by the 3-dimensional X-ray structure data for each of the type If DITQuses
which show that the key active site residues arc all arranged in a similar manncr in
each stiucture (Figure 44 page no. 147). The two exceptions to this statement are: (1)
HPDHQase possesses a threonine in the place of serine 108 and (2) the precise
orienlation of tyrosine 28 (S. coelicolor numbering system) thought to be involved in
proton abstraction, varies among the structures. In the low A enzymes (HPDHQase,
MTDHQasc) the lid domain in which this tyrosine residue is situated is nol ordered.
It was hypothesised that these structures were more flexible in the lid domain and this
may account for the lower activity obscrved in these type IT DHQases compared with
the high ko enzymes SCDHQase and the QutE from A. midulans. However,
denaturation studies with low concentrations of wrea did not confirm this proposal.
There was a significant difference in the effect of chloride ions; 0.5 M chloride
decreased the catalytic activity of the high kg cnzyme from SCDIIQase and
increased the catalytic activity of low kg, enzymes, HTDHQase and HPDHQase. The
exact role of the flexibility of the lid domain in promoting catalysis remains to be

established.

More evidence is nceded including characterisation of al least another high e

enzyme. Profl Iain Hunter at the University of Strathclyde has recently produced a
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CHAPTER 7 GENERAL DISCUSSION

consiruct of the Campylobacter jejuni type I DHQase. It is not yct known whether
the C. jejuni enzyme will be in the high Ay category. However, analysis ol its
sequence shows that the C. jejumi DHQase overall has higher homology to
HPDHQase and B. subtilis YqhS than to the two high ke enzymes SCDHQase and A.
nidulons QuiE. Out of the five DHQascs analysed M 1IDHQase had the lowest
homology to C. jejuri DHQase. ‘The lid domain of the C. jejuni is slightly different
from the other DHQase studied in the present work. Biochemical analysis of the C.
Jejuni DHQasc may help explain some of the reasons for the low and high &4 type 1L
DHQases. It is likely that environmental factors may influence the level of catalytic
activity observed in different type Il DHQases. S. coelicolor and 4. nidulans are
both saprophytes found in soil and function at different temperatures according to the
weather where as M. tuberculosis and H. pylori are found in humans and operate
specifically at mammalian body tempcratures, The temperature and concentration of
quinate in the two environments differ congiderably. All enzymes must make a “trade
off” between K, and kg to maximisc cfficiency within the ceil. If the availability of
a particular substrate is low in the environment of the microorganism in question then
it would be expected that the Km would also be low, at the expense of the &y This
seems to be the casc for M. fuberculosis (K 23 1M at pH 7.0) but not H. pylori (K,
200 pM at pH 7.0).

Further crystallographic studies are requited on the mutants of SCDHQase. This
would be especially true for the E104A mutation this should reveal the exact role of
this residue 1s still unclear. It may also be possible to soak substrate into crystals of
the E104A mutanl, giving more information on the mode of substrate binding. [
would also be useful to study the kinetic parameters of various infiibitors of type 11
DIHQase like vinyl fluoride (Frederickson et al, 2002) and the effect of polyanion
binding on the S108A mutant,

The presence of two types of DHQasc raises several evolutionary questions, To date
B. subtilis is the only organism known to possess genes homologous to both type I
and type II DHQases. This is of intlerest as it may offer an insight into how new
funciions may evolve in existing protein families. Other members of the Bacillus
family are split between either possessing cither a type 1 or type ¥ DHQase (Figure
24 page no 113). There does not seem fo be any evolutionary or environmental

pattern to the distribution of the two types of enzyme. This suggests (hat there has
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CHAPTER 7 GENERAL DISCUSSION

been gene Wansfer between microorganisms, as evolutionary distinct organisms
possess genes cncoding for DFHQases, which have high identity. This may have
occurred by the ability of bacteria to acquire plasmid DNA from other bacterial
species by conjugation (Heinemann, 1991). Analysis of the genomes of Bacillus
family membcrs reveals that when the type II DHQasc is present it is found in the
same location. In Gceanobacillus iheyensis possess a type I DHQase the region in
which the type Il DHQase would be found is analogous apart from the absence of the
tvpe II DHQase. This suggests that Bacillus family members that possess a type IT
DIHQase share a common ancestor which acquived the type 1T DHQase without any
other genes. 'The start cadon of the yghS gene is GTG, which is guite rarc in B.
subtilis 9% of genes start with this codon (Kunst ¢t al., 1997); this also suggests that
the yghS gene has been acquired. It scems likely that B. subrilis originally possessed
only a type I DHQase, as NaBI, experiments showed this 1o be the active form of the
enzyme. The organisation of shikimate pathway enzymes in B subtilis is quite

different from that in any organism studied to date.

