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ABSTRACT

1. Antibodies have been raised against the Neurospora crassa

arom complex, which is a pentafunctional enzyme that catalyses
steps 2 to 6 in the shikimate pathway, and against the

monofunctional enzymes from Escherichia coli, which catalyse the

same reactions. In the case of the E. coli enzymes, antibodies

were raised against both native and denatured proteins.

2. Antibodies raised against the E. coli enzymes were tested
for potency and specificity by enzyme inhibition assay,
immunoprecipitation assay with protein A, ELISA and immunoblots
against both native and denatured enzymes. Antibodies raised
against a native protein were more active against that forh‘than
against the denatured form of the protein and vice versa. No cross
reaction was detected beé&éen an antibody raised against any single

enzyme and any of the other enzymes of the pathway.

3. The anti-N. crassa arom ¢omplex inhibits only the activities
of 3-dehydroquinate synthase (El) and S5-enolpyruvylshikimate
3-phosphate synthase (ES) in the complex and does not affect the
other three activities. This suggests that ﬁhe active sites of El
and E5 are close to the surface of the arom cdmplex and represent
important surface epitopes while the active sites of
3-dehydroquinase (E2), shikimate dehydrogenase (E3) and shikimate

kinase (E4) are buried.

4, Partial proteolysis of the arom complex yields two major

fragments one of M 110K that contains the El1 and ES activities
r
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and the other Mr 68K which contains the E2 and E3 activities, and

a minor fragment, of Mr 74K that contains the E5 activity (Smith &
Coggins, 1983; Boocock, 1983). All of these fragments bind to the
anti-N. crassa antibody. When enzyme activities are measured
results similar to these observed with the complete complex are
obtained. If the arom complex and arom proteolysate are
immunoprecipitated by anti-arom, a;l activities are lost from the

supernatant.

5. The anti-N. crassa arom complex cross reacts with the yeast
arom complex by immunoblotting suggesting a greater than 60%
sequence homology between these proteins. Since arom complex from

yeast and Aspergillus nidulans are known to contain extensive

primary sequence homology we would conclude that these three arom

complexes are very similar.

6. No cross reaction could be detecged between any of the
antibodies raised against the shikimate pathway enzymes fromig;uggli
and the N. crassa arom complex. éh;s is consistent with the low
levels of sequence homology known to‘gxist between these proteins
(yeast arom complex and equivalent E. coli enzymes have less than

30% overall sequence homology).

7. The anti-E. coli E3 binds and inhibits E3 from E. coli K12

(wild type), E. coli ML308, Salmonella typhimurium, Erwinia

carotovora but can bind to only 50% of EB‘from Acinetobacter

calcoaceticus. Antibody titre studies in these gram negative

microorganisms indicated considerable sequence homologies between

these enzymes with E. coli K12\ E. coli ML308>» S. typhimurium :>



xvii

E;'carotovora‘j>§;_calcoaceticus. It was concluded that the E3
gene from these organisms had evolved from the same primitive

ancestor. The results with A. calcoaceticus E3 suggest that there

are two isoenzymes in this species.
No cross reactions were observed with E3 from gram positive

bacteria, fungi and a plant species.

8. E3 has been purified from A. calcoaceticus and obtained in a

form which gives a single band on SDS PAGE. The purified

A. calcoaceticus E3 is a monomer which a subunit M of 31,000 and
- r

.
uses NADP as a cofactor. A simple dye-linked assay procedure

has been developed to assay E3. Unlike the E. coli enzyme, E3 for

A. calcoaceticus shows significant levels of activities with the dye

as an electron acceptor at pH 7.5. In addition the enzyme from

+
A. calcoaceticus can use NAD as a cofactor to a greater extent

than the E. coli enzyme at pH 10.6.

9. Based on immunoprecipitation results, the presence of two E3
isoenzymes was proposed. Additional supporting evidence for
isoenzymes was provided by polyacrylamide gél electrophoresis under
non denaturing condition followed by activity stain and by
immunoblotting after non denaturing gel electrophoresis which showed
that anti-E. coli E3 antibody can bind only to the one of the
postulated isoenzymes. Attempts to separate the two isoenzymes by
immunoaffinity chromatography and isoelectric focusing

electrophoresis were unsuccessful.



1 Introduction

1.1 Introduction to the shikimate pathway

1.1.1 The shikimate or aromatic biosynthetic pathway

In plants and microorganisms the biosynthesis of aromatic
compounds proceeds via the shikimate pathway (Haslam, 1974; Weiss &
Edwards, 1980). Other eukaryotic organisms lack this biosynthetic
capability and require a dietary intake of at—least—twe—of the three
aromatic amino acids tyrosine, phenylalanine and tryptophan (Davis,
1955; Sprinson, 1960).

The shikimate pathway, which contains seven steps, converts
the intermediates of carbohydrate metabolism, erythrose-4-phosphate
and phosphoenolpyruvate, via shikimate to chorismate (Fig. 1.1).
Chorismate is probably one of the most versatile chemical
intermediates in primary metabolism (Haslam, 1974; Dewick, 1989)
(Fig. 1.2). Many pathways diverge from chorismate to yield not
only the three aromatic amino acids but also ubiquinone,
plastoguinone, folic acid and vitamins E and K. In plants
phenylalanine is a precursor of the lignins which providé much of
the tensile strength of woody tissues (Boudet et al., 1985). In
recent years a number of new aromatic compounds derived from the
shikimate pathway have been identified including a numbef of
microbial antibiotics e.g. streptonigrin (Gould & Erickson, 1988),

. sarubicin A (Hillis & Gould, 1985), geldanamycin (Rinehart et al.,

1982), pactamycin (Rinehart et al., 1981), mitomycin (Anderson
et al., 1980), ansamycin and maytansinoid (Kibby et al., 1980).
In this thesis the work presented is exclusively on the five

enzymes 3-dehydroquinate synthase, 3-dehydroquinate dehydratase

(3-dehydroquinase), shikimate dehydrogenase, shikimate kinase and



Figure 1.1 The reactions of the shikimate pathway

The numbers refer to the enzymes of the pathway:

(1) 3-deoxy-D-arabino-heptulosonic acid 7-phosphate synthase; EO
’(EC 4.1.2.15) |

(2) 3-dehydroquinate synthase; El1 (EC 4.6.1.3)

(3) 3-dehydroquinase; E2 (EC 4.2.1.10, alternative name

3-dehydroquinate dehydratase)

(4) shikimate dehydrogenase; E3 (EC 1.1.1.25)
(5) shikimate kinase; E4 (EC 2.7.1.71)
(6) 5-enolpyruvylshikimate 3-phosphate synthase;v E5 (EC 2.5.1.19.

alternative name 3-phosphoshikimate l-carboxyvinyltransferase)
(7) chorismate synthase; E6 (EC 4.6.1.4).
The arom multifunctional enzyme catalyses the reactions numbered 2 to 6

in the above scheme.
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Fiqgure 1.2 Some of the metabolic products derived from chorismic acid.

