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SUMMARY

1. The E.coli aroB gene, encoding 3-dehydroquinate
synthase has been sub-cloned from pLC29-47, a member of
the Clarke-Carbon E.coli gene bank; Cells harbouring an
aroB recombinant plasmid pKD10l, overexpress the enzyme
20-25 fold. Further sub-cloning of a 3.5 kb EcoRI-BglII
fragment, and comparison with an indepen@ently isolated
aroB clone, pJBl4, has located the coding sequence of

the gene.

2. The E.coli structural gene encoding 3-dehydroquinase
(2522) has been subcloned on a 1.8 kb Clal fragmentAfrom

the plasmid pJKK12. The resulting recombinant, pKD201,
overexpresses the enzyme approximately 100-fold. The

entire DNA sequence of the Clal fragment has been determined
and the coding sequence of the aroD gene identified.'bThe
aroD gene encodes a 240 aﬁino acid polypeptide of calculated

Mr 28117.

3. The aroA gene of E.coli, encoding 5—enolpyruvylshikimate 3=
phosphate synthase was sub-cloned from the tranducing
bécteriophage ApserC. Further sub-c}oning located the gene

on a 1.9 kb ClaI-PvulIIl fragment. Cells harbouring a number

of aroA recombinant plasmids overexpress EPSP synthase |
approximately lOO-foid, including pKD501 which is now used

as a sdﬁrce of the purifiéd enzyme; these cells are also

tolerant to high levels of the herbicide glyphosate, the



target of which is EPSP synthase. It was found, however,
that cloning from a Clal site in the phage reduced the
level of eipression to that found in wild type cells.
Polyacrylamide gei electrophoresis in the presenée of SDS
of crude extracts.of plasmid carrying cells showed that
in those clones which overexpress EPSP synthase at a

high level, a heavily stained 40 000 Mr band is present.

k. The DNA sequence of the aroA gene has been détermined.
The gene encodes a 427 amino acid bolypeptide with a
calculated M_ of 46112. The location of the coding sequence
of aroA in the DNA sequence revealed that it is positioned
700 bp away from the Clal site and examination of the'
sequence revealed that there was no obvious promoter for
the gené; .Further cloning experiments showed that the aroA
promoter was located at least 1 200 gp upstream of the

initiation codon.

5« DNA sequencing and analysis of the sequences upstream
of aroA revealed thé presence of another gene. This gene
encodes a polypeptide of 362 amino acids and calculated Mr
39834, corresponding to the 40 000 Mr band seen on SbS-PAGE
of the crude extracts of cells carrying EPSP synthase
overexpressing plasmids. The gene was identified as serC,
which encodes the enzyme phosphoserine aminotransferase,
the second enzyﬁé on the three—step serine biosynthetic

pathway.



6. Northern blot analysis and Si nuclease mapping have
been'used to shoﬁ that the two genes are linked to fofm
the serC-aroA operon. The operon is expressed from a
single promotér, located 55 bp upstream of the initiation
codon for serC. Two messages are produced: the first is
monocistronic, éncodiﬁg only the serC gene; the second is

polycistronic, and encodes both genes.



CHAPTER 1 INTRODUCTION

l.s1 Overview of the shikimate pathway, and its organisation

lel.1l The shikimate pathway

The shikimate, or common aromatic amino acid,pathway
islre5ponsibie for the biosyﬁthesis of chorismic acid from
the carbohydrate precursors erythrose-4-phosphate (E—h—P)
and‘phosphoehol pyruvate (PEP). It takes its name from the
central intérmediate, shikimic acid. The conversion of
E-4-P and PEP to chorismate is a seven step process‘

(Figure 1.1). Bacteria, fungi and plants are capable of
synthesising chorismate using the same chemical steps; the
pathway is not found in other eukaryotic orgaﬁisms.

Chorismate is the branch point intermediate for
pathways leading to synthesis of the aromatic amino acids
phenylalanine, tryptophap and tyrosine, and for a number
of aromatic ring containing compounds (Figure 1.2).

The steps in the pathway were elucidated by Davis and
his co-workers in the 1950's. Aﬁxotrophic matants of

Escherichia coli wefe isolated which identified blocks in

the pathway (Davis, 1951), and it was shéwn that shikimate
was the common precursor éf several aromatic metabolites.
The field has been extensively reviewed (Haslam, 1974;
Weiss & Edwards, 1980; ‘Herrmann, 1983) and is discussed

briefly in the sections which follow.
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l.1.2 Organisation of the enzymes and genes in the pathway

In E.coli and in most bacteria which have been studied,
each pathway enzyme occurs on a sebarate polypeptiae
chain, which can be purified free of the activity of any
,other pathway enzyme (Coggins et al., 1985). The structura1>
genes‘for thesé enzymes are widely scattered abéut the
| genome (Bachmann, 1983; Sanderson & Roth, 1983; Henner
& Hoch, 1980).

In contrast, most fungi contain a pentafunctional
enzyme, the arom complex in which thé five céntral pafhway
activities (steps 2-6, Figure 1.1) occur on a single
- polypeptide ‘chain, the product of a single gene (Lumsden &
Coggins, 1977; Gaertner & Cole, 1977; Larimer et al., 1983).

In plants, two of the enzyme activities, 3-dehydfo- |
quinase and shikimate dehydrogenase are always found
associated even after .-various procedures are employed to
separate them (Boudet & Lécusson,’l97h; M.S. Campbell &
D.M. Mousdale, unpublished results). Each of the other
pathway enzymes is clearly separable (Mousdale & Coggins,

1984b).

l.1.3 The shikimate pathway '‘as a model system

The shikimate pathway is therefore a good ﬁédel system
for studying thé organisation of a biosynthetic pathway.
Severai questions can be asked of the system. For example:
_Why is there a multifunctional polypeptide in some organisms
but not in ofhers? |

Why are there multifunctional enzymes catwlysing the



reactions.of some biosynthetic pathways and not all
biosynthetic pathways within the saﬁe brganism?

How ﬁight the gene encoding a multifunctional eﬁiyme have
evolved?

The answers to these and a number of related questions
may be obtained by detailed studies of the enzymolbgy of
the pathway and by cloning and bNA sequence analysis of
the genes encbding the enzymes .of the pathway, from a

spectrum of organisms.

1.1.4 Definition of a multifunctional enzyme

The arom complex represents an example of a special
class of enzymes, the multifunctional enzymes (Kirschner &
Bisswanger, 1976; Bisswanger & Schimcke-Ott, 1980).

“Mulfifuhctional proteins/enzymes may be defined by two
characteristic properties. Firstly, they have multiple
cataly%ic or binding functions and secondly, these functions
are located on the same polypeptide chain. The active
centres and/or binding sites may be generated by the
foldihé of contiguous stretches of the polypeptide chain
to yield autonomous globular domains. The active sites
may lie within a domain, between domains, or at intersubunit
interfaces (Kirschner & Bisswanger, 1976).

‘Examples §f multifunctional enzymes wili be discussed
later'in this chapter, along with the catalytic properties

of these enzymes and their possible modes of evolution.



l.2 Genetic studies on the shikimate pathway

l.2.1 Bacteria .

The structural genes for the shikimate pathways enzymes
have been most intensively studied in E.coli. Mutants
completely lacking each of the enzymatic activities of the

pathway, except shikimate kinase, have been identified.

The distribution of five of the genes (aroA - aroE) was
deduced by Pittard & Wallace (1966), and the auxotrophic
m&tations were correlated with enzymatic deficiencies
(Figure 1.3). There are three isoenzymes for DAHP synthase;

matations in each gene (aroF, aroG, aroH) were isolated and

mapped by Wallace & Pittard (1967). The regions of the
chromosome flanking the three genes described in detail in

this work (aroA, aroB and aroD) are shown in Figure 1.k.

" The aro genes of Salmonella typhimurium have been

studied (Gollub et al., 1967; Sanderson & Roth, 1983);
their distribution is scattered and very similar to that

of E.coli. In Bacillus subtilis,'there is some clustering

of the aro genes (Henner & Hoch, 1980), but it is mnot known
if the gene clustering represents a functional unit of

transcription.

l.2.2 Control of aro gene expression in E.coli

It has been shown (Tribe et al., 1976) that the
shikimate pathway genes are expressed constitutively; with
~the exceptions of the DAHP synthases and shikimate kinase.
Synthesis of the enzymes is unaffected by mutations in |

tyrR and trpR, the regulatory genes for tyrosine and
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Figure 1.3: Location of the aro genes on the 100 minute E.coli
genetic map (Bachmann, 1983).

Pathway step ene enzyme
1 aroF DAHP synthase (tyr-repressible)
1 aroG DAHP synthase phé-repressibleg
1 aroH DAHP synthase (trp-repressible
2 aroB 3~dehydroquinate synthase
3 aroD 3-dehydroquinase
b aroE shikimate dehydrogenase
6 aroA EPSP synthase
7 aroC chorismate synthase
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tryptophan synthesis, respectively. With fhe exception of
the three DAHP synthases, there is novspecific regulation
by eithef the aromatic amino acids or by DAHP or chorismate.
There is, however, an unexplained change in the rate of
enzyme synthesis co-ordinated with the growth rate.

There are two shikimate kinaselisoenzymes in E.ggli.'
Shikimate kinase I is expressed constitutiyely, but shikimate
kinase II is under the control of the ityrR regulatory
protein (Ely & Pittard, 1979). |

The aroH (tryptophan sensitive DAHP synthase, gene is
regulated by trpR (EEE repressor). Zurawski et al. (1981)
showed that the operator sequence of aroH has a 14/18 bp
similarity in the DNA sequence to the zgg‘operator, suggesting
that this gene is regulated 5y repression.

Expression of aroG (phenylalanine sensitive DAHP
synthaee) is controlled by phenylalanine and tryptophan
through the action of the tyrR repressor (Brown & Semerville,
1971). |

The aroF gene (tyrosine repressible DAHP synthase)
is a member of the tyr operon, along with tyrA, the
structural gene for chorismate mutase/prephenate dehydrogen-
ase. Control of the tyr operon depends on the concentration
of tyrosine within the cell and is mediated by tyrR
(Brown & Somerville, 1971).

The DAHP synthase genes are also derepressed by growth
in medium deficient in iron (McCray & Herrmann, 1976).
This is presumably to allow the replenishment of the
intracellular pool of chorismate, which is the precursor

of the iron chelator enterochelin.



l.2.3 Fungi

There are marked differences in the organisation of
the enzymes andrgenes of theAshiki@ate pathway in.fungi.
In stark contrast to the separable enzymes/scattered genes
found in Q.ggli‘for the five central enzymes of ﬁhérpathway,
the enzymes in mbst fungi that have been studied are encoded
by the arom gene cluster. The gggﬂ gene clgster was first

identified in Neurospora crassa (Giles et al., 1976a), and

has subsequéntly‘been found in a number of organisms,
including other fungi (Ahmed & Giles, 1969), Euglena

(Berlyn et al., 1970), Sacchafomyces cerevisiae (de Leeuw,

1967) and Schizosaccharomyces pombe (Strauss, 1979).

Figure 1.5 shows the structure of the arom gene'cluster
ffom N. Crassa. Giles et al. (L967a) obtained evidence for
a.gene clﬁster from the study of a number;qf polyaromatic
mutants. These mutants displayed biochemicél pleiotropic
effects, polarity effects and the genetic lobalisation of
'completeiy non-complementing mutants was asymmetric,
suggesting that the cluster was normally transcribed in

a polarised fashion as a polycistronic mRNA. All" five
enzyme activities were identified after sucrose density

gradient centrifugation of Neurospora crude extracts as

part of an aggregate of Mr200 000.

The 'arom éggregate' was firs£ purified by Burgoyme
et al. (1969), who showed that the five activities weré
inseparable during purification and provided preliminary

evidence for smaller components - the five polypeptide

chains from which, it was supposed, the aggregate was
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Figure 1.5

ES fragment

Structure of the arom gene of N.crassa (Rines

et al., 1969). Mutations in the five enzyme
activities of the arom complex, EL-E5 (corresponding
to steps 2-6 in the pathway, respectively) were
mapped in the DNA as shown above. Limited
proteolysis has been used to isolate fragments

of arom, carrying the activities shown (Smith &
Coggins, 1983; M.R. Boocock, Ph.D. Thesis,
University of Glasgow, 1983).



composed. However, when the arom complex was purified
rapidly in the presence of.proteinase inhibitors,vit was
found to be composed of two subunits of Mr 165 000 (Lumsden
& Coggins, 1977; Gaertner & Colé, 1977), which are identical

(Lumsden & Coggins, 1978).

1.2.4 Cloning of fungal arom genes

The arom gene cluster has recently been cloned from
three organisms. Recombinants carrying the arom gene were
identified by complementation of various E.coli auxotrophic

muatants:

Organism: Complements E.coli:
Aspergillus . aroD (Kinghorﬁ & Hawkins;
nidulans : 1982)
S.cerevisiae aroA, aroB, aroD, (Larimer et al.,
aroE 1983)
S.pombe aroD, aroE (Nakanishi & Yamamoto,

1984)

The observation that the S.cerevisiae'gene complements

a number of E.coli mutants suggests that the protein coding
region is not interrupted by introns, as these would not be

processed in the E. coli host.

l.3. The shikimate pathway in plants

The organisation of the shikimate pathway enzymes was
investigated in a numbef of photosynthetic organisms for
evidence of enzyme aggregation (Berlyn et al., 1970).
Suc;ose density gradient centrifugation showed that in

Anabaena, Chlamydamonas, Nicotiana and Physcomitrella, all

the pathway enzymes were separable, with the exception of



3-dehydroquinase and shikimate dehydrogenase. It was
‘also shown that Euglena has an arom-like enzyme complex.
Boudet & Lécusson (1974) used’sevefal techniques to
"separate 3—dehydfoquinase and shikiﬁate dehydrogenase from
higher piants but found that they were always associated,
suggesting the occurrence of either a multienzyme complex
~or a bifunctional enzyme. It has recently been shown

fhat the shikimate pathway enzyme activities are located
in‘the chloroplast (Mousdale & Coggins, 1984b), and that
in pea seedlings 3-dehydroquinase and shikimate dehydrogen-
ase occur on a bifunctional polypeptide of Mr 60 000

(M.S. Campbell & D.M. Mousdale,.unpublished results).

l.4 The shikimate pathway: enzymology

1.4.1 Step 1: 3-deoxy-D-arabino-heptulosonate 7-phosphate.

synthase (E.C. 4.2.1.15)

The condensation of E-4-P and PEP to form the seven
carbon compound DAHP and inorganic phosphate is the first
committed step in the shikimate pathway. The enzyme which -
catalyses this step, DAHP synthase, is very important in
that it is at the gateway to the synthesis of a number of
compounds and it therefore regulates the amount of carbon
flowing through the pathway. Genetic and biochemical
analysis‘has shown that there are three DAHP isoenzymes
in E.coli, each of which is repressible by a different

aromatic amino acid (Doy & Brown, 1965; Wallace & Pittard,

1967).



All three DAHP synthases have been purified to
homogeneity.and shown to have a similar structure. DAHP
synthase (phe) is a tetrameric enzyme with a subunit M
of 35 000 (McCandliss et al., 1978). Both DAHP synthase
(tyr) and DAHP éynthase (trp) are dimeric enzymes with a
subunit Mr of 39 000 (Schoner & Herrmann, 19763 Poling
et al., 1981). The DNA sequences of aroF (Shultz et al.,
1984), aroG (Davis & Davidson, '1982) and aroH (Zurawski
et al., l981) show that there ére regions of strong
homology_in the genes, suggesting a common ancestry.

Each DAHP synthase isoenzyme is inhibited specifically
by a single aromatic end product. Phenylalanine and tyrosine
inhibit DAHP synthase (phe) and DAHP synthase (tyr),
respectively, by more than 95%. Tryptophan does not inhibit
DAHP synthase (trp) by more than 40%,'ensuring a continuous’
supply of chorismate for the biosynthesis of arbmatic
compounds, even when the aromatic amino acids are in excess
(Herrman, 1983). Feedback regulation of DAHP synthase is
the major regulator of carbon flow through the shikimate
pathway.

In common with E.coli, N.crassa contains three DAHP

synthases, each of which is inhibited by a different
aromatic amino acid end product. The tryptophan sensitive
isoenzyme has been purified to homogeneity; it is ‘a

tetramer with a subunit Mr of 52 000 (Nimmo & Coggins, 1981).