B. subtilis YqhS was shown to have an exlremely low level of catalytic activity and is
thercfore not a functional DHQase. The site-directed mutant F23Y of YghS shows at
least 2000-fold increase in activity from the wild type. ‘the increase in activity is
comparable with the decrease in activity obscrved in the Y28F mutant of SCDHQasc,
confirming the importance of this residue. The extremely low catalytic activity
observed of the F23Y B. subtilis YghS protein shows that other factors must be
important in optimising catalytic efficicncy. Tt seems that the YghS protein may
represent a case of divergent evolution (Gerlt and Babbitt, 2001) and that YqhS must
have another function that may be cotnmon to other type II DHQases, as there is such
high identity between the B. subfilis YqghS and other functional type II DHQases.
The growth cxperiments with minimal medium performed on wild-type B. subiilis
(derivative 168) and the disruption mutant (dYqhS) established the importance of the
yghS gene under these conditions. Unlike the wild-type strain of B. subtilis, the yghS
disputed mutant will not grow on minimal medium with either glucose or citrate as a
carbon source (Table 10 page no. 137). Presently auxotrophic studics are underway
in an attempt to establish the nature of the disruption mutant, in order to definec more
clearly the role of the YghS protein in B. subtilis. Quaternary structural analysis

reveals a large cavity formed by the assembly of the tetramer of trimers. Therc arc
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CHAPTER 7 GENERAL DISCUSSION

several conserved residues within the cavity of type [T DHQases including His 85,
Glus9 and Aspt4 (Appendix C; Error! Reference source not found.) (S. coelicolor
numbering system). This cavity may be involved in the second function. However,
no homologous motifs were found vsing the 3-dimensional motif modelling program

PINTS (http://www.russell embl.de/pints/).

The paralogs; H. influenzae shikimaic dehydrogenase (HIArol?) and the H. influenzae
shikimate dehydrogenase related protein (HIYdiB) are both NADPH-dependent
dehydrogenases although they are able to catalyse reactions in the presence of NAD,
The function of HIYdiB is still unclcar as the catalytic activity of the HIYdiB protein
is significantly lower than the HIAroE enzyme for all the substrates tested (Table 20;
Table 21 page no. 206, 207). Using fluorescence quenching it has been shown that
shikimate can bind to HIAroE in the absence of the cofactor. The Kgyx value for
HIAtoll in the absence of NADP" is 82 uM + 11. This Ksuk fluorescence value is
equivalent to the X' value observed in the steady statc kinetics results (90 puM).
HIAroE is likely to follow a random sequential mechanism rather than the ordered
BiBi mechanism proposed for bifunctional plant enzymes such as bifunctional P.

sativum (Dowsett et al., 1972).

The YdiB family of proteins seem to comprise two groups that may have diverged
[rom the shikimate dehydrogenases. The E. coli YdiB protein (ECYdiB) is an
NAD -dependent dimer and catalyses the oxidation of botl shikimate and quinate,
placing it in the quinate-shikimate dehydrogenase catergory (1.4.1). The HIYdiB
protein is an NADP -dependent dimer with an unknown function. The N terminal
region is thought to be very important in the binding of the substrate and sequence
analysis gives small clues about the substrate-binding pocket. HIYdIB was able {o
catalyse the oxidation of shikimate but not of quinate. The structures of shikimate
and quinate are similar, with quinatc possessing an extra hydroxyl group at C1. It can
be hypothesised that the substrate of HIYdiB does not have a hydroxyl group in this
position. However, assays should be performed in the forward direction at a more
physiological pH. Additional fluorescence binding studies should be performed on
HIYdiB (o establish whether quinate is able to bind to the enzyme. The X-ray
stracture of HIYdiB is currently on hold at the Protein Data Bank (PDB identifier:

INPY) (http:/fwww.resb.org/pdb/); this 3-dimensional strucfure may reveal more

detail about the substrate binding pocket.
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CHAPTER 7 GENERAL DISCUSSION

The emergence of bactertal resistance to established antibiotics in hospital-acquired
infections is a matter of ever-growing concern. In particular Staphylococcus,
Enterococcus and Streptococcus aureus and M. tuberculosis, have all evolved
resistant strains over the last few years (Nachega and Chaissen, 2003). The
appearance of glyphosate resistance in Goose grass is also a maiter of concern for the
production of food to an ever-increasing world population (Baerson et @/, 2002). For
these reasons, there is an urgent need for new antibacterial and herbicide agents,
particularly those that act on novel targets. The discovery of several paralogs of the
shikimate pathway eneymes such as the YdiB protein, in a variety of bacterial and
plant species raises questions about using shikimare pathway inhibitors as antibiotics.
Where possible it may be beneficial to study the binding propertics of potential
antibiotics to these paralogs, so that organisms that are not being targeted are not
aftected.

There are scveral important factors in designing inhibitors for type TT DHQase. The
C1 carboxylate group is very important for correct binding of the substrate and
inhibitors. It is thought that only one alanine sidc chain in SCDHQase (Ala81) is
responsible for the differences in binding affinity of the oxime inhibitor obscrved
between MTDHQase (K; 20 pM) and SCDHQasc (X; 500 uM). The C. jejuni
DHQase also possess ¢ alanine in the same position. Tt would be interesting to
perform studies ol the inhibition of C. jejuni DHQase by oxime. It also may be
worthwhile to test some of the inhibitors of DHQase on shikimate dehydrogenases

and vice versa, since the substrate of the two enzymes have very similar structures.

In conclusion this study has highlighted a number of important aspects of shikimate

pathway enyzmology, and indicated a numbcer of directions for further investigation.
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Appendix B

TABLE OF BUFFERS

Appendix A. TABLE OF BUFFERS

Bufler

Composition per litre

General buffers and solutions

10% SDS 100 g SDS

0.5M Tris acetate 60.6 g Tris basc
Adjust to desired pH with glacial acetic
acid,

0.5SM EDTA pl18.0 186.1 g EDTA-4H,0

~20 g NaOH

Adjust pH with NaOll, EDTA will not go
into solution until pH is raised to about
8.0

Agarosc gel electrophoresis buffers for analysis of DNA

TAE (50x) 242 g 'Iris base
57.1 ml glacial acctic acid
100 ml 0.5 M EDTA, pH 8.0
TBE (10x) 54 g Tris base
27.6 g boric acid

20 ml 0.5 M EDTA, pH 8.0

Composition per 10 ml

Agarose DNA loading buffer (10:x)

25 mg bromophenol biue

3 ml glycerol
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TABLE OF BUI'FTIRS

Buffers for preparing /2. coli competent cells

Composition per 500 ml

RI1

37.28 g KCl

1.1 g CaCly6H,O

50 ml 1M potassium acetate
4.9g MnCl,-4H,0

75 ml glycerol

Adjust pH to 5.8 with glacial acetic acid

and filter sterilise,

RF2

2.1 g MOPS

0.4 g KCl

8.2 g CaCly-6H;O
75 ml glycerol

Adjust pH o 6.8 with glacial acetic acid

and filter sterilise.

SDS-PAGE Buffers and solutions for analysis of proteins

Composition per litre

30% acrylamide/ 0.8% bis-acrylamide

300 g acrylamide

8 g bis-acylamide

Separating gel buffer (2.5x) (1.875 M
Tris:Cl, 0.25% SDS)

227.1 g 'Iris base
2.5 g 8SDS

Adjust pH to 8,8 with HCL

Stacking gel buffer (55 (0.5 M Tris-Cl,
0.25% (w/v) SDS)

60.5 g Tris base
2.5 g SDS

Adjust pH to 6.8 with phosphoric acid.
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Appendix B

TABLE OF BUFI'ERS

SDS-PAGE Buffers and solutions for analysis of proteins

Composition per litre

Eletrophoresis Buffer (10x}

60.5 g Tris basc
144.1 g glycine
5 g SDS

pH should be 8.8 without adjustment.