Some of these products are found in both plants and microorganisms

while others are found only in plants or only in microorganisms.
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5-enolpyruvyl shikimate 3-phosphate synthase (Fig. 1.1). These
enzymes- catalyse steps 2 to 6 in the pathway respectively and in
this thesis are designated as El, E2, E3, E4 and E5.
3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAHP synthase)
which catalyses the first step is designated EQ0 and chorismate

synthase which catalyses the seventh step E6.

1.1.2 The organisation of the genes and enzymes in the shikimate

pathway

The organisation of the genes and enzymes of this pathway in
different organisms (prokaryotic and eukaryotic) is found to differ
markedly, though the seven reactions of the pathway are the same in

all organisms so far studied.

In the gram negative bacteria: Escherichia coli and

Salmonella typhimurium (Bachmann, 1983, Sandersqn &_Roth, 1983) the
genes encoding the shikimate pathway enzymes (the aro genes) are
‘widely scattered around the chromosome (Table 1.1) and they encode.
separate enzymes with monofunctional polypeptide chains {(Berlyn &
Giles, 1969; Berlyﬁ & Giles, 1973; Chaudhuri & Coggins, 1985;

Coggins et al., 1985; Coggins et al., 1987a).

In the gram positive bacterium: Bacillus subtilis

(Nakatsukaya & Nester, 1972; Henner & Hoch, 1980) there is some
clustering of the aro genes (Table 1.1) and the enzyme organisation
is very much more complex than in E. coli. The enzymes
dehydroquinate synthase and chorismate synthase are féund in a
trifunctional multienzyme complex along with a flavin reductase
(diaphorase) activity (Hasan & Nester, 1978a,b,c). A bifunctional
polypeptide has also been identified, catalysing the first reaction

of the shikimate pathway (DAHP synthase) and a later reaction in

aromatic biosynthesis (chorismate mutase). . This bifunctional.



polypeptide occurs in non-covalent -association with shikimate kinase

(Huang et al., 1974a,b, 1975).

In lower eukaryotic organisms for example Neurospora crassa

(Giles et al., 1967a; Catcheside et al., 1985) Aspergillus nidulans

(Ahmed & Giles, 1969; Charles et al., 1986), Saccharomyces

cerevisiae (de Leeuw, 1967; Larimer et al., 1983; Duncan et al.,

1987), Schizosaccharomyces pombe (Strauss, 1979; Nakanishi &

Yamamoto, 1984) and Euglena gracilis (Berlyn et al., 1970) (Table

1.1) the genes encoding steps 2 to 6 on the pathway are found to be
clustered and in most of these cases it has been established that a
single pentafunctional polypeptide chain, known as the arom complex
or the arom multifunctional enzyme, catalyses all five reactions
(Lumsden & Coggins, 1977; Gaertner & Cole, 1977; Boocock, 1983;
Lambert et al., 1985; Coggins et al., 1987b; Duncan et al.,
1987). This polypeptide contains five functional domains which
show strong sequence hombloéy with each of the corresponding.
monofunctional E. coli enzymes (Fig. 1.3) (Duncan et al., 1987;
Coggins et al., 1987a; Charles et al., 1985, 1986)( Al AFPW\(UK),'
In plants five of the seven shikimatelpathway enzymes are
separable (Coggins, 1986) but two, 3-dehydroquinase and shikimate
dehydrogenase, copurify and have been shown to occur as a
bifunctional polypeptide (Table 1.1) (Polley, 1978; Koshiba, 1978;

Coggins, 1986; Mousdale et al., 1987) (see section 1.2.8.2 below).

1.2 - The individual enzymes of the shikimate pathway

1.2.1 3-Decxy-D-arabino-~heptulosonic acid 7-phosphate synthase

{DAHP svnthase)

DAHP synthase (EO, EC 4.1.2.15) catalyses the first
" committed step of the shikimate pathway which is the condensation of
phosphoenolpyruvate and erythrose-4-phosphate to form the seven

carbon compound DAHP (Fig. 1.1).



Table 1.1 Gene and enzyme organisation of the shikimate pathway in
different organisms

Organism (gene organisation) Enzyme organisation
Bacteria
a) E. coli separable

(no gene clustering)

b) B. subtilis ' trifunctional multienzyme complex
(some gene clustering) - (E1+E6+diaphorase) and bifunctional
polypeptide or trifunctional complex
[(EO/chorismate mutase)+E4]

Lower eukaryotes pentafunctional polypeptide

(arom cluster gene) . . (E1/E2/E3/E4/ES5)

Plants bifunctional polypeptide
(E2/E3)

+ = enzyme association

enzyme resides on the same polypeptide

~
L



Figure 1.3 Homologies between the S. cerevisiae arom multifunctional

enzyme and the five corresponding E. coli enzymes

The S. cerevisiae arom sequence is represented by the lower stippled

box and the five corresponding E. coli monofunctional enzymes by the
upper boxes. Each box represents a complete protein sequence. The
E. coli enzymes are labelled with the letters of the aro genes which
encode them:

B, 3-dehydroquinate synthase;

A, EPSP synthase

L, shikimate kinase;

D, 3-dehydrogquinase;

E, shikimate dehydrogenase.

N CN CN CN C N~ C

B A fluloll €
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Wild type E. coli contains three DAHP synthase isoenzymes:

phenylalanine-sensitive DAHP synthase (Phe), tyrosine-sensitive DAHP
synthase (Tyr) and tryptophan-sensitive DAHP synthase (Trp) (Doy &
Brown, 1965), which are encoded by tﬁe unlinked genes aroG, aroF and
aroH respectively. The DAHP synthases of E. coli are feedback
inhibited by the aromatic end products and their genes are

transcriptionally controlled by the tyrR {(aroF and aroG) and the

ErpR {aroH) repressors. The three isoenzymes have all been
purified to homogeneity (Hermann, 1983).

N. crassa, like E. coli, has three DAHP isoenzymes that are
each inhibited by one of the three aromatic amino acids. The
tryptophan-sensitive DAHP synthase has been purified to homogeneity
(Nimmo & Coggins, 1981).

B. subtilis contains only a single DAHP synthase which
occurs with chorismate mutase and shikimate kinase as described in

1.1.2 above.

1.2.2 Dehydroquinate synthase (DPHQ synthase)

DHQ synthase (El, EC 4.6.1.3) catalyses the ring-closure of
DAHP to form the saturated six-membered ring of dehydroquinate (Fig.
1.1) which is the precursor of the afyl group in the three aromatic
amino acids and in the other primary and secondary metabolites
derived from the pathway.