1.4.2 Step 2: 3-dehydroquinate synthase (E.C. 4.6.1.3)

The second enzyme of_the shikimate. pathway, 3-
dehydroquinate synthase, is responéible for the cyclisation
of DAHP to form 3-dehydroquinate (DHQ). During the course
of this feaction, the ehzyme cétalyses an oxidation, a
ﬁ—eliminatioﬁ, an intramolecular aldol condensation and
a reduction. The E.coli enzyme'has been purified to
homogeneity from wild type E.coli (Maitra & Sprinson, 1978)
and from both wild type and an overproducing strain of
E.coli (Frost gg al., 1984). The subunit M of this monomefic
enzyme has been reported as 56 000 (Sucrose density gradient
centrifugation; Berlyn & Giles, 1969); 57 000 (gel filtration
and SDS-BAGE; Maitra & Sprinson, 1978); and 40 000 (SDS-PAGE;
Frost et al., 1984). The sub-cloning of the aroB gene of
E.coli, encoding 3-dehydroquinate synthase from pLC29-47,
has been reported (Duncan & Coggins, 1983;‘K. Duncan, this
work; Frost et al., 1984).

The Q.géii enzyme requires catalytic amounts ovaAD+
and Co>* (Maitra & Sprinson, 1978). The 3-dehydroquinate synthue
activity of the arom complex also requires NAD+, but requires
zn?* rather than co?t (Lambert, Boocock & Coggins, 198.4).

The purified B.subtilis enzyme has an M, of 17 000 “
and is found associated with chorismate synthase and an

NADPH-dependent flavin reductase activity (Hasan & Wester,

1978a).



1.4.3 Step 3: 3-dehydroguinase (E.C. 4.2.1.10)

The first double bond of the aromatic ring system
is introduqed by the third enzyme in the pathway,
3-dehydroquinase, which converts dehydroquinate to
dehydroshikimate (DHS). The enzyme has been purified to
homogeneity from E.coli K12 (Chaudhuri & Coggins, l984b);
and from an overproducing strain of E.coli (Dr S. Chaudhuri,
unpublished results); it is a monomeric enzyme with a
subuniﬁ Mr’ estimated by SDS-PAGE, of 29 000.

Boudet & Lécusson (1974) showed that in a number of
- plant species, 3-dehydroquinase activity is inseparable
from shikimate dehydrogenase activity. Bifuncfional F=de~

hydroquinase/shikimate dehydrogenase has been purified

to homogeneity from the moss Physcomitrella patens (Polley,

1978), from Phaseolus mungo (Koshiba, 1979), and from

Pisum sativum. (M.S..Campbell & Dr D.M. Mousdale, unpublished

results). The P.patens enzyme has an Mr'of 49 000 while

the Pisum sativum enzyme has an Mr of 60 000; both of

these enzymes are monomeric.

The amino acid sequence around the active site lysine
of the B-dehydroquinasé oL of the arom multifunctional
protein has reéently been determined (Dr S. Chaudhuri, -

unpublished results).

l.4.4 Step 4: shikimate dehydrogenase (E.C. l.l.l.25)
The dehydrogenation of dehydrbshikimate to form
shikimate is catalysed by shikimate dehydrogenase. The

NADP+ specific enzyme has been isolated from E.coli K12;



it has a subunit of Mr 31 000 (by SDS—PAGE) and is unusual
in that it is a monomeric dehydrogenase (Chaudhuri &

Cbggins, 1984a). The E.coli struétufal gene for shikimate
dehydrogenase, aroE, has been cloned and the DNA sequence
determined (Anton & Coggins, 1983; I. Anton, Ph.D. Thesis,

University of Glasgow, 1984).

1.4.5 Step 5: shikimate kinase (E.C. 2.7.1.71)

Shikiméte is phosphorylated to shikimate 3-phosphate
by shikimate kinase.. Mutants which totally lack shikimate
kinase have never been isolated from E.coli (Pittard &
Wallace,'l966) and at least two peaks of shikimate kinase
activity were observed on sucrose density gradient centri-
fugation of an E.coli crude extract (Berlyn & Giles, 1969),
indicating that there are two isoenzymatic forms, shikimate
kinase I and shikimate kinase IT. Shikimate kinase I is
syntheéised constitutively, but the shikimate kinase IT
gene (ggg&) is under the control of the tyrR repressor
(Ely & Pittard, 1979). The,Mr of the enzyme has been
estimated to be approximately 20 000 by gel filtration
(Ely & Pittard, 1979).

There is a single shikimate kinase in B.subtilis.

It has been purified to homogeneity and is a polypeptide
of Mr 10 000 which is complexed with a bifupctional DAHP
synthase-chorismate mutase (Huang et al., 1975). Shikimate
kinase may represent the key allosteric control point of

the pathway in this organism.



1.4.6 Step 6: 5-enolpyruvylshikimate 3-phosphate synthase

(E.c.2.5.1.i9)

The reaction catalysed by EPSP synthase (alternative
name: 3-phosphoshikimate l—carboxyvin&ltransferase) is
the transfer of the enolpyruVyl moiety of PEP to shikimate
3-phosphate, yielding 5-enolpyruvylshikimate 3-phosphate
and inorganic bhosPhate (Levin & Sprinson, 1964). EPSP
synthase has been burified to homogeneity from E.coli K12
(Lewendon & Coggins, 1983) and from‘pea seedlings (Mousdalé
& Coggins, 198ha); Both enzymes are monomeric, with a
‘subunit M of 49 ooO.

A great deal. of interest has been focussed on this
enzyme recently, following the discovery that glyphosate
(N-phosPhonomethylglycine, 'Roundup'), a successful broad
spectrum, post emergence herbicide acts by blocking aromatic
amino acid biosynthesis at the level of EPSP synthaée
" (Steinrucken & Amrhein, 1980). Until recently, detailed
mechanistic‘studies of herbicidal action on EPSP synthase
have been hindered by the lack of sufficient quantities'
of the purified enzyme. At first the only pure preparations
of EPSP synthase available were those of the arom enzyme
complex of N.crassa and a detailed kinetic study of the
effect of glyphosate on this enzyme has appeared (Boocock &
Coggins, l§83). The Q.ggii.enzyme is now avaiiable.in
milligram quantities (Duncan, Lewendon & Coggins, 1984a)
and is being studied as a model for the action of the

herbicide on the plant enzyme.



1.4.7 Step 7: Chorismate synthase (E.C. 4.6.1.4)

Chorismate synthase introduces the second double bond
in the aromatic ring system by traﬁs—l,h-elimination of
orthophosphate from EPSP'to yield chorismaté.- The enzyme
“has been partially purified from E.coli (Morell et al.,
1967) and purified to hombgeneify from B.subtilis (Hasan
& Nester, l978b). The B.subtilis enzyme is part of a
trimeric complex with 3-dehydroquinate synthase and NADH-

dependent flavin reductase. In Neurospora, the chorismate

synthase and flavin reductase reside on the same polypeptide
chain (Welch et al., 1974). Recently, a much improved
purification of the N.crassa enzyme has been>reported

(M.R. Boocbck, Ph.D. Thesis, University of Glasgow, 1983)

but there is very little mechanistic information about

the enzyme.

l.5 The ga gene cluster of N.crassa

In N.crassa, there is a second 3-dehydroquinase
activity, which has a function in the catabolism of qﬁinic
acid (Giles et al., 1967b). The catabolic dehydroquinase
~ gene, ga-2, is a member of the ga cluster which consists of
five structural genes'and‘two regulatory genes, all of
which are tightly linked (Giles, 1978; Patel et al., 1981;
Huiet, 1984). Transcription of the structural genes is

induced 300-~1 000 fold b& quinic acid, which is plentiful

in the rotting vegetation upon which Neurospora thrives

(Patel et al., 1981). Transcription is controlled by the



two regulatory genes, ga-1F and ga-1S (Huiet, 1984). The
gene products of ga-2 (catabolic 3-dehydroquinase), ga-3
(quinate/shikimate dehydrogenase) and ga-l (dehydroshikimate
dehydratase) are_fe5ponsible for the first three steps of

quinate and shikimate catabolism (Figure 1.6).

ga~2 was the first Neurospora structural gemne to be
cloned, by complementation of an E.coli aroD mutant
(Vapnek et al., 1977). Subsequently, the entire ga region
was cloned (Schweizer et al., 1981) and its genetic
organisation and transcriptional regulation investigated
(Patel et al., 1981; Alton et al., 1982; Huiet, 198L;

Tyler et al., 198L4).

Catabolic dehydroquinase has been purified to homogeneity
(Hautala et al., 1975; Chaudhuri & Coggins, 1984c). It
exists asAa dodecamer with a sﬁbunit Mr of 20 000 (Chaudhuri
& Coggins, 1984c). The DNA sequence of the ga-2 gene has
been determined (Alton et al., 1982; Dr M.E. Case,
unpublished results).

The availability of the DNA sequence of the E.ggii
aroD gene and the Neurospora arom gene will allow the
evolutionary relationships of the three dehydroquinases

to be deduced.

1.6 The aromatic pathways beyvond chorismate

Chorismate is an important substrate for a range of
biosynthetic pathways, too numerous and too complex to
describe in detail here. The end products of these pathways

are shown in Figure 1.2. It is interesting, however, to
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note the diversity in the>organisation of the enzymes
and genes of the aromatic amino acid biosynthetic,pathways

of different organisms.

1.6.1 Phenylalanine

The phenylalanine biosynthetic pathway has been recently
reviewed and a full.account is given in Garner & Hermann
(1983). Chorismate is converted to phenylalanine in three
steps by one of two routes (Figure 1.7). The phenylpyruvate

route is found in E.coli, Salmonella, Bacillus, Neurospora

and Saccharomyces. The arogenate pathway occurs in blue-

green bacteria and Pseudomonas aeruginasa.

In E.coli, Salmonella and Klebsiella there is a bi-

functional chorismate mutase/prephenate dehydratase, but

in Bacillus, Brevibacterium, Neurospora and Saccharomyces,

the two activities reside on different polypeptides.

1.6.2 Tyrosine

An account of tyrosine biosynthesis is given in
Camakaris & Pittard (1983). The conversion of chorismate

to tyrosine is a three step process (Figure 1.7), via

L-hydroxypyruvate (E.coli, Salmonella, Klebsiella, Bacillus,

- Pseudomonas, and Neurospora) or arogenate (blue green algae,

Pseudomonas and Neurospora).

In E.coli, S.typhimurium and K.aerogenes a bifunctional

chorismate mutase/prephenate dehydrogenése is found. In
B.subtilis the single chorismate mutase provideslprephenate
for the monofunctional prephenate dehydrogenase. and prephenate

dehydratase enzymes.



Figure 1.7: The biosynthesis of tyrosine, phenyl-
alanine and tryptophan from chorismate.

Enzymes:

AST (8) anthranilate synthase catalytic
subunit

ASIT (G) anthranilate synthase glutaminase

subunit

9 anthranilate phosphorlbosyl
transferase

10 phosphoribosyl'anthranilafe
isomerase

11 . indbleglycerol phosphéte synthase

12 tryptophan synfhase step A

13 tryptophgn synthése step B

CM chorismate mutase

PDH prephenate dehydrégenase.

PDase prephenate dehydratase

D diaphorase (NADP-dependent
flavin reductase)

Intermediates: ‘

PRA phosphoribosyl anthranilate

CDRP (0-carboxyphenylamino )~1~

deoxyribulose 5-phosphate
PRPP ‘phosphoribosyl pyrophosphate

G3P glyceraldehyde 3-phosphate



& r4

—3 Lyrosine

NADH
NADY | .
PDH OH NADH
.nom. n:mnonom NAD?
) M ,
||||m|...'| -3 grogenate
nom
HO H
chorismate prephenate oo (120000
glutamine o0 —— phenylalanine
ﬁz:wu ASI1 (G)
AS] \\ glutamate |
3 /Y pyruvate |
CO, +
2 . .
NH ‘
3 9. 10 11 12 13
j PRA —>= CDRP Jﬁﬂ Indole glycerol @I/U.L 5857\&:5\3%_._2
PRPP ,_ PP1 | co, ) G3P serine

antivanilate



1.6.3 Tryptophan

The tryptophan bios&nthetic pathway provides the most
striking diversity of organisation to be found. The
enzymes which catalyse the reactions in this five step
pathway (Figure 1.7) are organised very differently in
different ofganisms. For example, some organisms have
multifunctional enzymes for certain steps in the pathway,
whereas others have monofunctional polypeptides. The
combinations of enzymatic stepé found associated with one
another is also different in different organisms.

The organisation of the shikimate and tryptophan‘
biosynthetic pathway enzymes is shown in Figure 1;8. The
tryptophan pathway enzymés are organised in the following
way. ' |

The first reaction in tryptophan synthesis, the
conversion of chorismate and ammonia to anthranilate and
pyruvate, is catalysed by anthranilate synthase, which is
subject to feedback regulation by tryptophan. E.coli
anthranilate synthase is made up of two components: AST,

which catalyses the NH —-dependent synthesis of anthranilate

3
from chorismate and is encoded by the trpE gene, and ASIT,
which forms a covalent glutaminyl intermediate to deliver
the amide of glutamine to ASI for anthranilafe synthesis.
The ASII compomnent is fﬁsed to the second’enzyme in the
pathway, anthranilate phosphoribosyltransferase; this

bifunctional protein chain is the product of the trpD gene.

In Neurospora, the ASII component is fused, not to the

second enzyme of the pathway, but to the third and fourth
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~enzymes of the pathway, phosphoribosyl anthranilate isomerase
and indoleglycerol phosphate synthase,'respectively. The
yeast ASII cémponent is fused only -to indoleglyéerol phosphate
synthase (Zalkin, 1980). Phosphoribosyl anthranilate
isomerase and indoleglycefol phosphate_synthase form a
bifﬁnctional enzyme in E.coli, encoded by the trpC gene.
Tryptophan synthase catalyses the conversion of indole;
glycerol phosphate to tryptophan via the- enzyme bound
intermediate indole. In proX aryotes, tryptophan synthase’
is a tetramer of the a2ﬁ2 type, buf in eukaryotes such as

Neurospora or Saccharomyces, the enzyme occurs as a dimer

of identical subunits, although it catalyses the same

overall and partial reactions (Crawford, 1980).

In E.coli, the structural genes for the enzymes of this
péthway are organised into the trp operon. A 7 kb region
of DNA éncodes five trp genes, which are transcribed as a
polycistronic message, trp EDCBA. The primary promoter for
this operon is located 200 bp upsfream of trpE. Transcription
of the operon is regulated by repressor-operator interactions.
Trp repressor binding to the trp operator is controlled by
tryptophan (Plaft, 1978). |

A second control process, attenuation, was first
described for the trp operon by Yanofsky (1981).- Du?ing
transcription, RNA polymerase must traverse a 162 bp leader
region before encountering the trpE gene. The leader

contains a transcription terminator, and whether or not

termination occurs depends on the availability of amino-

trp trp

acylated tRNA . If tRNA is uncharged, the full length



transcripts are produced, and tryptophan synthesis can

go ahead.

1.7 Non-aromatic amino acid biosynthetic pathways

The structural genes for the enzymes which catalyse
the reactions involved in the biosynthesis of the non-
aromatic amino acids show a wide diversity in organisation
and regulation; Like the aromatic amino acid biosynthetic
pathways, differences are found both between the organisation
of the same pathwéy in different spécies and between the
types of organisation of different pathways in the same
organism. ~ Examples can be found in E.coli of such diverse
modes of organisation as scattered, constitutively expressed
genes; scattered, regulated gemnes; operons; and many
multifunctional proteins. A few examples of differentv

" modes of gene organisation are given below.

l.7.1 Serine biosynthesis in E.coli

The three step conversion of 3-phosphoglycerate to
serine is described in detail in Chapter 6. McKitrick &

Pizer (1980) have shown that the serA, serB and serC

structural genes are.constitutively expressed. The genes
are scattered about the genome (Bachmann, 1983) and so

this organisation is similar to that found for the shikimate
pathway structural genes (other than DAHP synthase and

shikimate kinase genes).