Composition per 10 mi

SDS-PAGE sample buffer

2.25 ml IM Tris-Cl, pH 6.8
5 ml glvcerol

0.5 gof SDS

5 mg Bromophenol blue

2.5 mt dithiothreitol (DTT)

Coomassie staining solution

0.5 g coomassie brillant blue R-250
400 m! Ethanot

Dissolve, then add:

100 ml glacial acetic acid

500 mi water

Destaining solution

100 ml ethanol
100 ml glacial acetic acid

800 ml water
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Appendix B TABLE OF BUFFERS

Weslern transfer and immunodetection buffers and solutions

Composition per litre

Transfer buttfer (CAPS) 22.1 g cyclohexylaminopropane sulfonic
acid (CAPS) (100 mM)

100 ml of Methano! (10% v/v)

plI should be 11.0 without adjustment.

PBS (10x) 71.7 ml 0.5M K PO,
28.3 ml 0.5M KH;PO4
8.8 g NaCl

pH should be 7.2 without adjustment.

Composition for 500 ml

Blocking and anfibody buffer 250 ml PBS

0.25 ml Tween-20

15 g milk powder (Marvel™)

Bradfords Reagent 0.5 mg/ml Coomassic Blue G
25% (v/v) methanol
42.5% (v/v) Phosphoric acid
pH -0.01

The scolution is stable indefinitely in a
dark bottle at 4°C.

28 0 %4 eeipae ot et sl vy . s e,

Lowry reagents (A) 2% (w/v) Sodium potassium tartrate
(B) 1% (w/v) CuS04-5H,0
(C) 0.1 M NaOH, 2% (w/v} NayCO4

mixed in a ratio of 1:1:100, respectively.

Folin reagent 50% (v/v) folin

g
B
Y
#
i
}
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Appendix B. Company names and addresses

Amersham Biosciences (formally Amersham and Pharmacia), 800 Centennial
Avenue, P.O, Box 1327, Piscaiaway, NI 08855-1327, USA, + 1-732-457-8000

Applied Biosystems, Division Headquarters, 850 Lincoln Centre Drive, Foster City,
CA 94404, U.S.A. + 1-650-638-5800, http.//www.appliedbiosvstems.cony/

Beckamn Coulter (UK) Ltd, Oakley Court, Kingsmead Business park, London Road,
[Tigh Wrycombe, Buckinghamshire, IIP1t 1JU 0044 0O 1494 441181

www.bcckman.com

BioRad Laboratories Ltd, BioRad House, Maylands Avenue, Hemel Hempstead,
Hertfordshire, HP2 7TD, 0800 181134, www.bio-rad.com

Clare chemical research, 2413 station St, Ross on Wye, HR9 7AG, England, UK. +44
1989 565049,

Emerald BioAgriculture Corporation, 3125 Sovereign Dr. Suite B, Lansing, MI
48911-4240, USA 001 517 882 7370 www.emeraldbio.com

F. Hoffmann-La Roche Ltd., Group Headquartcrs, Grenzacherstrasse 124, CH-4070
Basel, Switzerland, +41-61-688 1111, http://www.roche.cony/

Iisher Scientific UK Lid., Bishop Meadow Road, Loughborough, Leicestershire
LE11 5RG, UK, 01509 231166, E-mail: inlo@fisher.co.uk, hitp://www.fisher.co.uk/

Hampton Research, 27632 El Lazo Road, Suile 100, T.aguna Niguel, CA 92677-3913,
USA 001 949 425 1321 www.hamptomresearch.com

JASCO (UK) Ltd, 18 Oak Industrial Park, Chelmsford Road, Great Dunmow, CM6
IXN, 44 (0) 1371 876988, Lmail : inbox{@jasco.co.uk, www.iasco.co.uk

Millipore (Amicon is a subsidiary) (UK) Limited, Units 3&5 The Courtyards, Hatlers
Lane, Watford, WD18 8YH, 0870 900 4645, www.millipore.com/

MWG Biotech (UK) Lid., Mill Court, Featherstone Road, Wolverton Mill South,
Milton Keynes, MK12 5RD, United Kingdom, + 44 - 19 08 - 525 — 500, E-mail

info@mwg.co.uk.
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Appendix B Company names and addresses