The E. coli enzyme was first characterised by Sprinson and
his collaborators (Srinivasan et al., 1963; Maitra & Sprinson,

1978). The enzyme requires a divalent transition metal cation and

+
catalytic amounts of NAD for activity. The cloning of the E.

coli aroB gene encoding DHQ synthase has allowed the construction of
an overproducing strain for DHQ synthase (Duncan & Coggins, 1983;
Frost et al., 1984; Millar & Coggins, 1986). The enzyme was first

purified to homogeneity in Knowles' laboratory {(Frost et al., 1984).



The B. subtilis enzyme, unlike the E. coli enzyme forms a
trifunctional complex with chorismate synthase and a flavin
reductase (diaphorase) as described in 1.1.2 above. The
association' with chorismate synthase is required for enzyme activity
(Hasan & Nester, 1978c).

VTﬁe DHQ synthase of N. crassa is a part of the
pentafunctional arom complex. Like the E. coli enzyme it requires
bpth NAD+ and a metal cation (Zn2+) for éctivity (Lambert

et al., 1985).

1.2.3 Dehydroquinase

behydroquinase (E2, EC 4.2.1.10) catalyses the
stereospecific dehydration of dehydroquinate to form
dehydroshikimate (Fig. 1.1). The cloning of the gene (aroD) for
this enzyme from E. coli (Kinghorn et al., 1981) and the
construction of a dehydréquinase overproducing strain (Duncan et
al., 1986) has facilitated the purification of this .enzyme to
homogeneity (Chaudhuri et al., 1986). It is a dimeric enzyme
(Duncan et al., 1986) unlike the other four monofunctional E. coli
enzymes with activities corresponding to the fungal arom protein
which are monomeric (Frost et al., 1984a; Anton & Coggins, 1988;
Millar et al., 1986a; Duncan et al., 1984?.

Dehydroquinase has been purified to homogeneity from peas

(Pisum sativum) (Mousdale et al., 1987) and mung beans (Phaseolus

mungo) (Koshiba, 1978). In both these higher plant species as well

as in the moss (Physcomitrella patens) (Polley, 1978) the enzyme

occurs on a single bifunctional polypeptide chain with shikimate
dehydrogenase (section 1.2.4).
The biosynthetic dehydroquinases of N. crassa and E. coli

are mechanistically similar. Both enzymes work via formation of a

{

covalent intermediate with the substrate dehydroquinate. The keto
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group of the substrate forms a Schiffs base (imine) with the epsilon

amino group of a lysine side chain of the enzyme. This
intermediate can be trapped by reduction with sodium borohydride

(Butler et al., 1974; Chaudhuri et al., 1986).

1.2.4 Shikimate dehydrogenase

Shikimaﬁe dehydrogenase or dehydroshikimate reductase (EB;
EC 1.1.1.25) catalyses the reduction of dehydroshikimate to
shikimate (Fig. 1.1). It is an NADP+ specific dehydrogenase and
catalyses the transfer of a hydride ion from the A-side of the
pyridine ring of NADPH (Dansette & Azerad, 1974). The E. coli
shikimate dehydrogenase has been purified to homogeneity and is
monomeric (Chaﬁdhuri & Coggins, 1985). It is unusual in being the
only monomeric, biosynthetic dehydrogenase reported to date {(Anton &
Coggins, 1988). The gene (aroE) which encodes shikimate |
dehydrogenase has been cloned from and overexpressed in E. coli

(Anton & Coggins, 1988).

1.2.5 Shikimate kinase. -

Shikimate kinase (E4, EC 2.7.1.71) phosphorylates shikimate
to give shikimate-3-phosphate (Fig. 1l.1). Both E. coli (Berlyn &
Giles, 1969) and S. typhimurium (Morell & Sﬁringson, 1968) contain
two isoenzymes with this activity; shikimate kinase I and II. As
‘already mentioned (1.2.1 above) in B. subtilis a single shikimate
kinase occurs as a multienzyme complex with a bifunctional DAHP
synthase and chorismate mutase; the kinaée component has been
purified to homogeneity and shown to be active only in the complex

(Huang et al., 1975).
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The E. coli shikimate kinase isoenzymes are differentially

expressed. Kinase I is expressed constitutively while kinase II is
transcriptionally regqulated by the tyrR repressor (Ely & Pittard,
1979). Both of fhese isoenzymes coelute in gel filtration
chromatography but can be separated by ion exchange chromatography
(Ely & Pittard, 1979).

The E. coli aroL gene which encodes the tyrR-regulated
shikimate kinase II has been cloned and an overproducing strain
constructed (Millar et al., 1986a).

N. crassa has a single shikimate kinase as a part of the
pentafunctional arom complex (see section 1.2.8). This activity is
very readily inactivated by limited proteolysis with trypsin (Smith

& Coggins, 1983; Boocock, 1983).

1.2.6 S-enolpyruvylshikimate 3-phosphate (EPSP) synthase

EPSP synthase (ES, éc 2.5.1.19) converts shikimate
3-phosphate to EPSP (Fig. 1.1). The E. coli and P. sativum EPSP
synthases have been purified and shown to be monomeric (Lewendon &
Coggins, 1983; Mousdale & Coggins, 1984). The E. coli aroA gene
encoding EPSP synthase has been cloned and used to construct an
overproducing strain (Duncan & Coggins, 1983; Duncan et al., 1984b).

The discovery that glyphosate (N-phosphonomethylglycine), a
potent, broad spectrum, post-emergenée herbicide (sold as ‘'Round
Up'), acts by inhibiting EPSP synthase (Steinrucken & Amrhein, 1980)
has focussed a great deal of attention on this enzyme and its
mechanism of action (Coggins, 1986; Amrhein, 1986; Kishore & Shah,

1988).



1.2.7 Chorismate synthase

Chorismate synthase (E6, EC 4.6.1.4) catalyses the seventh
and final reaction inAshikimate pathway. This involves the
elimination of orthophosphate from EPSP and introduces the second
double bond of the aromatic ring to form chorismate (Fig. 1.1). All
chorismate synthases studied so far require reduced flavin, either
FMNH2 or FADHz, for activity (Moreli et al., 1967; Boocock;

1983; Mousdale & Coggins, 1986). This reduced flavin is provided
by a flavin reductase (Hasan & Nester, 1978a,b). The cloning and
overexpression of the E. coli aroC gene encoding chorismate synthase
has been achieved and chorismate synthase has been purified to
homogeneity from a suitable overproducing strain (Millar et al.,
1986b; White et al., 1988). ‘

In N. crassa the chorismate synthase and flavin reductase
(diaphorase) activities both reside on the same polypéptide chain
(Welch et al., 1974; Wﬂite et al., 1988). In B. éubtilis the
chorismate synthase subunit is part of a trifunctional complex also
containing DHQ synthase and NADPH-dependent flavin reductase
activities already described (Hasan & Nester, 1978a,b,c) (see
section 1.2.1). The E. coli chorismate synthase is less. specific
in its reduced flavin requirements accepting FADH2 or NADH but is

sensitive to molecular oxygen and up until now has only been assayed

under a N2 atmosphere (Morell et al., 1967; White et al., 1987).