1.7.2 Arginine biosynthesis in E.coli

Arginine is'synthesised in eight steps from glutamine.
Four of thevgenes of afginine biosynthesis are clustered
(arg ECBH) and the others are scattered about the genome
(Bachmann, 1983). The synthesis of the arg biosynthetic
enzymes is under arginine control; thebgeﬁes are répressed
by the arg repressor, the product of the argR gene (Gorini
et al., 1961; Mass, 1961). The genes are thus organised
as a 'regulon!' whefe the product of one regulatory gene
governs the éxpression of unlinked but functionally related

structural genes.

le7.3 Histidine biosynthésis in E.coli

The most extreme case of coordinate_regulation of
expression of the structural genes for a biosynthetic pathway
is in the his operons. ;The his operon contains the structural
genes encoding the nine enzymes which catalyse the synthesis
of histidine from phosphoribosyl pyrophosphate and ATP.
Histidine biosynthesis requires the expenditure of a large
amount of metabolic resources and is unﬁecessary under
conditions where histidine is available in the growth medium.
Biosynthesis is regulated by a number of effectors,
including opefon repression mediated by attenuation; a
transcribtional control responsive to fhe general availability
of amino acids; and feedback inhibition of the first enzyme

of the pathway (Artz. & Holzschu, 1983).



l1.7.4 Coordinate regulation of gene expression in

biosynthetic pathways

The modes of regulation of the structural genes on the
péthways described above suggest thaf coordinate synthesis
of the enzymes is important to the economy of the cell.
Under conditions where the end product of a pathway is freely
available in the growth medium there is no need to synthesise
that compound and thus no requirement fof the catalytic
enzymes of the pathway. The substrate for the enzyme may
be an intermediate which is not normally present in the
cell and so synfhesis of that enzyme on its own would be
extremely wasteful as there would be no substrate, and/or
no use for the product of the reaction. For this reéson,
the structural genes for most biosynthetic enzymes are
regulated at the transcription level. It is likely that
oniy the genes of those bathways, the products of which
are required in large amounts, or are constantly depleted
by the cell, will be constitutiveiy expressed. But what
of muitifunctional enzymes? It is possible that they have
evolved as a solution to this same problem. Having two or
more activities on a single polypeptide chain ensures that
the activities are co-ordinately expréssed. It is also
possible that bacterial oﬁerons represent the half-way
stage between scatfered genes and a multifunctional enzymé.

It is unlikely, however, that co-ordinate expression
represents the only reason for the existence of multifunctional
enzymes. The evolution of multifunctional enzymes is

discussed in the sections which follow.



1.8 ZEvolution of multifunctional enzymes

A large number of multifunctionalvenzymes have been
described (Kirschhef & Bisswanger, 1976); they are found
throughout nature, in prokaryotés, lower eukaryotes and in
higher eukaryotes. How might such enzymes have evolved and
is there any evidence to support the hypofhesis that they
confer some advantage to an organism?

Three reasons for the existence of multifunctional
enzymes aré:

(i)l Co-ordinate expression of enzyme activities: having
more than one enzyme activity on -a polypeptide chain ensures
that the enzyme activities are synthesised in equimolar
amounts. ,
(ii) Co-ordinate regulation of enzyme activity, the présence
of a number of enzyme activities on a single polypeptide
chain, possibly along with a regulatory domain, may allow
the co-ordinate allostefic control of a number of enzyme
activities by a single effector molecule.
(iii) Metabolic channeling: the segregation, within the cell,
of intermediates may be important in preventing_an intermediate
being used as a substrate on a competing biosynthetic pathway;
Multifunctional enzymes might be able to achieve this by
the slow dissociation of a product from the complex, providing
a high steady state concentration for the next enzyme.

‘ It has been suggested (Bonner gi al., 1965) that multi-
functional enzymes arose by the fusion of ancestral mono-
functional polypeptide chains,.perhaps via a stage where

the independent components were associated. This would



depend on the genes specifying the individual components
being located adjacent to ome anothef on the genome and
fusion taking place at the DNA level. There are known fo
be tﬁo mechanisms by which the individual genes might be
brought together(in the genome. The first is transposition.
Transposable elements are very common and have-been shown
tp be responsible for a number of rearrangement events.
Scattered ancestral genes might have been transposed into
close proximity leéding either to operons (common in
bacteria) or, after fusion, tb multifunctional enzymes
(commdn in eukaryotes). The second mechanism is gene
"duplication, followed by divergence and fusion. A mutatiqn
in a duplicate copy of a gene will not have a detrimental
effect on the cell, and if fhe matation provides a new
function then it might confer a selecti§e advantage.

Giles (1978) has‘suggested that there are two routes
by which multifunctional enzymes may have arisen. The
first is, as suggested above, the.transposition of scattered
ancestral genes to a single.site. A second possibility is
that the ancestral organism possessed a true gene cluster -
a,ciﬁster 6f non-contigﬁous,_independent genes which have
eithef been scattered as in the case of the E.coli-aro
genes of have been fﬁsed to form a multifunctional enzyme
(as in arom), or an operon (E.coli trp genes).

A number of examples.are given below of detailéd
investigétioné of the evolution of multifunctional enzymes

which provide evidence in support of the above hypotheses.



1.8.1 Tryptéphan Synthase

| In E.coli and other prokaryotes, tryptophan 5ynthase
 is a tetramer of the form azﬁz. Eéch subunit catalyses a
partial reactiomn. The sequeﬁce of the trpA and trpB gemnes,
encoding the a and B subunits respectively,'have been

determined both from E.coli and S.typhimurium (Nichols &

Yahéfsky, 19793 Crawford et al., 1980). The Neurospora

and Yeast enzymes are homodimers which catalyse the same
overall and partial reactioms, but are slightly larger

than E.coli a + PB. The DNA sequence of the S.cerevisiae

tryptophan synthase gene (TRPS) has récently been determined
(Zalkin & Yanofsky, 1982).

The E.coli and yeast mnative enzymes are therefore similar
in size and catalytic properties implying that the bifunctional
enzyme has ariéen by fusion of E.coli-like a and P subunits.
Thé homology between the E.coli a and B sequences and the o
and B domains of the yeast enzyme is striking. TRP5 amino
acids 1-269 are equivalent to the E.coli o« subunit (trpA)
and amino acids 298-=708 ére equivalent to the E.coli B
subunit (trpB). This implies a fusion in the order a followed
by B, but in all prokaryotes which have been studied, the
order of the structural genes in the trp operon is B followed
by a. In the yeast gene there is a 28 amino. acid connecting’ 
region which may reflect the DNA sequence associated wifh
the genétié events leading to the fusion event i.e. preceding
trpB or following trpA in the ancestral organism. The.
sequence was found to be homologous to the 3' end of E.coli

trpC and the trpC-trpB interéistronic region.



In E.coli, the trpB-itrpA intercistronic region has the

sequence:

trpB stop
UGAUG
start trpA
addikion (or de (c{"lo»\) wmubakion
A single base cl = could therefore fuse the genes

and yet a bifunctional enzyme with a B-a fusion has mnot
been found.r This suggests two things. Firstly, the yeast
enzyme has an advantage over a B-a fusion enzyme; the
connecting region may be necessary. For example, to permit
correct folding and interaction of the domains. Secondly,
the fusion in yeast ensures coordinate expression of the

N

‘subunits. 1In E.coli, it is possible that the close association
of the stoﬁAand start codons allows'the cell to bypass some
of the normal'éteps in termination and initiation in order
to translate the polycistronic EEEETEEEA message more
efficiently (Platt, 1978).

The sequence of the yeast TRP3 gene (ASII/indoleglycerol

phosphate synthase) has been éompared to the corresponding

Neurospora gene (tr -1 ASII/phosphoribosyl anthranilate

isomerase/indoleglycerol phosphate synthase). It has been
shown that in each case there is.a connecting region betwgen
the ancestral E.coli-like zgggrggég sequences, but the
sequence of thé connector is not conserved. The conﬁector
“is‘therefore probably essential for.the éfructural integrity
of the multifunctional enz&me, but its sequence is not

important (Zalkin et al., 1984).



It is also interesting to note that in the trifunctional
yeast HIS4 enzyme, the component activities are fused in the
order:

HIsuA (Step 3) - HISUB (Step 2) - HIS4LC (Step 10)

In the S.typhimurium his operon the genes are linked in

the order:
hisD (Step 10) ....(5 genes) ....hisI (step 3) - hisE
' (step 2)
During evolution of HIS4, a rearrangement of the ancestral
components must have taken place before fusion, possibly-
allowing the most favourable interactions between domains

(Donahue et al., 1982).

1.8.2 Aspartokinase/Homoserine dehydrogenase from E.coli

In E.coli, the first and third reactions of the common
pathway leading to threonine and methionine are catalysed
by two bifunctional enzymes, Aspartokinase/Homoserine
dehydrogenase, or AKI/HDHI and AKII/HDHII, encoded by the
tThrA and metl genes respectively. The native enzyme is a
tetramer with each chain carrying on discrete domains the
AK .and HDH activities. The sequence of the genes has been
determined (Katinka et al., 1980; Zakin et al., 1983) and
comparison of the two amino acid sequences established that
they are derived from a common ancestor.

Analysis of the thrA gene (Katinka et al., 1980) has
revealed ﬁow the bifunctional enzyme has arisen. Met-249

in the sequence is the start of the dehydrogenase part of



the chain and is preceded by the sequence GAGGU which is
homologous to.thg consensus E.coli ribosome binding site
(Shine & Dalgarné, 1975). Also in. the preceding sequence,

two separate base changes could have abolished two stop
codons, yielding a fused polypeptide. The formation of the
fused polypeptide may have given bacteria an advantage in
co;ordinately controlling both activities at the transcription
and translation levels, in addition to allosteric controi

of both activities by threonine.

A computer study has shown that there are internal
homolOgies within the gene (Ferrara et al., 1984). It has
been postulated that there were two ancestral genes AKo
and HDH_ which duplicated and fused to give AK ' AK  and
HDH;'HDHO. These then fused to give AKotAKoHDHO'HDH, which
ié the common ancestor of thrA and metL. This is an example
of both a gene duplication and fusion event followed by
' divergence of the ancestral funétion,and a.fusion of two
different enzyme activities.

The thrA gene is a member of the thr operon, along with
thrB and thrC. The fthrA-thrB and thrB-thrC junctions have
been studied and it has been shown that only one nucleotide
separates thrA and thrB, and that the thrB and thrC genes
are adjacent (Cossart et al., 1981). 6nly two nucleotide
changes would be necessary to make tﬁe EEEAoperon genes
into a single tetrafunctional gene/enzyme. That this has
not happened may refleqf the ﬁecessity for connecting
regions between pfoteiﬁ}domains,'or it may suggest that the

proximity of the genes to one another allows for enhanced



translational efficiency, as is the case with the trpB-trpA
junction, and that this is the primary function of the
operon, i.e. co-ordinate regulation of transcription and

translatione.

1.8.3 Fatty acid synthase

The fatty acid synthase (FAS) of mammals répresents the
most extreme caée knowﬁ of a multifunctional.enzyme - Seven‘
enzyme activities on a single polypeptide chain. The
mechanism of FAS is essentially the same in all organisms
which have been.stﬁdied and yet there is a complex variety
of structural forms. FAS is ubiquitous; it is essential
for the growth of membranes and the conversion of excess
carbohydrate into fat. In bacteria and plants the FAS
enzyme aétivitieé occur as discrete polypeptide chains but
in most other species there are‘various combinations of
multifunctional enzymes.'ﬁFungal FAS has two subunits, o
and P, whereas most other orgaﬁisms have a single subunit
FAS (McCarthy &;Hardié, 1984).

The simplest hypothesis to explain the evolution of
FAS is a gene fusion.model. The independent pblypeptides
fused to form the vertebrate seven~function polypeptide
seen today, and the fungal two subunits represents a more
primitive between~stage. This, however is not the case.
There are a number of differences between the vertebrate
and fungal FAS énzymes; in particular the active sifes
of both enzymés have been mépped, and their order along the

polypeptide chain is different (McCarthy & Hardie, 198L4).



The gene fusion evénts leading to the vertebrate and fungal
FAS must therefore have occurred independently. This is

an example of conﬁergent evolution; the different FAS
enzymes must confer some advantage to the organisms which

possess them over the monofunctional enzymes.

lo8oL|- Arom

Evidence has been obtained from limited proteolysis
and chemicai modification studies that the active sites of
the arom complex are spatially distinct and that at leasf
four of the activities can be isolated on stable proteolytic
fragments of the pentafunctional polypeptide (Coggins et al,
1981; Coggins, 1982; Smith & Coggins, 1983; M.R. Boocock,
Ph.D. Thesis, University of Glasgow, 1983). This suggests
that the compiex may have evolved by fusion of E.coli-like
gene sequences. What are the advantages to fungi of the
arom polypeptide?

The first,'most obvious advaﬁtage is in co-ordinate
expression of the activities of a number of enzymes on the
same biosynthetic pathway. The second advantage might be
in co-ordinate regulation Qf the enzyme activities. It
has been suggested that the catalytic constants of the arom
enzymes. are altered by DAHP, the fifst substrate of the
complex. An activation is seen in the presence of DAﬂP
(Welch & Gaertner, 1976). The final advantage might be
in the‘channeling of intermediates through the pathway.
Giles et al. (l967a, 1967b) suggested tﬂat the function of

the arom complex was to prevent the build up of DHQ in



the cell by channelihg the intermediates from DAHP to
EPSP down the shikimate pathway, preventing the induction
of the catabolic dehydroquinase. Kihetic evidence for
compartmentation of the intermediates has been obtained
(Welsh & Gaertner, 1975), although independent experiments
on more highly purified and more active arom coﬁplex do
‘not support these'results (Dr J.M. Lambert and Dr M.R.

Boocock, unpublished results).

1.9 Aims of this project

Structural and mechanistic studies in our laboratory

on -the shikimate pathway enzymes from bpth Neurospora and
E.coli have been hindered b& a lack of adequate quantities
of the enzymes»in purified form. This is especially true
for EPSP_syntHase, where interest in the mechanism of action
of the herbicide glyphosate has stimulated the need for
a three-dimensional model of the enzyme.

The contrast between the separable E.coli enzymes and

the pentafunctional arom complex of Neurospora provides a

model system for the structural and functional organisation
of a biosynthetic pathway. A detailed knowledge of gene
sequences might allow us to delineate possible modes of
evolution leading to these_very different levels of-gene/
enzyme organisation.

Both of these problems can be approached by cloning
and DNA sequence analysis of the genes from both E.coli

and Neurospora. The aim of this project was to isolate and




study a number of the E.coli genes for the shikimate pathway
enzymes. This thesis describes the sub-cloning of the

gggg gene (Chapfer 3); the sub-clqning and DNA sequence
analysis of the aroD gene (Chapter 4); the sub-cloniﬁg and
DNA sequence analysis of the aroA gene (Chapter 5); and

the investigation of‘the expression of the aroA gene (Chapter
6). Cloning of the E.coli aro genes has assisted the |
purification of the corresponding enzymes from overproducing
strains; the study of EPSP_synthase (Ann Lewendon, Ph.D.
Thesis, University of Glasgow, 1984) has progressed in
parallel with this work. No DNA sequeﬁce.for an arom gene
is yet available, and so an investigation of the evolution
of this multifunctional enzyme has ﬁét been carried out. |
However, a limited and preliminary comparative study of the

genes sequenced in this work is presented in Chapter 7.

1.10 Strategy emploved in cloning the aro genes

The successful completion of the work described in thié
thesis has been due mainly to three facfors? namely, the
identification of the aro genes by relief of auxotrophy of
suitable E.coli mutants; the close association of_gene
and enzymehstudies;. and the choice of tﬁe Mlé/dideoxy
method of DNA sequencing. These techniques are outlined

belowe.

1.10.1 ITIdentification of cloned genes by relief of auxotrophy

At the outset, the strategy envisaged for obtaining

clones of these genes was tb produce a plasmid gene bank of



E.coli DNA, by random 'shotgun' cloning of genomic DNA into omne

of the unique restriction enzyme cleavage sites of the

plasmid vector pAT153 (Twigg & Sherratt, 1980). Recombinants

carrying the gene(s) of interest were to be identified by
transforming suitable E.coli aro strains, and selecting for
relief of auxotrophy by the ability to grow on unsupplemented
mediume.

It was realiséd, however, that for an E.coli gene; it

is not always necessary to look in a genomic library of DNA

'fragments. A large proportion of the genome has now been

characterised on either:

(a) the Clarke & Carbon (1976) ColEl gene bank and a gene/
protein index is also available for these plasmids’
(Neidhart et al., 1983)

(b) a number of X—transducing phages.

If the location of a gene of interest is known, a
plasmid or phage carrying the region of the chromosome near
to the gene can often be found after careful searching of

the literature. The aroB and aroA genes were sub-cloned

from a plasmid and a phage, respectively, which were used

initially in studies of neighbouring genes.

1.10.2 Correlation with enzyvmatic studies

As stated earlier, work on the E.coli genes has proceeded
in'parallel with and complementary to studies on the
corresponding enzymes. For example, the ease with which
the enzymes can be assayed spectrophotometrically in our

laboratory has helped to answer a number of questions about



the expression of the genes. The amino terminal sequences
of the enzymes and amino acid compositions have proved
beyond doubt the location of the gene coding sequences

on sequenced DNA fragmentse.