New England Biolabs (UK) Ltd., 73 Knowl Piece, Wilbury Way, Hiichin,
Hertfordshire, SG4 0TY, United Kingdom, 0800 318486, E-mail: info@uk.neb.com,

hitp://www.neb.com/

Pierce Scicntific (part of Perbio), Knutpunkten 34, SE-252 78 Helsingborg, Sweden,

+46 42 26 90 90, E-inail: info@perbio.com, http://www.perbio.con/

Promega UK Lid, Delta House, Chilworth Research Centre, Southampton SO16 7NS

Phone : 0800 378994, www,proimega.com

Proxeon Biosystems (formally Protana), Stacrmosegaardsvej 6, DK-5230 Odense M,

Denmark, (+45) 6557 2300,E-mail: info@proxeon.com, www.proxeon.coni
Sigma-Aldrich Company Ltd, The Old Brickyard, New Rd, Gillingham, Dorset, SP8
4XT, Phone : 0800 717181, www.sigmaaldrich.com

Stratagene, Gebouw California, Hogehilweg 15, 1101 CB Amsterdam Zuidoost, The

Netherlands http://www.stratagene.com/

Thermo Orion, Corporate Office, 166 Cummings Ccntre, Beverly, MA 01915,
United States, +1 978-232-6000, Fmail: info@thermoorion.com,

http://www.thermo.com/.

Viva Science Ltd. Satorius group Unit 6, Stonedale Road, Stonchouse,

Gloucestershire, GL10 3RQ. UK. www.vivascience.com
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Appendix C Protein Sequences Alignments

Figure 71. S. coelicolor type 11 dehydroquinase (SCDHQase) aligned
against representatives of type I1 dehydroguinases. The secondary structural
teatures of SCDHQase are shown at the top of the alignment the alpha (o) and 31w
(n) belices are represented as helices and beta strands (B) represented by arrows,
and B turns are marked TT. Sequences important in this study are highlighted in
yellow; residues targeted for site-dirccted mutagenesis are highlighted in green.
This sequence alignment was created using the following sequences {organism,
designated function) from GeneBank: Streptonyces coelicolor (8._coclicolor),
Bradyrhizobium japonicum (B._japonicum), Agrobacterium tumefaciens (A.
_tumefaciens), Bricella suis (Brucella_suis), Brucella abortus
(Brucella abortus), Brucella melitensis (Brucella_wmelitensis), Mesorhizobium loti
(Mesorhizobium_loti), Sirorhizobium melilovi (S._meliot), Magnetospirillum
magnefotacticum {M._magnetotacticum), Pseudomonas fluorescens (P.

_fluorescens), Pseudomonas aeruginosa (P._acruginosa), Corynebacterinm
glutamicum (C._glutamicum), Caulobacter crescentus (C,_crescentus),
Pseudomanas putido (Pseudomonas_putida), Pseudomonas syringae
(Pseudomonas_syringae), Xvilella fastidiosa (Xylella_fastidiosa), Xanthomonas
campestris pv. (X._campestris), Xanthomornas axonopodis pv. (X._axonopodis),

TSNS ST S TS S——__—_———"

Ralstonia solanaccarum (R._solanacearum), Nitrosomonas enropaca (N.
_europaca), Actinobacillus pleuropreumoniac (A._pleuropneumoniac),
Pasteurelia multocida (P._mmltocida), Haemophilus influenzae (H._influenzac),
Vibrio cholerae (Vibrio_cholerae), Fibrio parahaemolyticus (V.
_parahacmolyticus), Emericella nidulans (Emericella nidulans), Buchnera
aptiidicola str. (B._aphidicola), Bacillus halodurans (Bacillus_halodurans),
Bacillus subtilis (Bacillus_subtilis), Bacillus anthracis (Bacillus_anthracis),
Deinococcus radiodurans (D._radiodurans), Bacteroides thetaiotaomicron (3.
_thetaiotaomicron), Campylobacter jejuni (Campylobacter jcjuni), Geobacter
metallireducens (G._metallireducens), Bifidobacterivm fongum (B._longum),
Tropheryma whipplei (Tropheryma_whipplet), Coryuebacterium
pseudotuberculosis (C.pseudotuberculosis), Mycobacterium leprae (M._lcprac),
Mycobacterium tuberculosis {M._luberculosis), Helicobacter pylori

b (Helicobacter _pylori), Fusobacterium nucleatum (I._nucleatum), Clostridium
perfringens (C._perltringens), Thermotoga maritima (T._maritima),
Thermoanaerobacter tengcongensis (1. _tengecongensis), Neurospora crassa
(Newrospora_crassa), Chlorobium tepidum (Chlorobium_tepidum} and
Streptomyces hygroscopicus (S._hygroscopicus).
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Protein Sequences Alignments