1.2.8 The multifunctional enzyme:- complexes

1.2.8.1 The arom complex

In fungi, as described in section 1.1.2 ahove, the five

enzymes at the centre of the shikimate pathway (those catalysing

step 2 to 6 in Figure 1.1) occur on a single, pentafunctional,



- 13 -

polypeptide chain (Lumsden & Coggins, 1977; Gaertner & Cole, 1977;

Lambert et al., 1985; Duncan et al., 1987; Charles et al., 1985,
1986). Experiments involving genetics, limited proteolysis and
chemical modification (reviewed in Coggins & Boocock, 1986)
suggested that the N. crassa arom polypeptide consists ofifive
ressentially independent functional domains. This has now been

confirmed by sequencing studies on the related A. nidulans and

S. cerevisiae arom polypeptides which clearly establish that the
arom polypeptides consist of five domains each of which is
homologous to one of the corresponding monofunctional E. coli

enzymes (Duncan et al., 1987; Charles et al., 1985, 1986)(%ee.AppeﬂAi*)

1.2.8.2 The bifunctional dehydroquinase/shikimate dehydrogenase

. polypeptide

In higher plant species, for example pea and mung bean, it
has been shown that shikimate dehydrogenase and dehydroquinase occur
as a single bifunctional polypeptide chain of Mr 60,000 (Mousdale
et al., 1987; Koshiba, 1978). The co-purification of these two
enzymes has also been Qe@onstrated in othef higher plant species
(Boudet & Lecussan, 1974). This Mr of 60,000 is approximately
~ the sum of the subunit Mr's of the two corresponding E. coli
enzymes and of the corresponding domains located at the C-terminal
end of the fungal arom multifunctional enzymes (Coggins et al.,
1987a). Thus, it appears that the higher plant bifunctional
enzymes represent an intermediate state of organisation in which two
of the "bacterial®™ functional domains have become linked compared
with the five that are linked in fungi. In this regard it is
interesting to note that a functional C-terminal fragment of the
N. crassa g;gg_polypeptide carrying both dehydroquinase and

shikimate dehydrogenase activity has been isolated following limited
proteolysis (Smith & Coggins, 1983; Boocock, 1983; Coggins &

Boocock, 1986).



In young plant tissue the bulk of the dehydrogquinase/
shikimate dehydrogenase activity, in common with the other shikimate
pathway activities, is chloroplastidic (Mousdale & Coggins, 1985;
~ Mousdale et al., 1987). There is also an increasing amount of
evidence.thai in many plant species there afe two or more isoenzymes
of dehydroquinase/shikimate dehydrogenase (Rothe et al., 1983;
Fiedler & Schultz, 1985; Jensen, 1986; Wendel et al., 1988;
Benedettelli & Hart, 1988). It has also been suggested that, at
least in some species, -one of the isoenzymes may be non-plastidic

(Rothe et al., 1983; Mousdale et al., 1987; Wendel et al., 1988).

1.3 Introduction to the quinate pathway

1.3.1 The quinate catabolic pathway

Some organisms such as N. crassa (Ahmed & Giles, 1969) and

- Acinetobacter calcoaceticus (Canovas & Stanier, 1967) can readily

degrade quinate, a compound which is structurally related to
shikimate (Fig. 1.4), and which is found at high levels in many
plant species (Boudet et al., 1985). Organisms which have the
quinate pathway enzymes (see Fig. 1.5) can use quinate as a major
source of carbon energy. Metabolism of quinate occurs via the
aromatic intermediate, protocatechuate, which is subsequently
converted into succinate and acetyl CoA via the /3—ketoadipate
pathway. The conversion of quinate into protocatechuate is carried
out through the hydroaromatic pathway (Fig. 1.5). Clear
relationships exist between the quinate pathway and the shikimate
pathway. Three intermediates dehydroquinate, dehydroshikimate and
shikimate and two enzymic reactions, shikimate dehydrogenase and

dehydroquinase are shared by both pathways (Tresguerres et al.,

1970a,b; 1Ingledew et al., 1971). In fungi the quinate pathway



Figure 1.4 Quinic acid and related compounds

Quinic Acid Shikimic Acid
HO_ _ COOH COOH
HO OH HO OH
OH OH
Quinic Acld Shikimate
Dehydrogenase Dehydrogenase
COOH
HO. COOH
~ Dehydroquinase
OH ‘ OH
OH OH

Dehydroquinate Dehydroshikimate



Figure 1.5 The reactions of the hydroaromatic pathway
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represented.



enzymes are inducible and there is the possibility of competition
between the two pathways fdr intermediates. Giles has suggested
that this competition for substrates would be alleviated if the

biosynthetic intermediates were channelled within the arom complex

(Giles et al., 1967a). In A. calcoaceticus there is a feedback

- mechanism involving protocatechuate, the last intermediate product
of the pathway, which inhibits dehydroshikimate dehydrase
(Tresguerres et al., 1972; Berlyn & Gilés, 1973).

It is known that dehydroshikimate reductase or biosynthetic
shikimate aehydrogenase, the enzyme responsible for the biosynthesis
of shikimate (Yaniv & Gilvarg, 1955) has no role in its catabolism
via the.quinate pathway although it is able to oxidise this
substrate 'in vitro' (Tresquerres et al., 1972). The catabolic
function is performed by a dehydrogenase which also catalyses the
oxidation of quinate (Tresguerres et al., 1970b, 1972; 1Ingledew et
al., 1971). \fn fungi (Ahmed & Giles, 1969) there are two distinct
dehydroguinases: .one is an inducible catabolic enzyme which is
involved in quinate utilisation, while the second is a distincf
biosynthetic isoenzyme. (part of the arom complex) which is involved

in the biosynthesis of shikimate.

1.3.2 The organisation and regulation-of the genes and enzymes of

the quinate pathway

1.3.2.1 Organisation and regqulation in fungi

In N. crassa the conversion of quinate and shikimate to
protocatechuate is catalysed by three inducible enzymes which are
the products of ga gene cluster (Giles et al., 1967b; Giles et al.,
1985). Besides the three enzyme genes this cluster also contains
two genes which reqgulate the inducible expression of the enzymes

(Chaleff, 1974; Huiet, 1984).



The regulation of the threé ga structural genes take place
at the level of transcription (Patel et al., 1981). Huiet (1984)
has shown that two regulatory denes, ga-1S and ga-1F encode a
repressor and activator protein respectively, both of which are
- involved in the transcriptional control of ga gene expression.

The first of the inducible quinate pathway enzymes is the
bifunctional quinate (shikimate) dehydrogenase (encoded by ga3, EC
+

1.1.1.24) which catalyses the NAD -dependent oxidation of quinate
to dehydrogquinate. This has been purified to homogeneity and is a
* monomer of Mr 41,000, with a single binding site for both

substrate (Barea & Giles, 1978). The second enzyme, the catabolic
dehydroguinase (encoded by ga2, EC 4;2.1.10) has also been purified
to homogeneity and is a dodecamer Mr 20,000 (Chaudhuri & Coggins,
1982). The third enzyme dehydroshikimate dehydrase (encoded by

ga4) has not yet been purified and characterised.