1.10.3. DNA sequencingvstudies

The DNA sequencing tebhnique emplofed in this work
was the MlB/dideoxy me thod. TheVSahger method of chain
termination sequencing (Sanger, 1981) is based upon the use
of deoxynucleotide analogues which are randomly incorporated
into a growing'DNA strand to give specific chain terminatién.
The iKlenow'.fragment of Q.géli DNA polymerase I is used
to synthesise a complementary strand from a single-stranded
template. During sequencevanalysis;rfour different réactions
are qgrried out; each contains all four deoxynucleéfides
(one of which is radioactively labelled), but a different
dideoxynucleotide,‘at a low éoncentration. Since dideoxy-
nucleotidés lack a 3'-hydroxyl grbup, the chain can no
1onger be extended‘beyqnd the point of incorporation and
the end resﬁlt of each reaction is a family of DNA molecules,
eéch starting at the same point (the primer) and ending at
a different dideoxyniuicleotide. The fragments can then be
separated by electrophbresis on polyacfylamide gels and
detected by autoradiography.‘ This is summarised in Figure
l.9a which is taken from the Amersham "M13 cloning and |

sequencing handbook".



Figure 1.9: The M13/dideoxy method of DNA
sequencing.

(a) The dideoxy sequencing reaction,
beginning with single-stranded
template DNA

(b) The life cycle of phage M13
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1) Phage enters bacterial host cell via pilus

2) Single-stranded DNA converted to doubie- stranded RF (replicative torm)

3) Replication of DNA 1o give progeny RF (100+ per cell)

4) Single strand synthesis by rolling ball method

5) Single-stranded DNA s processed and packaged into malure virus and extiuded

from cell {200+ per cell generation)

M13 sequencing and cloning takes advantage of this sysiem. M13 RF DNA 1s used
as a cloning vecltor. On introducing this into a cell single-sirandea copies are made,
and hence of any DNA cloned into it. This 1s a simple way of producing farge amounts
of the single-stranded templale necessary for ‘digeoxy sequencing’



This sequencing method depends on a supply of pure
single-~-stranded template DNA. The life cycle of the
single-stranded filamentous phage M13 can be exploited to
prepare template DNA (Figure 1.9b). DNA for sequencing
can be clbhed into the double stranded replicative form
of the phage in a series of vectors developed by Messing
(1983), prior to preparation of templafe for the sequencing

reaction.



CHAPTER 2 MATERIALS AND METHODS

2.1 Materials

All reagents, with the exception of the speciality
reagents mentioned in the text, were purchaSed from BDH
Chemicals, Poole,.Dorset.

Suppliers of speciality reagents:

Amersham Internationai, Amersham, Buckinghamshire

Amersham -

Boehringer - BCL, Lewes, East Sussex

BRL - Bethesda Research Laborafories, Paisley, .
Scotland

Difco - Difco Laboratories, Detroit, USA

Sigma ~ Sigma Chemical Company, Poole, Dorset

2.2 Bacterial strains

Thé bactérial strains used in this work are all
derivatives of E.coli K;Z. They are listed in Table 2.1,
along with the markers carried on the strains, and the
source of the strain.

Stoéks of each strain, and of plasmid carrying strains
were maintained as follows: A-lO ml LB culture was inoculated
with a single colony isolate of the strain and grown over-
night at 370 with shaking. A 1 ml sémple was taken and
tested for either markefs carried by the strain or for a
plasmid present within the strain. 9 ml of sterile 80%
glycerol was added to the remainder of the culture and *
after thorough mixing was placed at -20° for long term

storage.



Strain

Genotype

Origin/Reference

E.coli K12

E.coli AB2826

E.coli AB2829

E.coli KL282

E.coli Jmi0l

E.coli HB1Ol

E.coli AB2848

wild type ATCC 14948
F-/ )\ (jsvjenicm %K'ki
L&%bgrbgtm w3loo.

aroB, supE42, A~

aroD352, tsx356,
SupE42, A~

arcA354, supE42,A,—

serCl3, (serSl4, serSl6),
phof4, relAl, tonA22,

TE s supD32

A(iac pro) thi, supE,

F'traD36, proAB, lacI”,
lacZA M15

F~, pro, leu, thi, lacY,
hsdR, endA, recA, rpslL20,
aral4, galkK2, xyl5, mtll,

supfé4

American Type Culture
Collection

(Rockville, Maryland
USA)

CGSC

(E.coli Genetic Stock
Centre

Dept. of Human Genetics
Yale University

‘New Haven, USA)

CGSsC

CGSC

CGSC -
Messing et al. (1981)

Bolivar & Backman (1979)

Table 2.1: E.coli strains described in this study.




2.3 Plasmids and phage described in this study

The plasmids and phage described in this study are
shown in Tables. 2.2 and 2.3. Table 2.2 lists those plasmids’
and phage which have been used as vectors, or source
materialy; Table 2.3 describes the plasmids constructed

during the course of this work.

2.4 Growth media

~The growth media used in the course of this work are
listed in Tablelz.h. All media were sterilised by auto-
claving; (+ ! x ') indicates that this item was added
after autoclaving.

In making MM plates, the M9Salts and agar were auto-
claved separately, as 2 x M9 salts and 30% agar. Then
equal volumes were mixed before plating.

Any supplements to plates were added as concentrated
stock solutions after the medium had cooled fé 550, and
immediately before pouring.

Throughout the text, the notation LB/amp is used to

indicate L broth supplemented with ampicillin at 50 ug/ml.

2.5 Supplements to growth media .

Supplements to growth media are listed in Table 2.5
or in the text of the results chapters. They were sterilised
by autoclaving, where possible, or by passage through a -

0.22 uM filter (Millipore).



Plasmid Markers Origin/Reference |
R R . .
pAT153 amp , tet Twigg & Sherratt (1980)
PBR322 amp’, tet" Sutcliffe (1977)
PKK223-3 amp" J. Brosius, unpublished
(Dr J. Knowles)
pLC29-47 aroB’, ponAt Takeda et al. (1981)
(Dr S.R. Kushner)
Phage
ApserC - serc?, aroA+, rpsA’ | Kitakawa et al. (1980)

(Dr K. Isono)

Table 2.2:

.Plasmid vectors;

plasmid and phage source material.




Plasmid Markers DNA inserted at Vector
pKD101 aroBt et Pst I PAT153
pKD102 aroBt  tet® Pst I PAT153
pKD103 aroBt tet® Pst I PAT153
pKD104 aroB” tet Pst I  pAT153
pKD105 amp” BamHI PAT153
pKD106 aroB”  amp” EcoRI - BamHI PAT153
pKD201 arodt  amp” tlal PAT1S3
pKD202 amp Cla I pPAT153
PKDS01 aron’ serc” tet® | Pet 1 PAT153
pKD502 aroh’ -serct tet® Pst I pAT153
pKD503 aroh” serct amp® | BamHI - Hind III PAT153
p‘KDED4 aroA” serC’ amp" BamHI - Aval PAT153
pKD505 aroa®  amp" Clal - Aval PAT153
pKD506 arcA®  amp" Clal - Puull pBR322
oKDS08 aroA’ serC’ tet” PstI BAT153

Table 2.3: Plasmids constructed during the course of this work.




Medium

Composition, per litre

(final concentration)

L-Broth (LB)

L-Agar (LA)

Minimal medium
(M9 Salts, MM)

MM plates

2TY

H plates

H top agar

bactotryptone (Difco)

10 g

5 g yeast extract (Difco)
10 g NaCl

(+ 5 ml 20% glucose)

as LB, + 15 g agar (Difco)

lg NH4C1
6.13 g NQSU4 2

3 g KH2PU4

6 g NazHPU4
(+ 1 ml 100 mM CaClZ)
(+ 2 ml thiamine (1 mg/ml)(Sig
(+ 10 ml 20% glucose)

7 H,0

as MM, + 15 g agar

16 g bactotryptone
10 g yeast extract
5 g NaCl

10 g bactotryptone
8 g NaCl
12 g agar

10 g bactotryptone
8 g NaCl

8 g agar

ma)

(0.1%)

(0.02 M)
(0.5 mM)
(0.02 M)
(0.04 M)
(100 wM)
(2 pg/ml)
(0.2%)

Table 2.4: Growth media.




Supplement Concentration Stock solution
~ (ng/ml)
Ampicillin SU‘pg/ml 25 mg/ml
Tetracycline 20 pé/ml 10 mg/ml in ethanol
Chloramphenicol 170 wg/ml 34 mg/ml in ethanol
Aromatics:e
(i) phenylalanine 300 pg/ml
(ii) tryptophan lSDvug/ml
(iii) tyrosine 300 pg/ml
(iv) p-aminobenzoate 1.2 ng/ml 300 pg/ml
(v) p—ﬁydroxybenzoate 1.2 pg/ml 300 png/ml
Serinse 20 pg/ml
Pyridoxine 0.075 wng/ml 75 pg/ml

Table 2.5: Supplements to growth media.




2.6 Preparation of plasmids (small scale)

For small'scale ('mini-prep‘) plasmid preparations,
the method of Holmes & Quigley (1981) was followed. Lysis
buffer is: 10mM-tris (pH 8.0), 50mM -EDTA, 8% sucrose,
0.5% Triton X-100.. Lysozyme was prepared as a stock solution
(10 mg/ml in TE) and stored in small aiiquots at -20°.

TE buffer is 10mM-tris (pH 8.0), 2mM-EDTA.

2.6.1(a) 1 ml Preparations

1 ml of plasmid carrying cells in medium was piaced inb
a 1.5 ml microfuge tube and the cells harvested by centri-
fugation (l min). The pellet was resuspended in 350 ul
lysis solutioﬁ and 25 pl lysozyme (10 mg/ml) was added.
The tube was placed in a boiling water bath for L5 s ‘and
then spun for 5 min. The supernatant was removed to a
fresh tube and the plasmid DNA recovered by the addition of
an equal volume of isopropanol, followed by chilling at
.-700 (dry ice/methanol) for 10 miﬁ and centrifugation
(lO min). The plasmid DNA pellet was resuspended in 30 pl
TE. 5 pl was sufficient for a single restriction enzyme

digest (approximately 1 ug of DNA).

2.6.2(b) 10 ml‘Preparations

As above, except that: cells harvested by centrifugation
in an MSE18 ' centrifuge (9'000 X g, 2 min); resuspension
volume was 700 ul lysis solution + 50 ul 10 mg/ml lysozyme;

plasmid DNA was resuspended in 50 pl TE.



A large amount of RNA is pfesent in these'preparations
which obscures the lower part of an agarose gel. If bands
with lengths 500 bp were to be visualised, the preparation

o

was treated with RNAse A (2.5 pl of 1 mg/ml stock; 37,

15 min) before analysis or storage.

2.7 Preparation of .plasmids (large scale)

The method used is described in Maniatis et al. (1982),

and is a modification of the alkali lysis technique of

Birnboim & Doly (1979).

2.7.1(a) Growth of plasmid carrying cells

A single plasmid carrying COlbny was inoculated into
10 ml LB/antibiofic and shéken overnight. 0.1 ml of this
culture was used to inoculate 25 ml LB/antibiotic and the
flask shaken till late log phase was reached (A650=~10.8).
The whole 25 ml culture was then poured into 500 ml LB/ )
antibiotic (prewarmed to 370) and shaken exactly 2% h.
Then 2.5 ml of chloramphenicol (34 mg/ml in ethanol) was
added (170 pg/ml final concentration) and incubation
continued a further 16-20 hours.

The cells were then harvested and washed in 100 ml

-ice-cold STE (0.1M - NaCl, 1OmM-tris (pH 7.8), 1lmM-EDTA).

2.7.2(b) Alkali lysis

The bacterial pellet was resuspended in LO ml 50mM-
glucose, 25mM-tris (pH 8.0), 10mM-EDTA and 1 ml lysozyme

(50 mg/ml) added. The solution was transferred to a 100 ml



polycarbonate tube and 20 ml 0.2N - NaOH; 1% SDS was
added and mixed. After standing the tube on ice for

10 min, 15 ml of 5M-potassium acetate (pH 4.8) was added,
mi%ed, and the tube placed on ice a further 10 min. The
cell DNA and debris was pelleted by centrifugation

(MSE Prepspin 50, 30 000 x g, 30 min). The supernatant
was divided between two 50 ml polycarbonate tubes and

15 ml isopropanol added to each. Aftér standing at room
temperaturelfor 15 min, the DNA was fecovered.by centri-
fugation (MSE 18, 12 000 x g, 30 min). The pellet was
washed with 70% ethanol then driéd briefly under vacuum.
The DNA was resuspended in 8 ml TE (10mM-tris pH 8.0,
2mM-EDTA), béfore treatment with RNAse. RNAse A (pre-
treated at 100° for 10 min) and RNAse Tl.(pre—treated at
80° for 10 min) were added to a 'final concentration of
100 pg/ml and 100 U/ml respectively and incubated for

1 h at 37°.

2.7.3(c) Equilibrium centrifugation in CsCl - ethidium bromide

gradients

The volume of the DNA solution was caréfully measured.
-1 g of solid CsCl was added for every ml of solution and
the contents mixed to dissolve the salt. The volume was
again measured exactly. Ethidium bromide (1O ﬁg/ml) was -
added (0.8 ml per 10 ml CsCl.solution). The final density
was 1.55 g/ml and the ethidium bromide' concentration
600 pg/ml.

The solution was transferred into a 10 ml’pélycarbonate

tube, suitable for a Beckman Ti50 rofor and centrifuged in



a Beckman L8-M, 45 600 rpm, 200, for 48 ﬁ.

| The band containing the plasmid DNA was viewed under
long-wave UV light and removed by pumping through a needle
inserted through the.topbof'the tube to juét below the
band. Ethidium bromide was removed by extraction with
l-butanol saturated in TE buffer, till all the pink colour
hadvbeen extracted. The aqueoﬁs DNA solution was dialysed
against three changes, each of 1 000 x sample volume, of

TE buffer. The DNA concentration was determined by reading

the A260'(A = 1.0 £ 50 pg/ml DNA) and the concentration

260 »
of the solution adjusted to l'mg/ml by the addition of

TE buffer.

- 2.8 Preparation of E.coli K12 genomic DNA

DNA was prepared from E.coli K12 as follows:
A single colony of E.coli K12 was inbculated into 100 ml
LLB and shaken at 370 till the A65O reached 0.7. The cells
were harvested, washed with 50 ml TE, then resuspended in
2 ml 0.15M-NaCl, 0.1M-EDTA. 0.2 ml lysozyme (10 mg/ml)
was added and the tube incubated at room temperature for
15 min. It was then frozem to -70° (dry ice/methanol).
12.5 ml of 0.1M NaCl, 0.1M-tris (pH 8.0), 1% SDS was added
and the tube placed.in 650 water bath till the frozen
material thawed. The tube was again frozen to —70o and
thawed to 650. The sample was kept at 650 for several
days to dissolve the DNA; very gentle inversi§n of the
tube at intervals assisted this process.

The volume was estimated and 1.282 g CsCl/ml DNA

solution added. TUsing a rofractometer, the concentration



of the solution was adjusted till the refractive‘index

was 1.39970 (1.70 g/ml). The solution was centrifuged

to equilibrium (Prepspin 50, 10 x 10 ml Rotor, 190 000 x g,
64 h) and the gradieﬁt fractionated by taking samples down
the tube with a wide-bore pipette. DNA‘containing fractions

were pooled and dialysed against TE buffer.

2.9 Preparation of ApserC

The method used was modified from that described in

detail in Maniatis et al. (1982).

2.9.l(a) Preparation of phage

A single colony of E.coli KL282, i&sogenic for ApserC
was inoculated into 100 ml LB and shaken overnight at 300.
Two‘5OO ml batches of LB, prewarmed'to 300, were then
inoculated with sufficient of the overnight culture fo give
a sfarting A65O of 0.05. The flasks were shaken at 30O
till the A65O reached 0.5. The culture was induced by
incubation at 45° in a shaking water bath. Tﬁe induced
culture was shaken a further 4 h at 37°. 10 ml of
chloroform was added to~each flask and shaking continued
a further 30 min.

The lysed cultures were cooled £o room temperature
and pancreatic DNAse and RNAse (Sigma) were added, both
to a final concentration of 1 ug/ml. After a 30 min
incubation, solid NaCl was added to 1 M final concentration
and the flasks allowed to stand for 1 h. Debris was removedh'

by centrifugation (11 000 x g, 10 min). Solid polyethylene



glycol (PEG 6 000) was added to 10% w/v and dissolved by
slowly stirring on a magnetic stirrer. Phage particles
were precipitated by standing the flask on ice for 1 h.

The precipitate was recovered by centrifugation (ll 000 x g,
10 min). The phage pellet was then resuspended in 16 ml
SM(50mM-tris (pH 7.5) 0.1M=-NaCl, 7.5mM-MgS0, , 0.01%
gelatin); to this was added 16 ml chloroform and the two
solutions vortex mixed. The phases were separated by
centrifugation (l 600 x g, 15 min) and the aqueous phase
retained. 0.5 g/ml of solid CsCl was added and the phage
suspension layered on top of a CsCl step gradient, prepared
with CsCl solutipns of 1.45, 1.50 and 1.70 g/ml densities. .
Gradients were centrifuged in a Prepspin 50 6 x 14 ml
swing=-out rotor at 33 000 rpm for 2 h.