Appendix C

Figure 72, E. coli shikimate dehydrogenase (ECAroE) aligned against
representatives of the shikimate dehydrogenase family. The secondary structural
features of ECAroE are shown at the top of the alignment the alpha (o) and 3,, (1)
helices are represented as helices and beta strands (§) represented by arrows, and 3
1 turns are marked TT. Sequences important in this study are highlighted in yellow;
: shikimate dchydrogenases are highlighted in green; type 1 and type 2 YdiB proteins
are highlighted in blue and pink, respectively. This sequence alignment was created
using the following sequences (organism, designated function) from GeneBank: F.
coli K12 ArokE (E._coli_ AroE), Salmonella typhimurium (S._typhimuriom_AroE}),
Salmonella enterica (8._entetica_AroR), Yersinia pestis (Y._pestis_AroLE),
Haemaophilus influenzae (N._influenzae_AroE), Pasteurellia multocida (P,
_multocida_AroR), Haemophilus somnus (H._somnus_AroE), Actinobacillus
actinomycetemcomitans (A._actinomycet._AvoE), Fibrio cholerae (V.
_cholerae AvoE), Vibrio vulnificus (V._vulnificus_AroE), Pseudomonas syringae (P.
_syringae_Hypo), Azofobacter vinelandii (A._vinelandii Hypo), Nifrosomonas
europaed (N.europacaQuin/Shik), Neisseria polysaccharea (N.polysacchareaAroE),

Neigseria flavescens (N._flavescens_AroLd), Neisseria meningitides (N.
_meningitidesAroE), Neisseria gonorrhoeae (N._gonorchoeae AroE), Buchnera
aphidicola (B._aphidicola_Arol?), Legionella_pneumophiia (1.._pneumophila_Hypo),
Helicobacter pylori (H._pylori_ AroE), Escherichia coli (E._coli YdiB), Salmonella
typhimuriym (S,_typhimurivm Y diB), Listeria monocytogenes (1.._monocyto.
_AroEFam), Listeria monacytogenes (L._monocyto._YdiB), Listeria innocua (1.
_innocua_oxidoreduct), Syrnechocystis sp. PCC 6803 (Synechocystis AroL),
Magnetococcus sp. MC-1 (Magnetococcus_Hypo), Listeria monocytogenes (L.
_monocytogenes AroE), Bacillus anthracis (B.anthwacisQuin/Shik), Bacillus subtifis
(B._subtilis_AroE), Leuconostoc mesentervides subsp. mesenteroides (L.
_mesenteroid, Hypo), Lycopersicon esculentum (tomaio) (L._esculentum_BiFAroE),
Deinacoccus radiodurans (D._radiodurans_AroE), Pseudomonas fluorescens (P.
_fluorescens_Flypo2), Rhodobacter sphaeroides (R._sphaeroides_Hypo),

Corynebacterium_diphtheriae (C._diphtheriae_AroE), Pseudomonas putida (P.
_putida_AroEFam), Mycobacterium_smegmatis (M._smegmatis_YdiB), Brucella
melitensis (B._melitensis_ Quin/Shik), Haemophilus influenzae (.
_influenzac_YdiB), Actine actinomycetemcomitans (A._actinomycet YdiB),
Pasteurella multocida (P._multocida_YdiB), Psendomonas putida (P.
_putida_Quin/Shik), Psendomonas fluorescens (P._fluorescens Ilypol), Deinococcus
radiodurans (D._radiodurans_YdiB), Mycobacterium_smegmatis (M.
_smegmatis AroE), Yersiniu pestis (Y._pestis_YdiB), Salmonella enterica subsp.
enterica serovar Typhi (S._enterica YdiB), Corynebacterivm diphtheriae (C.
_diphtheriac YdiB), Newrospora crassa (N._crassa_QuinDYG) and Emericelia
nidulans (A._nidulans_QuinDHG).
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