The inducible quinate pathway of Aspergillus nidulans is

very similar to that found in N. crassa (Ahmed & Giles, 1969; da

Silva et al., 1986).

1.3.2.2 Organisation and regqulation in bacteria

The quinate pathway in A. calcoaceticus has been

characterised more extensively than in other bacteria. As in
N. crassa, there are two dehydroquinase isoenzymes but these differ

from the N. crassa enzymes in thermostability (Ingledew et al.,

1971; Berlyn & Giles, 1973). In A. calcoaceticus the inducible

catabolic dehydroquinase is heat labile while the constitutive

o
‘biosynthetic dehydroguinase is stable.at 70 C for 10 min (Ingledew
t al., 1971; Berlyn & Giles, 1973). The average M values of

- r

the degradative and biosynthetic isoenzymes based on sucrose

gradients were 41,000 and 125,000 respectively (Berlyn & Giles,

-



- 19 -

1973).  The other two enzymes involved in quinate breakdown are

quinate dehydrogenase (dye-linked hydroaromatic dehydrogenase)
which, as in N. crassa has shikimate dehydrogenase activity and
dehydroshikimate dehydrase (Tresguerres et al., 1970b; Ingledew-.

t al., 1971). Both are inducible.

In A. calcoaceticus, Pseudomonas putida and Pseudomonas

aureofaciehs the quinate/shikimate dehydrogenase is a

+
NAD(P) -independent enzyme (EC 1.1.99.-) and is membrane

associated (Tresquerres et al., 1970a,b; Ornston, 1971; van Kleef
& Duine, 1988). The enzyme contains pyrrolo-quinoline quinone (PQQ
or 2,7,9-tricarboxy-1H-pyrrolo [2,3-f] quinoline-4,5-dione) .or
methoxatin (Fig. 1.6) as a prosthetic group or cofactor, i.e. it is
a quinoprotein (van Kleef & Duine, 1988). The physiological
function and the biosynthetic pathway to POQ have not yet been
‘elucidated (Dokter et al., 1§88; Goosen gg!g;,,v1989)l It is
possible that ubiquinone may act as a primary electron acceptor in
this system (van Kleef & Duine, 1988) as is the case for thé
‘quinoprotein glucose dehydrogenase'(Matsushita et al., 1989).

A particulate quinate dehydrogenase which does not require
pyridine nucleotides has also been found in Acetomonas

(Gluconobacter) oxydans, but in contrast with the enzyme of

‘A. calcoaceticus, its synthesis is apparently constitutive (Whiting

. + :
& Coggins, 1967). . An NAD -dependent quinate dehydrogenase,
similar to that found in N. crassa and other fungi, is also found in

' some -bacteria, e.g. Aerobacter aerogenes (Mitsuhashi & Davis, 1954)

and Pseudomonas aeruginosa (Ingledew & Tai, 1972).

1.3.2.3 Organisation and regqulation in plants

Quinic acid-and shikimic acid occur in many higher plants

(Bohm, 1965; Boudet et al., 1985), often in appreciable

concentrations. At the present time the enzymatic reactions
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Figure 1.6 - The structure of pyrrolo-quinoline quinone (PQQ)

The structures of PQQ and its reduction product are
shown (from Duine et al., 1981; Geiger & Gorisch, 1989).

Pyrrolo -quinoline quinone : Pyrrolo-quinoline quinok



involved in the synthesis and utilisation of quinic acid in plants
have not been clearly identified but it has been suggested that.
quinic acid may be an intermediate on an alternative aromatic .
biosynthetic pathway which has developed during biochemical
evolution (Boudet et al., 1985). Various studies have concluded
that both quinic acid and shikimic acid are actively metabolised in
plants (Haslam, 1974). Boudet and coworkers (Boudet et al., 1985)
have found that there are two dehydroquinase isoenzymes in monocot
species such as maize. Dehydroquinase~1 is associated with
shikimate dehydrogenase and is probably involved in the shikimate
pathway, whilst dehydroquinase-2 does not show any shikimate
dehydrogenase activity but is activated by shikimate. This
activation is very similar to that of the inducible dehydroquinase
in fungi (Giles et al., 1967a) and bacteria (Ingledew et al., 1971;
Berlyn & Giles, 1973) even though the plant enzyme differs from the .
fungal and bacterial enzymes in that it is constitutive and
extremely heat labile. More detailed studies have shown that
+

dehydroquinase-2 is associated with an NAD -dependent quinate
dehydrogenase. These two enzyme activities co-migrate during
purification, suggesting their association in an enzyme complex or
on a bifunctional polypeptide chain (Graziana et al., 1980). The
occurrence of the dehydroquinase—Z/quinate‘dehydrogenase complex in
addition to the biosynthetic dehydroquinase-1/shikimate
dehydrogenase bifunctional enzyme found>genera11y in higher plants'
(see 1.2.8.2 above), is almost certainly restricted to some families
of monocots (Minamikawa, 1977; Boudet et al., 1985) and has not
been found generally in plants.

The occurrence of these parallel enzyme complexes and

isoenzymes in some plant species has led to the suggestion that the
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major role of the bifunctional enzymes may be to channel intermediates
(Boudet et al., 1985). This would allow the independent functioning
of the biosynthetic pathways and the catabolic pathways even though
they involve many intermediates -in common. Work on the maize has led
‘to the following specific suggestion about the molecular organisation
" of the shikimate and quinate pathway enzymes in this species (Boudet
et al., 1985) (Fig. 1.7). Quinic acid and shikimic acid originate
independently from central metabolism and quinate can be. directly
conver;ed to shikimate (Fig. 1.7). The quinate dehydrogenase/
dehydroquinase-2 complex produces dehydroshikimic acid from quinic
acid and this is preferentially converted to protocatechuic acid and-
metabolised thtoUghra catabolic pathway. The dehydroquinase-1/
shikimate dehydrogenase bifunctional enzyme is part of the 'normal'
shikimate pathway and produces dehydroshikimic-acid which is used
preferentially for biosynthesis of shikimate and the aroma;ic amino
acids. Shikimate activates dehydroquinase-2 and this may serve to
channel the carbon flow from quinic acid to protocatechuic acid and

its metabolites (Boudet et al., 1985).

1.4 Evolution of shikimate pathway

1.4.1 Evolution of individual enzymes in bacteria

Complete amino acid sequences have been deduced from gene
sequence for all seven enzymes of the shikimate pathway of E. coli

(section 1.2). Many of these sequences have been determined for more

than one species. For example, the sequences of Erwinia caropovora
and E;.égli shikimate kinase are known (Minton et al. 1989; .Millar_
et al., 1986a). The sequence information shows that each enzyme is
not closely related at the primary structure level to any of the other-

pathway enzymes and it appears at this stage unlikely that all the

pathwéy‘enzymes have diverged from a single common ancestor.