The phage particles were seen as a band at the inter-
phase of the 1.45 and 1.50 g/ml layers; the band was
removed with a pasteﬁr pipette. CsCl solution (1.5 g/ml)
was added to the phage suspension to make up to the volume
necessary for a polycarbonate tube for a Prepspin 50
10 x 10 ml rotor. The suspension was then centrifuged at
40 000 rpm for 36 h aﬁd the phage bénd recovered. Phage

were then stored at 40 in the CsCl solution.

2.9.2(b) Extraction of phage DNA

1 ml of purified phage suspension was dialysed against
two changes of 1 1 of 10mM-NaCl, 50mM-tris (pH 8.0),
lOmM-MgClz. The following were added (final concentration

in brackets):



EDTA

proteinase K
(Boehringer)

SDS

(20 mM)

(50 pg/ml)
(0.5%)

Incubation was for 1 h at 65°.

The DNA was extracted by phenol and chloroform,

transferring the aqueous phase with a wide-bore pipette.

It was then dialysed against three 1 000-fold volumes of

TE.

2510» Restriction enzyme digestions

Restriction enzymes will tolerate a wide variation in

the conditions under which they will cleave DNA, although.

with a possible reduction in activity under non-ideal

conditions. For this reason, five buffers were used,

according to the conditions recommended by the manufacturer.

The composition of four of the buffers is shown below:

NaCl (mM)

tris (pH 7;5) (mM)

MgC1,, | (mM)
DTT (mM)
KC1 (mM)

Smal buffer was used for SmaIl only.

was 'Core Buffer' (BRL);

standard buffer.'

a number of enzymes use this

high salt medium salt low salt Smal
100 60 0 -
50 10 10 10
(pH 8.0)
10 10 10 10
1 1 1 1
- - - 20

The fifth buffer



Restriction enzyme digests were routinely carried
out in a final volume of 20 ul, but»lérger volumes were

also used, where appropriate. A typical digest contained:

DNA (0.5 = 1.0 ng) 1 -5l
10 x restriction enzyme buffer 2 pl
10 x BSA _ 2 pl
water . : to 20 pl

The BSA stock concentrétion (10 x) was 1 mg/ml
(BRL, nuclease-free). |

In multiple digests where a different buffer was
required, the lowest salt buffer digestion was carried out,
then the higher salt buffer + second enzyme was added, and
digestion carried out for a furfher period. |

- Digests wefe routinely incubéted with the manufacturer's

recommended quantity of restriction enzyme at 370 for 1 h,

except for SmaIl (30°) and TaqI (55° oven).

2.11 Phenol/Chloroform extraction of DNA and ethanol

precipitation

~ DNA was routinely purified free of enzymés by phenol/
chloroform extraction and ethanol precipitation. Phenol
was redistilled before use, saturated with TE buffer and
stored at -20°. .

Phenol/chioroform extractions were performéd as follows:

volume of sample to be extracted was adjusted to 50 pl
with TE, if neceséary; 50 pl1 phenol was added and vortex
mixed; centrifuged 1 min; upper aqueous layer transferred

to fresh microfuge tube and phenol extraction repeated;



500 pl chloroform added and vortex mixed; centrifuged
5 s3 aqueous layer transferred to fresh tube and chloroform
extraction repeated.

Ethanol precipitation: 1/10 volume of 2.5M-=Na
acetate pH 5.2 and 2% volumes of ethanol added and vdrtex
mixed; placed -20° overnight, or -70° (dry ice/methanol)

for 15 min; centrifuged 10 min.

2.12 Gel electrophoresis of DNA

DNA and DNA fragments were separated by gel electrophoresis

on agarose or polyacrylamide, as follows:

"size range: gel qonéentration:
10 - 100 kb 0.5% agarose
0.5 - 10 kb 1.0% agarose
0.5 - 5 kb 1.2% agarose
0.1'- 2 kb 52.0% agarose or
5% polyacrylamide

2.12.1(a) Agarose gel electrophoresis

Agarose (BRL) gels were prepared by heating to boiling
point in a reflux apparatus the desired quantity of tris-
borate buffer (89mM-tris, pH 8.0, 89mM-borate, 2mM-EDTA)
containing the appropriate concentration of agarose. The
molten agarose was allowed to cool to 550, ethidium
bromi&e (10 mg/ml) was added to give a final concentration
of 0.5 pg/ml, and the gel poured. .Gels were run immersed
in the same buffer cohfaining eﬁhidiﬁm bfomide (0.5 rg/ml)

at 100 - 150 mA.



DNA samples were prepared for electrophoresis by
the addition of 1/10 volume of 'dye loading buffer' (30%

sucrose, 0.1% bromophenol blue, in 1 x tris borate).

2.12.2(b) IMT gels (low melting temperature)

LMT gels were prepared exactly as described above,
except that they were poured and run in the cold room.

IMT agarose was purchased from BRL.

2.12.3(c) Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis was carried out

as described in Maniatis et al. (1982).

2.13 Photography of gels '’

DNA was visualisedbby ethidium bromide fluorescence
on a transilluminator (UV Products, Inc.). Gels were
photographed with a Polaroid CU-~5 camera and type 665

positive/negative film.

2.14 Recovery of DNA fragments from LMT gels

DNA fragments were recovered from LMT gels for sub-
cloning free of other fragments in a restriction digest,
. or for further subAdigestion of a specific region of a
plasmid. These two procedures‘differ in the degree of'

purity of DNA required.



‘2.14(a) Recovery of fragments for sub-cloning

Efficient sub-cloning requires purified DNA fragment
for ligation to vector DNA. The ffagment of interest was
~excised from a gel and placed in a 1.5 ml microfuge tube.
5 volumes of ILMT extraction buffer (ZOmMétris (pH 8.Q),
1mM-EDTA) were added (100-200 pl) and the tube heated at
650 for. 15 miﬁ. An equal volume of phenol was added,
voftex mixed, and the phases separated by centrifugation
(2 min). "The aqueous layer was removed to a fresh tube
and the phenol layer was back-extracted with 50 ul TE.
The aqueous phases were combined and the phenol extraction
repeafed two times. This was followéd by three 1 ml
chloroform extractions and the DNA was recovered by

ethanol precipitation.

2.14.2(b) Preparation of gel slices for further digestion

In this case, the ﬁNA was prepared for digestion,
without further purification. Gel slices, containing the
DNA fragment of interest were placéd in-a 1.5 ml microfuge
tube andll ml iqe-cold water added. The tube was kept on
ice for 1 h, with one change of water, then changed to
1 x restriction enzyme buffer for a further 1 h. The
- buffer was removea and the tube heated at 65o for 10 min,
before being quickly transferred to a 376 bath. 10 x
reétriction enzymeAbuffer, 10 x BSA and water were added
to adjust the components to the correct concenfrations.
Restriction enzyme (approximately three times more than

usual) was added and digestion carried out for 1-2 h.



2.15 Phosphatase treatment of DNA

Phosphatase treatment of DNA removes the 5'-phosphate
groups, preventing self-religation, and thereby increasing
the yield of recombinantse.

Plasmids were treated with phosphatase as follows.

The plasmid DNA was cleaved with restriction enzyme and
purified by phenol/chloroform extraction and ethanol
precipitation. DNA was resuspended in:
10 x CIP buffer 5 pl
water | to 50 pul
(CIP buffer is O.5mM-tris (pH 9.0), 10mM-MgC1,,, lmM—ZnClz)
To this was added calf-intestinal-phosphatase (Boehringer)
and samples were incubated as follows:
5' - protruding ends - 0.05 U, 370, 30 min then a further
0.05 U, 37°, 30 min.
blunt ends 0.05 U, 370, 15 min then 560, 15 min
followed by a further
3! - protruding ends ) 0.05 U, 37°, 15 min then 56°, 15 min
40 pl of water, 10 pl of 10 x STE and 5 pl of 10% SDS were
added, and the tube was then heated to 650 for 10 min to
inactivate the phosphatase and the DNA recovered by phenol/

chloroform extraction and ethanol precipitation.

2.16 Ligation of DNA fragments

Ligation reactions were carried out in mixes containing 7
the following:

insert DNA 2 -5u1  (l0n)

vector DNA 2 -5l (WOﬁQ

10 x ligase reaction
buffer 2 pl



ATP (5mM) 2 ul
dithiothreitol (100mM) 2 ul
water . to 20 pl
The DNA ligase (BRL) was added, and incubated for:
sticky eﬁds 0.1U, 14°, L4 - 6n
blunt ends 0.5 U, 0° 16 - 24 n

The amount of DNA in the ligation reaction was adjusted

to meet a target molar ratio of 5:1 insert ends:vector ends.

2.17 Transformation of E.coli

2.17.1(a) Preparation of competent cells

The transformation protocol was modified from the
method of Dagert & Ehrlich (1979). This-methodvinvolves
the treatment of logarithmically growing cells withFCaCl2
and storage of the transformation competent cells on ice
for 24 h before use. The authors claimed that this treatment
increases the propértion of competent cells approximately
20-30 fold, despite a reduction in cell viability.
Experiments with the strains mést frequently used in this
work (E.coli AB2826, AB2829, and AB2848) showed that the
increased proportion of competent cells gained on overmnight
storage was matched by the decrease in viabiiity of the
cells. For this reason, competent cells were routinely made
on thé day they were needed. The transformation efficiency
' 6

of the strains was optimised, yielding 5 x lO5 -1 x 10

transformation/pg covalently closed circular pAT153 DNA.



Competent cells were prepared from a fresh overnight
culture of E.coli grown in 10 ml LB. 0.5 ml of this culture
was inoculated into 50 ml LB and shaken vigorously at 370.
When the A65O reached 0.3 - 0.5, the cells were placed on
ice (10 min) then harvested (MSE18, 7 000 x g, 5 min).

All subsequent steps ﬁere performed on ice and the cells
handled carefully (i.e. no vortsxing) to avoid damage of
the ffagile CaClZ-treated cells. The cells were resuspended

in 20 ml ice-cold 50mM-CaCl, and kept on ice 20 min. They

2
were then harvested and resuspended in 0.5 ml 50mM-CaClz.

2.17.2(b) Transformation

100 ul of competent cells was added to DNA in a sterile
tube. Ligation mixes were used without fufther treatment.
The DNA/celi mixture was incubated on ice (15 min) then
'placed in a 37o water bath. After 5 miﬁ, 2 ml LB (pre—
warmed to 370) was added and incubation continﬁed for 1% h,

before plating.

2.18 Preparation of crude extracts of E.coli

E.coli crude extracts were prepared from 100 ml cultures,
grown in 2 x 50 ml batches (for aeration in 250 ml flasks).
" Minimal medium, minimal medium supplemented with aromatics,
or LB was used. 50 pl of —200 glycerol stock cells was
inoculated into 10 ml LB (+ antibiotic for plasmid selection,
if present) and shaken overnight at 370. A 1 ml sample
was taken for confirmafion of plasmid, if present. Each

50 ml batch of medium was inoculated with 0.1 - 1.0 ml of



overnight culture, depending on the strain and/or émount
of growth required and the culture shaken at 370. Cultures
were harvested during late-log phaée (A650 = 0.8 = 0.9) or
stationary phase (A650 = 1.3 - 1.5).

The cells were washed with sonication buffer aﬁd
resuspended in 5 ml of the same buffer. The two buffers
uséd were: |

sonication buffer 'A!

200mM-KC1, 200mM-KH,PO,, 2mM-MgCl,,
1lmM-pP-mercaptoethanol (pH 7.0)

sonication buffer 'B!

200mM~-tris, 200mM-KCl, 1mM-EDTA,
1mM~-dithiothreitol (pH 7.5).
The cells were then disrupted by 3 x 30s bursts of
. sonication, with a 305 cooling period between (Dawe soniprobe
Type 7532A; output 2, 80W). |

The extracts were then centrifuged (MSE Prepspin 503

200 000 x g, 2 h) to remove debris and membrane bound enzymes.

2.19 Enzyme assays

The instrument used for all spectrophotometric assays
was a Gilford-Unicam model 252 spectrophotometer (chart
full scale 0.1A or 0.05A). Assays (total volume 1 ml in
1l cm path length-cells) were all conducted at 250. One
unit of enzyme activity is defined as the amount of enzyme

that catalyses the conversion of 1 pmol substrate/min.

SFecié{c ackiviiy s Aeéiv\ei W te  wub b,{ ack_'mb /njj ?ro{-ebm.

2.19.1(a) 3-dehydroquinase
k 3-dehydroquinase was assayed in 0.1 M-potassium phosphate

buffer, pH 7.0. Extract was added to the cuvette and a



baseline A234 obtained. The reaction was initiated by the
addition of 3-dehydroquinate to a final concentration of
0.2 mM. The ammonium salt of 3-dehydroquinate was a gift

from Dr S. Chaudhuri.

2.19.2(b) 3-dehydroquinate synthase

3-Dehydroduinate synthase was assayed by coupling to
the 3-dehydroquinase reaction and measuring the rate of
change of A234' The final concentrations of the components

in the assay mix were:

glycine/KOH pH.8.4 100 mM
00012 . ‘ . 200 uM
NAD" " 50 uM
DAHP , ' 400 uM

partiallf\purifiea E.coli

3-dehydroquinase » 0.02 U
The measured chénge in reaction rate was initiated with
DAHP and the baseline rate at 234 nm was subtracted to
give the tfue rate. DAHP and partially purified E.coli

3-dehydroquinase Were-gifts from Ms A. Coia.

2.19.3(c) . EPSP synthase

EPSP synthase activity was measured in the reverse
direction by coupling the formation of PEP to the pyruvate
kinase and lactate dehydrogenase reactions. The assa&

mix contained (final concentration):



potassium phosphate pH 7.0' 100 mM

ADP | 2.5 mM
MgCl, . . 2.5 mM
NADH 0.1 mM
EPSP | .50 pM
PKX/LDH A 2.5 pl (Boehringer)

The rate of change of ABMO was measured and a blank rate
(due to NADH oxidase) obtained. EPSP was added to the
cuvette to initiate the reaction and the change in the

rate of decrease in ASMO measured. EPSP was a gift from

Ms A. Lewendon.

2.19.4(d) PSAT

The assay for PSAT activity is based on that described
in Hirsch-Kolb & Greenberg (1971), and modified by Ann

Lewendon. Assay mixes (1 ml) contained:

tris (pH 8.2) 50 mM

NH4 acetate : ' 32 mM

glutamate 2 mM

NADH l 0.2 mM

ﬁ—hydroxyﬁyruvate 2.5 mM (or phosphohydroxy-
pyruvate

Glutamate dehydrogenase 0.02 mg
The reaction was initiated by the addition of B-
hydroxypyruvate and the change in the rate of absorbance

change at 340 nm measured.



2.20 Determination of protein concentration

Protein concentrations were determined by the method
of Bradford (1976). A standard cufve was set up with
varying concentrations of 5ovine serum albumin in the same
buffer in which the protein determinations were to be

carried out.

2.21 Polvacrylamide gel electrophoresis in the presence of SDS
Polyacrylémide gel electrophoresis in the presence of

SDS was performed by the method of Laemmii (1970). The

percentage acrylamide used is described in the text; a

3% stacking gei was used. Samples were boiled for 3 min

.in 3% SDS, 50 mM-tris (pH 6.8), 10% glycerol, 2% bromophenol

blue before loading: Gels were stained for protein in 50%

methanol, 10% acetic acid, 0.1% Coomassie blue.(Serva G-250)

 for 45 min at 40° and destained overnight in 10% methanol,

10% acetic acid (40°).

Molecular weight markers were:

Bovine serum albumin (68 000)
Catalase (60 000)
Glutaﬁate dehydrogenase | (53 000)
Aldolase o (40 000)

Glyceraldehyde phosphate dehydrogenase(BS OOO)
Carbonic anhydrase (29 000)

Approximately 2 pg of each was loaded.



2.22 DNA sequencing

A1l DNA sequenciné was carried out using the M13/
dideoxy method (Sanger, 1981; Messing, 1983). Initially,
the components for M1l3 cloning and DNA Sequencing were
burchased in the form of kits; latterly, individual
components were purchased and substituted. All the protocols
for cloning and sequencing were supplied with the kits in
the form of the ﬁMlB cloning and sequencing handﬁook"
(Amersham International plc), and these were strictly adhered
to. In the following sections, page numbers in the format

(handbook p.l) refer to the Amersham handbook.

'2.23 M13 vector DNA

The paired vectors M13mp8 and ML3 mp9 (Messing &
Vieira, 1982) were used. The double stranded replicative
form (RF) of the DNA was supplied with the-cloning kit, or

was a gift from Mr G. Millar.

2.24 Digestion of RF DNA and storage (handbook p.22)

2 pg of RF DNA was digested with the appropriate
enzyﬁe(s) and the extent of digestion determined by-gel
electrophoresis. Completely digested vector was purified
by phenol exfraction and ethanol precipitefion. It was
resuspended in TE buffer to give a final concentration of
10 ng/pl and stored at -20°. Each preparation was checked
by transformation of competent E.coli JMIOl with 10 ng

cut vector and with 10 mg cut and religated vector.



2.25 Ligation of RF DNA to insert DNA (handbook p.24)

Ligation mixes for ligation of ‘RF DNA to insert DNA

were as follows:

RF DNA (20 ng) 2 pl
insert DNA (100 ng) 5 pl
10 x ligase reaction buffer 1 pl
ATP 10 mM | 1 ul
Dithiothreitol 1 pl
T4 DNA ligase 1 pl

T4 DNA 1igase: for éticky ends 0.1 unit/pl
- for blunt ends 0.k units/pl
Incubation was for 4-6 h at 14° (sticky ends) or 0° for
24 h (blunt ends).
Final volume was varied from i0-20 ul; depending on

the volume of buffer the insert DNA was resuspended in.

2.26 Transformation of E.coli JM10l (handbook p.25)

E.coli JM101l was 'streaked out on MM and after overnight
growth the plate was stored at 1° (for approximately 1 month
before re-streaking). A single colony was inoculated into
10 ml 2TY and shaken overnight at 37°. 40 ml 2TY was
inqculatea with 2 ml fresh overmight culture and shaken
(370)vfor 3 h. 10 ml 2TY was also inoculated with a drop
of overnight culture to provide fresh cells. Cells from
the 40 ml 2TY culture were harvested (5 000 x g, 5 min),
resuspended in 20 ml 50mM-CaCl and left on ice for 20 min.

2

Cells were then harvested (5 000 x g, 5 min) and resuspended



in 4 ml 5OmM—CaC12. 0.3 ml of competent cells was added
to 5 p1 of DNA 1igation mix and kept on ice 40 min. Cells
were then héat shocked (420, 3 min) and retufned to ice.
The following were added to_eéch tube:

lOOmM-IPTG (Isopropyl-ﬁ-D-thio-galactopyranoside) 4o pl

2% X-gal (5-bromo-4-chloro-3-indolyl- ﬁ—galact051de) 4o pl
(in dlmethylformamlde)

fresh cells 200 ul'
o
molten H top agar (kept at 427) . 3 ml

and the tube poured onto a pre-wérmed (370) H plate.

2.27 Preparation of single—-stranded template DNA (handbook p.27)

A single plaqﬁe was inoculated using a steéerile Eppendorf
.\pipette tip into 1.5 ml 2TY containing 1 m;/lOO ml medium of
an overnight E.coli JM1Ol culture. This éulture was shaken
(37°) for 5 h then centrifuged 5 min (microfuge). ‘At this\'
stagé, supernatants were sometimes‘stored at -20° for later
analysis. The pellet of cells prqduced at this stage was
also broken open and RF DNA extracted using the mini-prep
technique. The RF DNA produced could then be investigated
with restriction enzymes. |

The supérnatant was transferred to anothef tube and
recentrifuged (5 min). Thé supernatant was added to éOO pl
PEG/NaCl (20% polyethylene glycol 6 000/2.5M-NaCl), shaken
and left for 15 min. This was fhen centrifuged 5 min and
the supernatant discarded. Following a further 2 min spin, -

all remaining traces of PEG were removed using a drawn out

pasteur pipette. 100 pl TE and 50 pl phenol were added to



the viral pellet and mixed by vortexing (15As). After
standing the tubes for 15 min, the contents were re-mixed
(vortex, 15 s) and centrifuged 3 min. The upper layer was
transferred to a fresh cehtrifuge tube and 1 ml chloroform
added. The chloroform was mixed (vortex, 15 s) and separéted
(microfuge, 1 s). 10 pl 3M=Na acetate (pH 6) and 250 pl
ethanol were added and the DNA precipitated by placing the
tube at -70o (dry ice/methanol) for 15 min. The DNA was
rgcovered by centrifugation (10 min) and washed with 1 ml
(-20°) ethanol. The ethanol was poured off and the tube
left to dry.' The DNA pellet was redissolved in 50 ul TE

and stored at -200.

2.28 Annealing of primer and template (handbook p.33)

For each clomne, the following were placed in a 1.5 ml
microfuge tube:

single.stranded template DNA 5 pl

primer 1 pl

*¥10 x Klenow reaction buffer 1.5 ul

distilled water 2.5 pl
(*ldOmM—Tris pH 8.5; lOOmM—MgClz)

The primer used is a l7mer with the sequence:

51'=GTAAAACGACGGCCAGT-3"

The mixture was incubated in an oven at 550 for 2 h.

2.29 The sequencing reactions (handbook p.3h)

To the annealed primer/template mix was added 1.5 pl

>(15 pCi) of (a - 35S)dA.TP o S at >600 Ci/mmol (Amersham



SJ304) and 1 pl (1 U/pl) of Klenow ffagment of E.coli DNA
polymerase I. 2.5 pl of the mixture was placed on the rim
of eaéh of four tubes; marked A, C, G or T in a microfuge
rotor. 2 ul of the relevant dNTP/ddNTP mix (see below)

was placed inside the rim of each tube and a brief spin
mixed the contents. After 20 min, 2 pl of chase mixture

(an 0.5 mM uniform mixture of dATP, dCTP, dGTP and dTTP)

was placed on the rim of the tube and mixed in with a

brief spin. After a further 15 min chase reaction, 4 pl
.formamidé dye mix was added. Formamide dye mix was prepared
as follows: 100 ml of formamide was deionised by stirring
with 5 g Amberlite (BDH) for 30 min, then filtered to remove
the resiny to this was added 0.03 g xylene cyanol FF,

0.03 g bromophenol blue and 4 ml O.5M~EDTA.

2.30 Reaction mixes (handbook p.32)

The final comncentration of each reagent in a sequenoing
reaction mix is listed in Table 2.6. Three sets of reaction
‘mixtures were used:

A¥* ~ or 'normal! reaction mixes; for use with labelled

dATP used in most experiments

A¥*/low dideoxy - in these mixtures the dideoxy

concentration was 0.75 times that in the A¥* mixes;
for long runs on linear gels, allowing reading of
up to 400 bp

C* - for labelling with radioactive dCTP.



(a) a*

A'r§action C reaction G reaction T reaction
mix mix . mix : mix
dATP 16.6 16.6 16.6 16.6
dcTP - 28 0.3 28 28
dGTP 28 28 | 0.3 28
dTTP 28 28 28 0.3
ddATP 22.2 (16.6) - . - -
ddcTP - 22.2 (16.6) - -
ddGTP - - 66.6 (49.8) -
ddTTP - = - 111 (83)
(b) c*
A rgaction C rqgction G reaction T reaction
mix mix mix mix
dATP 0.3 28 28 28
dCTP 16.6 | 16.6 16.6 ) 16.6
dGTP 28 28 0.3 28
aTTP 28 28 28 | 0.3
ddATP 22.2 - - -
ddcTP - S 22.2 - ' -
ddGTP - - 66.6 =
gatte - - - 1L

Table 2.6: Final concentration of reagents in sequencing reaction mixes.
All concentrations are mM.

Numbers in brackets refer to the final concentrations of
dideoxy nucleotide in the 'low dideoxy' mixes.




2.31 Polyacrylamide gel electrophoresis (handbook pp.36 and 45)

The DNA fragments in the sequencing reaction mixes were
separated by electrophoresis on polyacrylamide gels (20 x
40 x O.4 cm). The notched plate was siliconised before use
with Repelcote (BDH). |

Two types of gel were employed, linear and buffer
gradient. The quantities of reagents necessary to pour a
6% acrylamide, 8M-urea tris-borate gel are sh&wn in Table 2.7-.
Before loading, the wells were flushed out with running
buffer (1 x tris-borate) to remove unpolymerised‘acrylaﬁide
and urea, which leaches into the gel slots, prevenfing the
samples from forming a precise layer.

The samples were heated to 95o for 3 min then loaded
immediately onto the gel. Gels were run at 28 ﬁA for
varying lengths of time (see Chapters 4, 5 and 6).

Gels were fixed after removing the notched plate by
soaking in a 2:1 bath of 10% acetic acid, 10% methanol for
30 min to remove the urea. The gel was removed from the
bath and a sheet of Whatman 3MM paper laid on top. The
gel was peeled off with the paper backing, placed on a
Bio-rad Model 1125 gel drier and covered by Saranwrap.
Thirty minutes under vacuum was sufficient to dry thé gel

completely.

" 2.32 Autoradiography

The dried gel was placed in a light-prbof cassette

and covered by a sheet of Fuji RX film. The film was



linear 6uffer gradient

top bottom
urea (@) 21 |19.2 | 3.8
acrylamide stock (ml1) | 7.5 6 1.125
10 x tris-borate (ml) 5.0 2 | 1.875
sucrose (9) - - ‘0.75
bromophenol blﬁe 4
(0.01 g/ml)- (m1) .- - 0.075 .
water, to | (ml1) 50 40 7.5
TEMED (nl) 50 80 15
AMPS (%age) (p1) 300 (10)] 80 (25) 15 (25)

Table 2.7: Quantities of reagents necessary to pour a single
polyacrylamide gel for DNA sequence analysis.

Abbreviations: TEMED - NNN'N'-tetramethylethylenediamine
AMPS - ammonium psrsulphate

Acrylamide stock - 40%; 38:2 acrylamide: NN! methylenebisacrylamide,
deionised by stirring with 5 g Amberlite MBl and filtered through

a sintered glass funnel then passed through a Millipore filter
(0.45pm).

“Urea = ultrapure (BRL).



exposed overnight at room temperature before developing.

2.33 T-track analysis (handbook p.39)

This technique was used to classify clones into groups
containing the same insert (see,Chapter 5). For ten clomnes
the féllowing mix was made up:

4 pl primer, 6 ul 10 x Klenow reaction buffer,

12 pl water. 2 pl priming mix was added to 2 #l template
DNA and the tube incubated at 55° for 2 h.

A sequencing mix was made uﬁ:

16 pl dTTP/AATTP, 3 pl (« - 39S)dATP oS, 2 pl (2UV)
Klenow fragment.2 pl sequencing mix was added to the
annealed primer/template and the reaction started by a
brief spin (microfuge). After 20 min, 1 pl chase solution
was added and the reaction stopped after a further 15 min

by the addition of 1 pl formamide dye mix.

2.34 Preparation of RF DNA in vitro (handbook p.29)

Primer and single stranded template DNA were annea%ed
as for a sequencing reaction. 1 U of Klenow fragment and
1 ul ‘chase solution were added and the mixture incubated at
room temperature for 30 min. The reaction was stopped by

heating at 70° for 10 min.

2.35 Clone turn-—-around

Clone turn-around was used to obtain the op?osite
strand of a small fragment, or to sequence the other end

of a long fragment.



RF DNA was prepared in vitro, then the following were
added: 2 pl 10 x restriction enzyme buffer, 5 U EcoRI,
5 U HindIII. Thé sample was incubated for 1 h at 370
and the fragments separated by electrophoresis on a LMT
agarose gel. Insert DNA was recovered from the gel and..
ligated to the complementary vector, prepared'by cleavage

with EcoRI and HindIITI.

2.36 Computer programs for manipulation of DNA sequences
The following programs were utilised in the compilation,

manipulation and analysis of the DNA sequences. Programs

(a) - (d) were run on a Digital PDP 11-34 computer, with

a multi—user fécility, in the Biochemistry Department,

University ovalasgow.

2.36.1(a) BATIN: This program is used to store mnew gel

readings onto a disk. Any number of separate gel readings

may be entered and stored in individual files.

2.36.2(b) TTEM: A version of DBCOMP (Staden, 1980),

modified by Dr R. Eason (Department of Biochemistry,
University of Glasgow) so that it runs more efficiently.
This program searches for overlaps between sequences,
comparing each sequence in a set of sequences with each

other sequence and other complementary sequence.



2.36.3(c) DBUTIL: Described in detail in Staden (1980).

" This program enables the user to establish and change the
relationship between gel reading data, and buiid up a

consensus sequernce.

2.36.4(d) TRNTRP: This program translates DNA éequences

into peptide sequences (Staden, 1978).

2.36.5(e) WISGEN: A number of the programs of the WISGEN

- (University of Wisconsin Genetics Computer Group) package
(Devereux et al., 1984) were run on the ERCC (Edinburgh
Regional Computing Centré) VAX 11/750 computer. This
package contains programé for the analysis and investigation
of DNA sequences and for comparison of sequences with those
in the EMBL database (European Molecular Biology Laboratory,
Heidelberg, West Germany) and the NIH-Genbank database

(Bolt, Baranek & Newman, Ihc., Cambridge MA, USA).

2.37 - Determination of 32P in DNA samples

Precipitation with trichloroacetic acid (TCA)

A known volume of the sample to be assayed was spotted
onto a Whatman GF/C glass fibre disk (2.4 cm diameter). An
equal volume was added to a tube containing 100 pl of salmon
sperm DNA (560 ug/ml in 26 mM—EDTA). 5 ml‘of ice-cold 10%

. TCA.was added and the tube kept on ice 15 min. The
precipitate was collected by filtering through another
GF/C disc and washing the disk six times with 5 ml of

ice-cold 10% TCA, followed by 5 ml of 95% ethanol. Both



filters were dried under a heat lamp then placed into
scintillation vials. 8 ml of scintillation fluid was added
and the samples éounted in an Intertechnique SL4 000
scintillation counter. The sciﬁtillatibn fluid used was

Lg/1 PPO (2,5-di§henyloxazole) in 2:1 toluene; triton X-100.
The first filter measures total radioactivity; the second

measures the radioactivity incorporated into nucleic acids.

2.38 5'= end labelling of DNA fragments

25 pmol of 5'5termini, purified free of salts and
proteins by phenol/chloroform extraction and ethanol
precipitation were resuspended in 80 pl 50mM-tris (pH 8.2)
and 0.5U calf-intestinal phosphatase (Boehringer) was added.
After incubation at 370 for 30 min, the reaction was stopped
by:the addition of 20 ul 50 mM-EDTA and further incubation
at 65° for 15 min. The DNA was purified by phenol/chloroform
extraction and ethanol precipitation. It was then resuspended

in 20 pl 50 mM~-tris (pH 8.2), 10 mM-MgCl,, 1 mM-EDTA,

2’
50 mM-dithiothreitol, 1 mM-spermidine. To this was added:

10 ul (XBZP)AIP (5 000 Ci/mmol, Amersham PB10218) and a |

1l pl sample taken to determine total radioactivity. 8U

T4 polynucleotide kinase (Boehringer) was added and incubated
for 30mwn at 370. A1l pl sample was téken for determination

of TCA insoluble radioactivity. The DNA was then purified

by phenol/chloroform extraction and ethanol precipitation.



239 Preparation of RNA from E.coli

RNA was prepared from E.coli AB2829/pKD501, as follows:
100 ml LB/tet, inoculated with E.coli AB2829/pKD501 was
grown to A65O = 0.3. The cells were harvested and re-
suspended in 6 ml buffer R (0.0ZM—NQ acetate (pH 5.5),
0.5% SDS, 1lmM-EDTA). 12 ml phenol (equilibrated in buffer R)
was added and the tube incubated at 60° for 10 min with
gentle shaking. The sample was centrifuged to separate
the phases and the aqueous phase removed to a fresh tube.
This was re-extracted with phenol at room temperature.
The aqueous phase was again separated and removed to a
fresh tube. '2.5 volumes of  ethanol were added and the tube
chilled to -70o for 30 min. The precipitate was collected
by centrifugation (12 000 x g, 30 min) and resuspended in
3 ml buffer R. Ethanol precipitation was repééted twice
more and the final precipitate dissolved in 500 ul TE

buffer.

2.40 Nuclease S1 mapping

Nuclease S1 was purchased from BRL. Sl buffer was:
80% formamide (deionised before use); 20mM-PIPES (Sigma);

0. L&M—NaCl .

2.41 Blotting of DNA and RNA to nitrocellulose

Both.DNA and RNA agarose gels were blotted onto nitro-
cellulose (Schleicher & Schuell BA85) by the method of
Southern (1975), as described in detail in Maniatis et al.

(1982).



2.42 Hybridisation solution for Northern blot

Both pre~hybridisation and hybridisation of nitro-
cellulose filters for Northern blot analysis was carried
outlwith the same buffer, except that during hybridisation,
the radioactive probe was added:

6 x SSC

5 x Denharts

100 pg/ml salmon sperm DNA (sheared) (Sigma).