Figure 1.7 Possible molecular organisation of the shikimate and

the quinate pathways and their interrelations in maize

{from Boudet et al., 1985)
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However, comparison of the sequences of each individual enzyme from

several species show very clear homologies (see Duncan et al.,
1987). There is also clear evidence that three of the enzymes,
dehydroquinate synthase, shikimate dehydrogenase and shikimate
kinase contain regions that are clearly homologous to the
characteristic nucleotide binding regions of other synthases,
dehydrogenases and kinases, for example, (Walker et al., 1982;

Finch & Emmerson, 1984; Millar & Coggins, 1986; Millar et al.,

1986a; Anton & Coggins, 1988; Minton et al., 1989)(3eeﬁk?pehAbx).

1.4.2 Evolution of the arom complex in fungi -

The mosaic structure oﬁ the fungal arom polypeptides
described in section.1.2.8 suggests that these pentafunctional
polypeptides may have arisen by a series of gene fusions. The gene
fusion hypothesis is particularly attractive as a model for the
origin of the entire gggm:poiypeptide because the subunit Mr
values of the five corresponding E. coli polypeptide add up to
159,686 (Coggins et al., 1987a) while the Neurospora and yeast arom
subunits Mr are 165,000 - (Coggins et al., 1987b) and 174,555
(Coggins et al., 1987a) respectively and the sequence homologies
with the five monofunctional E. coli enzymes are very convincing
(Table 1.2) (Duncan et al., 1987; Charles et al., 1985, 1986).
Gene fusion leading to multifunctional polypeptide chains have been
reported for other enzymes involved in amino acid biosynthesis, for

example, for E. coli anthranilate synthase (Miozzari & Yanofsky,

1979) and for yeast tryptophan synthase (Zalkin & Yanofsky, 1982).

1.5 Aims of this project

As described above, structural and evolutionary

relationships between enzymes can be evaluated from amino acid and
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nucleotide sequences. Alternatively antibodies raised against the

enzyme from one organism can be used to detect structural

similarities with the same enzyme isolated from other organisms by

- analysis of cross reactions. The degree of cross reaction can be

related to similarities of amino acid sequences and can in addition

give information on structural similarity. The aims of this
project were three fold.

1) to use antibodies to detect sequence and structural
similarities between the enzymes of the shikimate pathway
within one species;

2) to use antibodies to detect sequence and structural
similarities between the shikimate pathway enzymes of
different species;

3) to purify the enzymes which were shown by immunological
techniques to be inte;esting, for further study.

It was expected that the ihmunological studies would help to throw

further light on evolutionary relationships between the shikimate

pathway enzymes of different species.
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2. Materials & Methods

2.1 Materials

2.1.1 Fine chemicals

All reagents used were the best grade available
commercially. With the exceptions of the materials listed below,

reagents were obtained from BDH Chemicals Ltd., Poole, Dorset, U.K.

Bovine serum albumin (Fraction V)-Armour Pharmaceuticals Co. Ltd.,
Eastbourne, Sussex, U.K.

HRP color de&elopment reagent (4-chloro-l-naphthol) - Bio-Rad
Laboratories Ltd., Watford, Hertfordshire, U.K.

Freund's complete and incomplete adjuvant - Difco Laboratories,
Central Avenue, West Molesey, Surrey, U.K.

HRP donkey anti-rabbit IQG, normal rabbit serum, normal donkey serum
- Scottish Antibody Production Unit, Law Hospital, Carluke,
U.K.

ADP, ATP, protein A S. aureus (Cowan strain) crude cell suspension,
PMSF, Coomassie Brilliant Blue G-250, Deoxyribonuclease I
(DNaseI), SDS PAGE calibration proteins, Tween 20 - Sigma
Chemical Co. Ltd., Poole, Dorset, U.K.

NAD+, NADP+, NADPH, NADH, phosphoenolpyruvate, DTT, Tris,
lactate dehydrogenase/pyruvate kinase - Boeringer Corp.,
Lewes, East Sussex, U.K.

Shikimic acid, DCPIP, Benz;midine.HCI -~ Aldrich Chemical Co. Ltd.,
Gillingham, Dorset, U.K.

DAHP, dehydroquinate, EPSP - gifts from Professor J.R. Coggins,

Department of Biochemistry, University of Glasgow.

Partial purified yeast arom complex - gift from Ms. A. Stuart,

pepartment of Biochemistry, University of Glasgow.



Partial purified S. coelicolor shikimate dehydrogenase - gift from

Dr. P.J. White, Department of Biochemistry, University of
Glasgow,

Crude extract of R. graminis shikimate dehydrogenase - gift from
Mr. M. Yasin, Department of Biochemistry, University of

Glasgow.

2.1.2 Chromatographic media

Prepacked Mono Q, Phenyl superose and Superose 12 columns (f.p.l.c.
system) - Pharmacia Ltd., London, U.K.

CNBr-activated Sepharose 4B, DEAE—celiulose, DEAE~Sephacel, Blue
dextran Sepharose, Sephacryl S-200, ADP-Sepharose -
Pharmacia Ltd., London, U.K.

Ultrogel AcA44 - LKB Instruments Ltd., South Croydon, Surrey, U.X.

Red Sepharose CL-6B (Procion Red HE3B), DEAE Affi-Gel Blue (Cibacron
Blue F3GA) - Amicon Ltd., Upper Mill, Stonehouse, U.K.

Trypsin inhibitor immobilised on agarose - Miles-Yeda Ltd., Slough,

Berkshire, U.X.

2.2 Organisms

The organisms used in this study are shown in Table 2.1.
Some were obtained from stocks maintained in the Department of
Biochemistry and Genetics but were ultimately derived from culture
collection strains. Others were isolated in the Department of
Biochenmistry, University of Glasgow. The source of each organism

is also indicated in the Table 2.1.

2.3 Sterilisation

2.3.1 Moist heat
Heat-stable solutions were autoclaved. All solutions were

autoclaved at 1090C (5 psi) for times estabiished_by Fewson



11.

12.

13.

140

American Type Culture Collection

Millar & Coggins, 1986

Duncan et al., 1986

Anton & Coggins, 1988

Millar et al., 1986a

Duncan et al., 1984b

National Collections of Industrial and Marine Bacteria Ltd.,
Aberdeen, Scotland

SCRI. Invefgowrie, Scotlané

National Collection of Type Cultures, PHLS, London, England
Dr. I.S. Hunter, Department of Genetics, University of
Glasgow

Fungal Genetics Stock Center, Arcata, California, U.S.A.

. Genex Corp., Gaithersburg, Maryland, U.S.A.

Dr. A.J.P. Brown, Department of Genetics, University of
Glasgow.