0.5% SDS
SsSC: 0.15M=NaCl, 0.0l15M~-sodium citrate
50 x Denharts: 1% Ficoll, 1% polyvinylpyrrolidone (Sigma),

1% BSA.



CHAPTER 3 STUDIES ON THE aroB GENE of E.coli

3.1 Tntroduction

3.1l.1l The aroB gene

A purification scheme for 3-dehydroquinate synthase,
‘the product of fhe,E'EQEE aroB gene has been reportéd
(Maitra & Sprinson, 1978). 560 pg of homogeneous enzyme
was obtained from 380 g of E.coli in 6% overall yield after
a 5-step purification.» The purification factor was nearly
3 OOOIfold. The apparent molecular weight estiméted both
by gel filtration under ﬁative conditions and by SDS-PAGE
was 57 000, suggesting that the enzyme is monomeric.

Since the enzyme is present in §uch.loﬁ concentrations
in wild type E.coli cells and the purification is difficult,
mechanistic work on this enzyme has been hindered. The
enzyme purification would be greatly simplified if an
overproducing strain could be constructed. This fequires
the cioning of the aroB gene and its insertion into a
multicopy plasmid vector. Reasonable quantitiés of the
.pure enzyme should then be available for detailed structural
and mechanistic studies.

The aroB gene has been identified on pLC29-47, a member
of the Clarke-Carbon E.coli genomic library (Clarke &
Carbon, 1976; Takeda et al., 1981). pLC29-47 was the source

of the aroB gene for the sub-cloning described in this study.



3.1.2 Previous work on pLC29~47

Takeda et al. (1981) searched the Clarke-Carbon plasmid
collection for markers closely linked to penicillin-binding
protein genes. O%i iuch marker is aroB; it is closely
linked to thevgggélééne} at minute 74 on the E.coli genetic
map (Bachmann, 1983; Figure 1.4).

The vector used to construct the Clarke-Carbon library
was ColEl. AThis_vector has two disadvantages for over;
expression of'enzyme.genes - it exists in ldw'copy number
within the cell and it has no readily selectable phenotype.
We therefore wanted to subclone the genomic portion of |
pLC29-47 onto a more readily manipulated vector. pAT153
(Twigg & Sherratt, 1986) was used throughout.

Comparison of the limited restriction enzyme analysis
of pLC29-47 carried out by Takeda et al. (1981) with the
restriction map of ColEl (Dougan et al., 1978) showed that
a 7«2 kb PstI fragment of pLC29~47 carried most.of the
genomic material (Figure 3.la). The first objective was

to sub-clone this fragment and confirm that it carried

the aroB gene.

3.2 Sub=cloning and analysis of the aroB gene

3.2.1 Construction of pKD10l and pKD102

PLC29-47 was digested with PstT and the digestion
products separated by electrophoresis on 1% LMT agarose.
A band at apﬁroximately T+2 kb was'exéised and fhe'DNA
purified. The fragment was ligated into the PstI site.

of phosphatase-treated pAT153 (Sections 2.15 and 2.16).



Figure 3.1l: Restriction mapping of various aroB
subclones.

(a) pLC29 -47; data from Takeda et al.
(1981).

(p) PKD101l/pKD102; mapping and orient-
ation with respect to pAT153.

(¢) PKD106; detailed restriction map.

(d) pJBl4; region in common with- pKD106,
and orientation of the aroB gene.

Key to restriction enzymes:

A - AvaTl . Hp - Hpal
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The ligation mix was used to transform E.coli AB2826 and

plated on LA/tet (Section 2.17). After overnight growth
at 370, colonies were transferred by replica plating to
mihimal medium and grown a further 24 h at 370. 100 of
" the coloniesrwhich grew on minimal medium were picked off
and gridded onto LA/tet, LA/amp and MM to check their
growth properties. Colonies containing plasmids carrying
the aroB gene at the Pstl site within the ampicillin
resistance gene of pAT153 should be tetR, amps, §£2§+.
10 such colonies were picked and grown in 10 ml LA/tet.
Plasmid DNA was extracted and analysed after digestion
with various restriction enzymes. The asymmetric location .
of a pair of Sall sites within the PstI fragment wés used
to determine the orientation of the PstI fragment relative
to the vecfor. Two clones were retained: for further analysise.
Each had the 7.2 kb PstI insertion, but in opposite
orientations; +they were designated pKDlCl and pKD10O2
(Figures 3.1b and 3.2). |

Two controls were‘performed in this experiment, and
indeed in all experiments involvipg identification of clomes
by relief of auxotrophy. A crude preparation of recombinant
plasmid was used to retransform the auxotrophic mutant‘
employed to identify the clone (in this case E.coli AB2826)
and all resulting transformants were tetR, amps, §£g§+.
The same crude preparation was used to transform a second
auxotrophic aro mutant (E.coli AB2829, aroA). In this
cése, all transforménts were tetR, ampS but remained

unable to grow on unsupplemented medium.



3.2.2 Restriction mapping of pKD101l/pKD102

To design a strategy for furthgr subcloning of the

- aroB gene, a more detailed restriction map of pKD10l than
that published by Takeda et al. (1981) was required. A
series of single and douﬁle enzyme digests were carried
out on crude preparations of‘pKDlOl and pKD102 using
enzymes that would be useful in further clomning. The
resulting map is shown in Figure 3.1b. The two BglII
sites and the single EcoRI site are the most useful for

further subcloning.

3.2.3 Construction of pKD103/pKD10L4

pKD10l and pKD102 were eéch cleaved with BglIT and
‘the resulting DNA fragments separated by electrophoresis
on 1% LMT dgarose. The slowly migrating fragment (9.3 kb)
was ex;ised and the DNA purified. This DNA was then self-
feligated and transformed into E.coli AB2826. After
overnight growth on LA/tet, colonies were checked for the
presence of recircularised plasmid of the correct size and
for growth on minimal medium. Two plasmids, designated
pKD103 and pKDlO4 were constructed by recircularisation
of pKD10l and pKD102 respectively. Both are capable of

complementing the aroB mutation in E.coli AB2826.

3.2.4 Construction of pKD1l05

From the same BglII digest of pKD1Ol described in the

previous section, the smaller fragment (1.45 kb) was excised



and the DNA purified. This was then ligated to BamHT
cleaved pAT153 and transformed into E.coli AB2826. After
overnight growth on LA/amp, colonies were screened for
inserts into the tetracycline resistance gene and 6
representatives were checked for an insert at the BamHI
site by isdlating samples of DNA and checking their size.
These clones were found not to grow on minimal medium.
One clone was retained and désignated pKD105.

The finding that removal of the 1.45 kb BglII frégment
from pKD101l does mot affect the'ébility of the plasmid to
complemeﬁt aroB implies that aroB does not lie between

the two BglII sites and does not span either of them.

3.2.5 Construction of pKD106

In a similar way, one final construction was made. The
3.5 kb BQlII-EcoRI fragment of pKDlOl was inserted into
BamHT and EcoRT qleaved pAT153. Several colonies were
grown up and plasmid DNA extracted. In each éase digesfs
showed the presence of the 3.5 kb insert expected and the
lbss of the BamHI site (the BamHI/BglIT hybrid site is
cut by neither enzyme); This plasmid is able to éomplement
an aroB mutant. |

The sub-cloning construcfions described in this section
are summarised in Figure 3.2.

| More detailed restriction enzyme analysis of pKD106

was carried out with a view to identifying restriction
sites which might be used to clone fragments for DNA sequence

analysis. A combination of single and double digests was:
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was used and the digestion products analysed on 1.5% or
- 2% agarose gels. The data obtained is shown in Figure

3.1c.

3.2.6 Activity of 3-dehydroquinate synthase in crude extracts

The specific activity of B-dehYdroquinate synthase was
determined in crude extracts of E.coli K12, E.coli AB2826
and Q.ggli'A32826 harbouring each of the plasmids described
in the precéding sections.

Crudé extracts wereAprepared from stationary phase
cultures as described in Section 2.18. Cells were grown
in 100 ml minimal medium, except in the case of E.coli
AB2826 and E.coli AB2826/pKD105 which were grown in minimal
medium containing the aromatics supplement. Sonication
buffer 'A' was used.

DHQ syﬁthase'Was measured by using 3-dehydroquina$e
as a coupling enzyme; this enzyme converts 3-dehydroquinate
to 3-dehydroshikimate which absorbs strongly at 234 nm
(see Section 2.19). The results are shown in Table 3.1.

Extracts of E.coli K12 contain a very low concentration
of DHQ synthase. In the crude extract there is a high
background ZlAth in the absence of added DAHP and this
rate may contribute to the measured DHQ synthase rate.

It is therefore difficult to quantitate the DHQ synthase
level in wild type cells and so the estimates of the over-
expression factor in the table éan vary according to the
value taken for the basal level in E.coli K12. We can

be sure that the increase in the rate of absorbance change



following DAHP addition is the authentic DHQ synthase

activity for three reasons:

- (4)

(ii)

(iii)

The reactibn is inhibited by NADH, a known inhibitor
of the enzyme. This was checked in two ways. Firstly,
addition of NADH to a final concentration of 50 pM
during an assay causes.the rate to'drop. Secondly,
additibn of NAPH to 50 uM before initiation with

DAHP éives a diminished DHQ synthase rate.

The DHQ synthase reaction is dependent on Coz+.

Crude extracts are partially active without added Coz+.
This 002+ can be chelated by the addition of EDTA/
NaOH pH 7.0 to 10 mM and incubation at 250 for 3 min.
Following the standard assay procedure, but omitting
,C°2+ there is no response to #he addition of DAHP.

Cobalt can then be added back to the reaction mix

and DHQ synthase activity is seen when [002+] is

_in excess of LEDTA] .

The reaction is dependent on the presence of 3-
dehydroquinase. A time lag in the increase in the
rate of change of absorbance following DAHP initiation
is observed and this decreases as more coupling
‘enzyme is added. When mno purified 3-dehydroquinase

is added to the mix and the reaction is dependent on
endogenoﬁs 34dehydroquinase, the lag is greater but
the same steady state rate is reached.

The results shown in Table 3.1 indicate that in all

the crude extracts of cells carrying recombinant plasmids,

except E.coli AB2826/pKD105, there is an increase in the



Extract .Specific activity of Relative
3-dehydroquinate synthase A activity
K12 0.07 1
AB2826 no activity : -
AB2826/pL.LC29-47 0.072 ' 10
AB2826/pKD101 . D.léB 24
AB2826,/pKD102 ‘ 0.154 22
AB2826/pKD103 - - '0.136 19
A82826/pK0104 0.140 20
AB2826/pKD105 no activity -
A32826/pK0106 R 0.136 _ lQ

Table 3.1 Specific activity of 3-dehydroquinate synthase in E.coli
crude extracts. .



specific activity of DHQ synthase. This correlates with
the ability of the plaémids to complement the aroB mutation
in E.coli AB2826.

E.coli AB2826/pLC29-47 produces approximately 10 fold
more DHQ synthase than does E.coli Kl2. Thislstrain,
however, grows poorly on thé minimél medium required fo
maintain the plasmid.

All the other aroB complementing plasmids overexpress
DHQ synthase approximately 20-25 fold. This indicates
that in each case, the entire aroB gene and aﬁy flanking
sequences involved in its expression have been cloned.
The§e derivatives of pLC29-47, cloned in pAT153 can now
be maintained and grown in hosts which are not aroB;
the plasmids may be maintained by antibiotic selectiomn.
It is important to maintain the integrity of these plasmids
by growing them in gggé host sfrains. E.coli A32826 is |
gggéi and there is a danger that the aroB gene on the plasmid
might recombine with the defective chromosomal aroB marker.
For this reason, all plasmids have been maintained in

E.coli HB10l which is recA”, aroB’.

3.3 Relationship to.other work on aroB

Frost et al. (1984) have independently sub-cloned the
aroB gene from pLC29-47 by a different route. Their -
strategy was to clone fragments ofvpL029-47, produced by
limited digestion with tetranucleotide recognising enzymes

into the vector pKK223-3 (J. Brosius, unpublished results),



prior to selection for the aroB gene by relief of auxotrophy
of a suitable E.coli mutant.

pKK223-3 is a pBR322’derivative, designed‘for very
high level overexpression of foreign genes in E.coli. Its
structure is shown in Figure 3.3. Frégments of DNA from
any source ﬁay be éloned into the 'polylinker!' site. The
'polylinker! is flanked by a 'tac! fromofer and a terminator
sequence. The 'tac' promoter is a hybrid of the E.coli
EEP operon promoter -35 region and the E.coli lac operon
=10 region, with the lgg UV5 mutation which renders the
promoter insensitive to catabolite repression. This structure
gives very high level initiation of transcription from the
. trp -35 region but control from the lac -10 region. Growth
of the plasmid in a igglq strain switches off expression.
of any gene downstream of the promoter, but this repression
can be overcome by the addition of IPTG to log phase |
cultures. The terminator sequence of the E.coli ££E§>
operon is also mecessary for the efficient expression of
a gene located in the 'polylinker! site{

The plasmid pJBl4, which carries aroB cloned into
pKK223-3 was derived by the following route: pKK223-3
was prepared by digestion by EcoRI, filling in the ends
produced and 1igétion of ClaI linker molecules. Digestion
with Clal then provided free Clal ends. pLC29-47 was
digested with Tagl under conditions that would give incemplete
 cleavage of the plasmid. The fragments were separated by
electrophoresis on an agarose gel énd those corresponding

to the size range 2 - 2.5 kb were excised and cloned into.



polylinker

pKK223-3

(4585 bp)

Pvu 1l

Figure 3.3: Structure of pKK223-3.




pKK223-3. The aroB carfying recombinant (pJBlh) was
identified by relief of auxotrophy of E.coli AB2826.
Frost et al. claim that cells harbouring this plasmid
contain 1 000 times more DHQ synthase activity when fully
induced than do E.coli Kl12. V
Comparison of the detailed restriction map of the
insert in pJBlA4 (d. Millar, unpublishlied results) with that
of pKDL06 shows a region which they have in common (Figure
3.1d). This allows the direction of transcription of the
aroB gene to be determined since the gene is transcribed

from the tac promoter of pKK223-3.

3.4 Further studies on aroB -

The long term éim of studies on DHQ synthase is to
determine the mechanism of action of this unusual reaction.
Ultimately this will require the determination of the
three-dimensional structure of the enzyme. Geﬁe'cloning
can assist structural studies in two ways. Firstly, the
crystallisation of an enzyme, prior to X-ray crystallography
requires large quantities of pure enzyme which can now be
obtained from overexpressing strains. Secondly the amino
acid sequence of the enzyme can most éasily be derived by
determining the DNA sequence of the gehe. An accurate
knowledge of the amino acid sequence is a prerequisite to
the model building associated with three-dimensional
structure determination. |

In furtherance of this aim, a simple two column

purification of homogeneous DHQ synthase has been developed



(Frost et al., 1984). The starting material for this is

a cell lysate of E.coli harbouring the plaémid pJBlL4 din

which aroB expression was induced 5y IPTG during the log

phase of growth. It is now possible by‘this method to

purify approximately 100 mg of enzyme from 50 g of E.coli.
The complete amino acid»sequence of DHQ synthase

has recently been determined by DNA>Sequencing of the aroB

gene (G. Millar, unpublished), but is not discussed in |

this thesis.



CHAPTER 4 STUDIES ON THE aroD GENE OF E.coli

4,1 Introduction

4.1.1 The aroD gene

The E.coli aroD gene encodes the enzyme 3-dehydroquinase.
A 5.6 kb PstI fragment of the E.coli genomic DNA has been
cloned into pBR322 and shown to carry aroD (Kinghorn et al.,
1981). Thié recombinant (QJKKIZ) encodes a 3~-dehydroquinase
activity which is indistinguishable from that isolated
from wild type E.coli on the basis of heat stability,
ammonium sulphate fractionation and sucrosé density gradients.
Evidence from the sucrose density gradients, and from
minicell labelling of plasmid encoded proteins suggested
that the native enzyme is a dimer composed of two 31 500
dalton subunits. Recently, fhis quarternary structure
has been confirmed by studies on the purified E.coli enzyme

(Chaudhuri & Coggins, 1984b).

4.1.2 Analysis of pJKK12: (i) Kinghorn et al. (1981)

The 5.6 kb insert in pJKK12 is sufficiently large to
encode several E.coli genes. Restriction mapping and sub-
éloning were carried ouf in order to identify the location
of aroD on the clomne.