Clause (U.K.), Charvill, Reading, Berkshire.
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Table 2.1  Organisms used in this study

Organism

Bacteria

Escherichia coli K12 (ATCC 14948)

Escherichia coli K12: AB2826/pGM107
Escherichia coli K12: AB2848/pKD201

Escherichia coli K12: AB2834/pIA321

Escherichia coli K12: HW1111/pGM450
Escherichia coli K12: AB2829/pKD501

Escherichia coli ML308 (ATCC 15224)

-Salmonella typhimurium (NCIB 10255)

Acinetobacter calcoaceticus (NCIB 8250) .

Erwinia carotovora ssp. atroseptica 1034

Staphylococcus aureus Oxford (NCTC 6571)

Bacillus subtilis (NCTC 3610)

Streptomyces rimosus (NCIMB 4018)

Streptomyces coelicolor GLW209_

Fungi

Neurospora crassa 74 OR23-1A

‘Rhodotorula graminis KGX 39

Saccharomyces cerevisiae 5228C

Plant

Pisum sativum (variety Onward)

Genotype with respect
to aromatic amino acid

biosynthesis

wild type

- El overproducing strain .
E2 overproducing sttéin

E3 overproducing strain

E4.1II overproducing strain
E5 overproducing strain
wild type but 1qc,i—

wild type

wild type

© wild type

wild type
wild type A
wild type ‘

wild type

wild type

wild type

wild type

wild type

Source¥*

dOWwOYW 0NN = Yy Ww N

—
o

11
12
13

14
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(uhpubliéhed resdlés) as adequate for sterilisation. Efficiency of
sterilisation was verified by using Browne's tube (type one, A.

Browne Ltd., Chancery Street, Leicester).

2.3.2 Dry heat

Pipettes were wrapped in either Kraft paper or placed in

metal cannisters before sterilisation. Each sterilisation

o
(160 C, 1.75 h) was checked by including a Browne's tube (type

three). Where necessary glassware was also sterilised by dry heat

o
at 160 C for 1.75 h.

2.3.3 Ethylene oxide

Plastic pipettes and other disposable apparatus were
sterilised with ethylene oxide. All items were sealed with
polythene film and exposed to ethylene oxide (Anp?olene) for 12 h in
a sterilising box (AN74; "H.W. Anderson Products Ltd.,
Clacton-on-Sea, Essex). Sterilisation was verified by an Anprolene
exposure indicator (AN85) or by a steritest unit (ANS8O). All
apparatus was aired for-at least 24 h prior to use to remove

residual gas.
2.4 Media

2.4.1 Nutrient broth

Nutrient broth (Oxoid CM1; 13g/1) was prepared, sterilised
by autoclaving and used for culture maintenance, for preparation of
inocula and for both small and large scale growth of E. coli,

S. typhimurium, E. carotovora, S. aureus and B. subtilis.




2.4.2 Nutrient agar plates

The nutrient agar (Oxoid CM3; 28g/1) was boiled, stirred to

ensure even suspension of agar and then autoclaved. The sterile

‘ o
molten medium was mixed well, allowed to cool to 55 C and poured

into petri dishes. After the agar had solidified the plates were

o
left inverted for 24 h at 37 C to dry the surface of the agar.
2.4.3 Soy broth

Soy broth (BBL and Trypticase; 30g/1) was used for growing

inocula and large scale growth of S. rimosus.

2.4.4 Complex medium

The complex medium (Allison et al., 1985) contained (g/1) :

Oxo0id No. 1 nutrient broth 26.0
KH_PO 2.0
2 4 »
NH SO 1.0

( 4)2 4

L-glutamic acid.HC1 0.9

MgSO .7H_ O ‘ 0.4
4 2

The medium was adjusted to pH 7.0 with 5 M-NaOH, made to the correct
volume with distilled water and autoclaved. This medium was used

for preparation of inocula and for large scale growth of

A. calcoaceticus.

2.4.5 Minimal medium I

This medium was adapted from Canovas & Stanier (1967) for
induction the quinate dehydrogenase and shikimate dehydrogenase in

A. calcoaceticus. The medium was prepared as several components

which were separately sterilised by autoclaving.
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i) WChel métal;
éhel metals was prebared as follows:- Nitrilotriacetic acid
(Chel) (80g) was dissolved in 1 M-NaOH (625ml) and the
solution was adjusted to pH 7.0 with 5 M-HC1. Salts were
then added in the following order ensuring that each

component was completely dissolved before the next was added:

FeSO .7H O l.1g
4 2

Na MoO .2H O 50m
8000 %M d

MnSO .4H O 50mg
4 2

ZnSO .7H_O ' 50mg
4" 2

CuSO .5H O 25mg
4" 72

CoCl .6H O 25m
2" g

The solution was made up to 1 1 with distilled water, autoclaved and
stored at room temperature until required (Beggs & Fewson, 1977).

2) Minimal medium I containing carbon source

This minimal medium contained (g/1):

KH_PO ‘ o 2.0
2 4
(NH ) _SO 1.0
4 2 4
Carbon source (10mM quinic acid or

10mM p-hydroxybenzoic acid or
20mM succinic acid)
The pH of the medium was adjusted to 7.0 with 5 M-NaOH, made to the
correct final volume with distilled water and autoclaved.
3) 2% (w/v) MgSO4.7H20 was prepared and sterilised by
autoclaving.
Immediately before inoculation complete medium was prepared by
adding aseptically 2ml chel metals and 20 ml 2% MgSO4.7H20 to

each litre of minimal medium. .



2.4.6 . ~Minimal medium II

Minimal medium II was prepared as four components which were
autoclaved separately:
1) P medium contained 5.44g KH2P04 per litre, adjusted to
pH 7.0 with 5 M-NaOH.
2) MgNS contained 9.86g MgSO4.7H20 and 105.7g
(NH4)ZSO4 per 1itre.
3) FeSO4 contained 0.22g FeSO4.7H20 per litre, and was
adjusted to pH 2.0 using 5N-HC1l before sterilisation.
4) Carbon source (stock solutions) (pH 7.0)
a) glucose 1 M
b) glycerol 1 M
c) sodium succinate 1 M
Before inoculation, 2ml MgNS and 2ml FeSO4 were added to a flask
containing 140ml P medium. Carbon source (glucose or glycerol or
succinate) was then added. to give the desired final concentration
(20mM) and the volume made to 160ml with sterile HZO. This

minimal medium was used for growth of E. coli and E. carotovora.

2.5 General methods

2.5.1 pH measurements

The pH of solutions was measured using a direct feading pH
meter and combination electrode. Calibration of the electrode was
carried out immediately before use using a pre-prepared solution of

known pH (BDH Buffer tablets).

2.5.2 Conductivity measurements

o
The conductivities of solutions were measured at 4 C using

a Radiometer conductivity meter type CDM2e (Radiometer, Copenhagen,

Denmark).
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2.5.3 Protein estimation

Protein estimation was made by the method of Bradford (1976)
using bovine serum albumin as standard.
Protein elution from column was followed by measuring the

A280 of the eluant using elution buffer for standardisation of

A .
280

2.5.4 Acid-washed glassware

All glassware used for protein chemistry (e.g. amino acid
analysis, enzyme denaturation) was soaked overnight or boiled for
15 min in 30% (v/v) nitric acid. The acid-washed glassware was
rinsed extensively with distilled water and dried in an oven before

use.

2;5.5 Glassware

2.5.5.1 General glassware

Glassware was washed routinely by soaking in approximately
1% (w/v) Haemosol solution (Meineéke and Co., Baltimore, U.S.A.)
then rinsed thoroughly in tap and glass-distilled water and dried in

oven.

2.5.5.2 Pipettes

Before use all pipettes were washed by soaking in Haemosol
solution (1% w/v) followed by thorough rinsing in tap and deionised
water and drying in an oven. All pipettes were plugged with

non-absorbent cotton wool.



(o
W
1

2.5.6 Dpialysis

Dialysis was carried out using Visking tubing (Scientific
Instruments Centre Ltd., London), which had been immersed in boiling
1% (w/v) EDTA solution, pH 7.0 for 15 min and then washed with
distilled water. . If not usedrimmediately the prepared dialysis
tubing was stored in 20% (v/v) ethanol and rinsed thoroughly in

distilled water before use.

2.5.7 Lyophilisation

Samples were frozen over the surface of a suitable vessel by
placing them into methanol/dry ice. The top of the vessel was
covered with nescofilm (Nippon Shoji Kaisha Ltd., Osaka, Japan) and
punctured with a needle. Frozen samples were placed in a
dessicator connected to a Flexi-dry (FTS Systems Inc., Stone Ridge,
U.S.A.) and maintained under vacuum by a high vacuum pump (Javac PTY

Ltd., Farnham, U.K.) until completely dry.

2.5.8 Concentrations of protein samples

Samples of protein of less than 10ml volume were
concentrated using Centricon 30 microconcentrators (Amicon Ltd.,

Stonehouse, U.XK.).

2.6 Maintenance and production of biological material

preparation of cell free extracts

2.6.1 Microbiological safety

The recommendations as outlined in "Guidelines for

Microbiological Safety" were followed.



2.6.2 Bacterial strain storage

Wild type strains were stored on nutrient agar slants or on

o
sealed plates of nutrient agar at 4 C. Overproducing strains

were maintained in nutrient agar containing suitable drugs
lampicillin (50pg/ml) or tetracycline (ZOFg/ml)] to keep selective
pressure for plasmid retention during storage. For short term
storage all strains were maintained in 10ml nutrient broth, stored

O N
at 4 C. For mutant strains drugs were added to the medium, as

necessary, for plasmid maintenance.

2.6.3 Bacterial growth

All bacterial growth was carried out in temperature

controlled rooms. Cultures of E. coli, S. typhimurium, S. aureus

o}
and B. subtilis were grown at 37 C, of A. calcoaceticus and

S. rimosus at BOOC and of E. carotovora at 23OC.

Small scale growéh of cells was carried out by inoculating
into SOOml of the appropriate sterile medium in 2 litre conical
flasks which were stoppered with polystyrene foam bungs (A. & J.
Beveridge Ltd., 5 Bonnington Road Lane, Edinburgh, U.K.). Cultures
vwere grown on a rotary shaker at 120 rpm at the appropriate
temperature.

For larger scale growth of cells 4 litres of appropriate
medium in 10 litre flat-bottomed flasks were used. These flasks
were fitted with plugs of non-absorbent cotton wool through which
passed a plugged 10ml glass pipette. After inoculation the flasks
were vigorously mixed using a 45mm polypropylene-coated magnetic bar
on apparatus built in Glasgow (Harvey et al., 1968). Adequate
aeration was ensured by passing air (at 400ml/min) throﬁgh the glass

pipette in the bung.



Bacterial growth was monitored by opﬁical density at 420nm
using an LKB ultrospec spectrophotometer (LKB/Pharmacia, Milton
Keynes, U.K.). All samples were read within the linear range of
this spectrophotometer for proportionality of optical density by
~light scattering to bacterial density (optical density values of
less than 0.6). All samples above this range were diluted in the

appropriate blank medium as necessary.

2.6.4 Harvesting of bacteria

Cultures at late exponential stage of growth were harvested
by centrifugation in 750ml polypropylene bottles (maximum volume

o
500ml) at 6000g for 30 min at 4 C in an MSE Mistral 6L centrifuge.
Each pellet was resuspended in about 50ml ice-cold sterile
50mM-Tris/HCl, pH 7.5 and the centrifugation repeated.

Supernatants were decanted and the bacterial pellets were stored at

o
-20 C until required.

2.6.5 Preparation of crude extracts

2.6.5.1 Bacterial crude extracts

Pelleted cells were thawed and resuspended in an appropriate
volume of chilied 50mM-Tris/HCl, pH 7.5 containing 0.4mM~-DTT and
1.2mM-PMSF. Cells were broken by three passages through a
pre-chilled French pressure cell at 98 MPa (14,300 psi) (internal
‘pressure). The homogenate was then digested with 0.5mg DNasel at
40C for 1 h and centrifugeé at 100,000g for 2 h at 4OC in
Beckman L5-65 ultracentrifuge. The supernatant was kept on ice and
used for enzyme inhibition assay (section 2.13), immunoprecipitation
assay with protein A (section 2.15) and preparation of purified

enzyme (section 2.10).
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2.6.5.2 Fractionation of plant crude extracts

Seeds of pea (P. sativum) were germinated and grown as
described by Mousdale et al. (1%987). Shoot tissue was taken from
9 to 12-day old plants. 2509 of fresh shoot tissue was homogenized
in 500ml of chilled 50mM-Tris/HC1l, pH 7.5, containing 0.4mM-DTT,
1mM-EDTA, lmM-Benzamidine.HCl and 1lmM-PMSF. The chilled brei was

filtered through muslin and centrifuged at 80,0009 for 1 h. The

supernatant was decanted, brought to 35% saturation with solid

o
(NH4)ZSO4 and centrifuged at 12,0009 for 20 min at 4 C.

The supernatant/was again decanted, (NH4)ZSO4 added to 55%
saturation and the precipitated protein collected by centrifugation.
The precipitate was dissolved in a small amount of chilled
20mM-tris/HCl, pH 7.5, containing 0.4mM-DTT, lmM-Benzamidine.HCl and
1mM-PMSF and dialysed overnight at 40C against 2 1 of this

buffer. The extract was used for enzyme inhibition assay (section

2.13) and immunoprecipifétion assay with protein A (section 2.15).

2.7 Enzyme assay

Enzymes were generally assayed spectrophotometrically in
plastic 1 cm light-path cuve<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>