The insert contains two BglII sites and single sites
for Hpal, Sall and XhoI. No EcoRI, BamHI or HindIII sites

were detected (Figure 4.1).
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Figure 4.1l: Restriction map of pJKK12. Enzyme cleavage sites for the insert shown
. above the line were determined by Kinghorn et al. AmeHv. The sites .
below the line were determined in this work. The bar labelled *pKD201'!
shows the location of the Clal fragment, sub-cloned in pKD201.




pPJKK12 was digested with BglII and the smaller
fragment produced was subcloned into the BamHI site of
pBB322 (feéombinantApJKK26). After deleting the BglIT
fragment, the plasmid was recircularised (pJKK20). Neither
pJKK26 nor pJKK20 complement aroD mutants of E.coli. This,
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together with evidence from S labelling of proteins in
mini cells suggests that BglII cleaves within the aroD

gene or within a region essential for aroD expression.

4.1.3 Analysis of pJKK12: (ii) This study

| Previous workers (Kinghorn et éi., 1981; see above)
had suggested that the aroD gene spanned one of the two
BglIT sifes located in the .insert of pJKK12 which eﬁcoded
only aroD and would have been of suitable size for DNA
,Sequence analysis.

Restriction enzyme digests of pJKK1l2 were carried out
with three enéymes: AvaI, ClaI and Pvull. A series of
double digests were used to locate the sites at which these
enzymeé cut the 5.6 kb insert. Thé results are illustfated
in Figure L4.1.

Tt was shown that Clal cuts the insert four times
and has a site midway between the two BglII sites. Therefore
it is possible to identify Clal fragments of 1.8 kb and
2.2 kb which each carry a different portion of pJKKlZ,

surrounding a BglII site.



Figure 4.2a? Clal sub-clones of pJKK1l2

Track 1 ©pKD202/Clal
2 pJKKl2/Clal
3 pKD201l/Clal

1 3
Tag fragments Hpall fragments
T1 B 620
T2 H2 570
T3 H3 275
Ti H4 185
115 B5 135

H O 80

Figure h.2b: Tagl and Hpall digests of the Clal insert of
PKD201 (sizes are in bp)

Tract 1 Tagl digest of the 1.8 kb Clal insert
of pKD201
2 PpBR322/HinfI
3 Hpall digest of the 1.8 kb Clal insert
of pKD201



4,2 Sub-cloning and analysis of the aroD gene

L.2.1 Construction of pKD201 and pKD202

2 pg of pJKK12 was digested ﬁith Clal and séparated
by electrophoresis on 1% LMT'agarose. The 1.8 kb and 2.2 kb
bands were excised and the DNA extracted. Fach DNA sample
was then ligated into the Clal site of phosphatase-treated
pAT153. Liggtion mixes were used to transform E.coli AB2848
(2222) and plated on LA/amp. 100 transformants from each
ligation/transformation were gridded onto LA/amp, LA/tet
and MM. All tﬁose colonies arising from ligation of the
1.8 kb Clal fragment which were ampR, tets were also able
to grow on MM. By contrast, all those transformants arising
from ligation of the 2.2 kb Clal fragment which were ampR,
tets were found to be incapable of growth on MM. Plasmid
DNA was extracted from five ampR, tetS colonies of each
type and in each cése a Clal inéert was found which was
of the expected size. pAT153 recombinants carrying the
1.8 kb and 2.2 kb inserts were named pKD201 and pKD202
respectively. An ethidiuﬁ bromide stained agarose gel of

a Clal digest of these plasmids is shown in Figure 4.2a.

L.2.2 3-Dehydroquinase activity in crude extracts

Crude extracts of E.coli K12, E.coli AB2848/pKD201
and E.coli AB2848.were prepared as described in Section
2.18. 100 ml cultures were grown in minimal medium or
'aromatics' medium (E.coli AB2848 only). Sonication buffer
'B! was used. The results obtained are shown in Table

L".l.



Extract Specific activity
of 3-dshydroquinase
(U/mg)
E.coli - 0.032
E.coli AB2848 no activity
E.coli AB2848/pKD201 2.955

Table 4.1 Specific activity of 3-dehydroquinase
in crude extracts.



These results confirm the pattern of aroD complementation.
The 3-dehydroquinase specific activity in cells harbouring
pPKD201 is approximately 3 U/mg, a 90—100 fold increase
over that found in wild type E.coli. From the estimated
Mr of 3—dehydroquinase, the aroD gene would be expected to
be approximately 1 kb in length. Since aroD is being over-
expressed at the copy number level of pAT153, this implies
that the entire 2222 coding region and any sequences
necessary for its expression are located on the 1.8 kb

Clal fragment.

4,3 Determination of the DNA sequence of the aroD gene

L.3.1 Sequencing strategy for aroD

A strategy was required for sequencing the aroD gene
which would give the entire sequence of the 1.8 kb Clal
fragment on both strands and then allow identification of
the aroD gene within this sequence. The logic behind the
development of this strategy is set out below:

(1) Since pKD20l was constructed by insertion of a Clal
fragment into pAT153, the insert is flanked by an
EcoRI and a HindIII site. Récpvery of the insert
from EcoRI + HindIIT cleaved pKD201 aﬁd cloning into
M13mp8 andkM13mp9 followed by DNA sequence analysis
will give the sequence at either end of the insert.

(ii) Cleavage. of pKD201 at the unique BglII site within
the insert and at the unique BamHI site within the
vector yields two fragments. Each of these may be

cloned into BamHI cleaved M13mp8 and the sequence



either side ofvthe BglII sitg derived.

(iii) These sequences will provide a framework onto which
the remaiﬁder of the sequencé can be built. The
majority of the sequence information can now be
obtained by cloning'smaller fragments of the insert
DNA and sequencing these.

(iv) The insert DNA can be fragmented by the use of
restriction enzymes which recognise tetranucleotide
sequences. For the Clal clone, the most useful enzymes
for-this purﬁose are Tan and HpaIl. These edzymes
produce the same 'sticky ends' as Clal, énd may be
cloned into the AccI site of M13mp8 or M13mp9 (Figure
4.3).

The successfui outcome of this approach to sequencing
the aroD gene relies on two factors. Firstly, the enzyme
used must havé sites distributed in such 'a way as to.give
fragments with lengths up to 400 bp. The entire sequence
on both strands of the DNA can then be determined for each
of these fragments. Secondly, the distribution of the sites
must be such that the sequences obtained from one set of
cleavages will overlap the restriction sites for the second
set of cleavages. .

It is iﬁportant that the entire DNA seqﬁence is derived
on both strands of the DNA as a confirmation of fhe sequence
on the complementary strand. This is especially true in
regions of DNA which encode proteins where an Qmission or
insertion of a single base pair caﬁ lead to mis-interpretation

of an open reading frame, with disastrous consequences.



ATYCGAT .
T'CGA
CYCGG

GTHRADAC ..

Figure 4.3: Restriction enzyme sites used in cloning of
TaqIl and HpaIIl fragments for DNA sequence
analysis into the AccI site of M13mp8 and
M13mp9. The Accl site in these vectors has
the sequence GTCGAC.




Mistakes leading to an alteration in the sequence of the
C-terminal region of a protein might go unnoticed because
a polypeptide of similar molecular weight and composition
might be predicted.

All restriction sites must aléo be overlapped in
order that no small fragments are missed durihg the clouning

procedures.

4L.3.2 Size distribution of Tagl and HpalIl fragments

8 pg of pKD201l was digested with Clal and the resulting
DNA fragments separated by electrophoresis on a preparative
1% LMT gel. The 1.8 kb Clal insert was excised and prepared
for digestion with a second enzyme as described in Sectiomn
2.14. The second enzyme digestion was with HpaIl (lO u,

°, 2 h) or TaqI (20 U, 54° oven, 2 h); this was followed
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by electrophoresis on 2% agarose (Figure 4.2b).

HpalIIl cleaves the fragment at least five times yielding
six fragments, ranging in size from 80 bp to 620 bp. These
were designated H1 to H6 as shown on the diagram. There
are at least four TaqIl sites on the insert, yielding five
fragments designated Tl to T5. Only three of these
fragments are below 400 bp in length. Altogether four
out of the eleven TaqIl and Hpall fragmenfs are greater
than 400 bp in length and if the restriction sites are
such that any of the large fragments are substantiélly
overlépped then it may not be possible to obtain the

entire sequence of the Clal fragment on both strands of

the DNA from these two sets of fragments. For this reason,



it was necessary to locate the Taql and Hpall sites on

the insert DNA.

4.3.3 Distribution of Tagl and HpalIl sites on pKD201

The Taql aﬁd-HpaII sites on the insert DNA were detected
by mapping using the partial restriction enzyme digestion
technique of.Smith & Bernstiel (1976). The pfinciple of
this technique is as follows: The DNA in question is
enzymatigglly labelled with 32P at one end. It is then
digested with the chosen enzyme(s) so as to'produce a
partial digest. A large spectrum of partial digestion
products may be produced, but the labelled fragmentsAform .
a simple overlapping series, all with a common labelled
terminus. These are fractionated according to molecular
weight by gel electrophoresis and detected by autoradiography.
The relative mobility of each labelled fragment allows
determination of its molecular weight by comparison with
a set of DNA standards and this in turn locates the distance
of the respective restriction sites from the labelled
terminus. The order of the fragments'and their lengths
thus correspond directly to the order of the restriction
sites along the DNA molecule.

| 5 pg of pKD201l (approximately 2.5 pmol) was digested
with EcoRI and  the DNA purified free of‘restriction enzyme
by phenol/chloroform extraction and ethanol precipitation.
‘The 5'—phosphoryl groups were removed by treatment with
phosphatase (Sectidn 2.155. The termini were then labelled

using X—BZP ATP and T4 polynucleotide kinase (Section 2.38).



After completion of~the labelling reaction the number of
TCA precipitable counts showed that approximately 14%
of the label had been incorporated.into DNA.

The labelled material was again purified by phenol/
chloroform extraction and ethanol precipitation. The DNA
was resuspended in 50 pl 1 x high salt restriction enzyme
buffer containing BSA (100 pg/ml). 10 U HindIII was added
and digestion carried out for 1-h at 370. The DNA fragments
in the digest were then separated by electrophoresis on 1%
LMT agarose. The 1;8 kb insert band was excised and |
prepared for further enzyme digestion (Sectiom 2.14).

This fragment is now labelled uniquely at the EcoRT end.

A series of secondary restriction enzyﬁe digests was
set up as detailed in Table %.2. The digests were stopped
after the appropriate time by the addition of EDTA to
10 mM and by placing the reaction tube on ice, causing
the agarose to solidify. 5 pl1 of gel loading d;e was
added to each tube and the tube heated to 650 for 5 min
before'loading onto'a 2% agarose gel. The standards
used on the same gel were:

Track 1 : pBR322 HinfI fragments 5' end iabelled (32P).
Track 12: A EcoRI/HindIII fragments  5' end labelled (32P)

Following electrophoresis, the gel was blotted onto -
nitrocellulose (Section é.hl). The nitrocellulose blot
- was autoradiographed at —700 with an intensifying screen.
Several eXposures of‘the blot were made with the exposure
time’varied from 2 h to 2 days, in order to clearly visualise

as many bands as possible. Figures U.ha and 4.4b show



Track Approximate guantity Enzyme and number Time of
of labelled DNA of units incubation
1 (pBR322, HinfI fragments)
2 -0.5 ug : U.4VU Hpall 20 min
3 0.5 ng D.é U Hpall 20 min
4 0.5 pg 0.2 U Hpall 20 min
5 0.5 ug 0.1 U Hpall 20 min
6 0.5 pg 5 U Bglll -1 h
7 0.5 ug 5 U Pwull l1h
8 0.1 pqg 0.25 U Taql 20 min
9 0.2 g 0.5 U Taql 20 min
10 0.5 ug 1.0 U Taql 20 min
11 0.5ng 1.25 U Taql 20 min
12 (A, EcoRI + HindIII

fragments)

Table 4.2 Enzymes used in partial digestion of labelled pKD201l

fragment. Track refers to the gel track on Figure 4.4.
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2 h and 7 h exposures respectively.

Ideally, it is hoped that by Vérying the amount of |
restriction enzyme and/or DNA in the partial digest omne
will hit upon conditions under which each of the possible
partial digestion producté are equally well repfesented;
The autoradiographs shown in figures h.ha and 4.4b show
that this was not achieved -~ some of the bands afe very
strong and 6thers are very weak, (hence the need to show
two different exposures). However, it is possible to
locate all of the restriction sites on the DNA using the
information obtained from the autoradiographs.‘

The distance from the labelled EcoRI site to each'
restriction site was calculated from the relative mobilities
of the fragments, compared to tﬁe standard A EcoRI/HindIII
fragments. The data obtained was used to construct the,
restriction map shown in Figure 4.5.

Analysis of the‘restrictionvmap showed that it was
possible to cover the entire sequence on both strands of
the DNA. This is despite the fact that the two longest
fragments, Tl and H1 overlap. The unique BglII site cuts
both fragments approximately in the centre of each and so
sequencing out from this site on either side will complete
the sequences built up from each set of Taql and HpaIl
clones. The autoradiographs also show that it is very
unlikely that there are any ve?y small TaqIl or HpaIl
fragments which would not have been seen on an ethidium
bromide gel such as that in Figure 4.4. Any such fragments
wouid have been seen on the autoradiograph as an intense,

wide band.
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Figure 4.5: Restriction map of the Clal insert in pKD20l. Distances are in kb
from the labelled EcoRI end (see Section 4.3.3). The fragments
H1-H6 and T1-T6 are shown in Figure L.2.




L,3.4 Preparation of M13 clones for sequence analysis

(a) The EcoRI - HindIII fragment

1 ug of pKDZCl was digested with EcoRI and HindIII,
purified by electrophoresis through 1% LMT agarose and
the 1.8 kb insert‘fragment identified. The band was excised
and the DNA extracted and purified by phenol/chloroform
extraction and ethanol precipitation, and then resuspended
in 20 pl1l 1 x ligase reaction buffer. 10 pl was placed in
each of two tubes and ligation mixes set up in a final
volume of 20 pl (see Section 2.25) and containing 20 ng
M13mp8 (EcoRI + HindIIIvcleaved) or 20 ng M13mp9 (EcoRI +
HindIII cleaved). 0.1 U of T4 ligase was added and
incnbation was continued at 14° for 4 h.

Ligation mixes were used to transform E.coli JM101.
After overnight growth, two clear plaques were picked
from eaqh plate and inoculated into 1.5 ml 2TY (containing
0.1 m1/10 ml broth of ffesh JM10l1). After 5 h growth at |
370, single strand template DNA was purified (Section
2.27). The template DNA was checked by electrophoresis
on 1% agarose. The same check was performed on all the
templates purified for DNA sequencing, and this is

discussed in Section 4.5.L4.

(b) The BglII - BamHI fragments

l-pg of pKD20l1l was digested with BglIT and BamHI.
The two resulting DNA fragments were purified by electro-
phoresis on 1% LMT agarose. Both bands were excised and

the DNA extracted. Then both DNA fragments were cloned



into BamHI cleaved M13mp8 and two templates purified for

each ligation/transformation.

(c) The Taql and HpaII fragments

8 pg pKD201 was digested with Clal and electrophoresed
on a preparative 1% LMT agarose gel. The 1.8 kb ClaI
-fragment was excised and prepafed for further digestion.
Secondary digests were performed with Taql and HpaIIl and
theée were electrophoresed on a 2% LMT agarose gel. A
pattern similar to that in Figure 4.2b was observed. Each
Taql and each HpéII band was cut out of tﬁe gel and the
DNA purified. Separate ligation mixes were set up for each
fragment; 1in each case 20 ng of AccI cleaved M13mp8 was
used. FEach ligation mix was transformed into E.coli JMIOl
“and after overnight growth, four clear plaques were picked
and gTrown.

After the 5 h growth périod, all of the 1.5 ml cﬁltures
were ceﬁtrifuged (5 min, microfuge). One of each set of
four templafes was further manipulated to produce single
strand template DNA. Each of the other three supefnatants

was stored.at —200.

L.3.5 Checks on single-stranded template DNA
. Fach sinéle stranded ﬁemplate pug?fied.for.DNA sequencing‘
was checked by electrophoresis on.a 1% agarose gel. This
was performed prior to sequencing for two feasons:
(i)';to conf?fm that the template preparation cqntained

DNA, and that the yield of DNA was 'normal'. Initially,



templates were run alongside a control amount of DNA,
but latterly experience enabled those template
preparations»containing redﬁced amounts of DNA to be
identified. If the DNA concentration in a preparation

is low, then steps can be taken to increase the DNA

content of the subsequent annealing reaction. Visualisation

of the DNA also reveals very approximately the insert
size. in a recombinant. Recombinants with insert sizes
less than about 300 bp are difficult to distinguish
from control M13 template. However, it is occasionally
possible to distinguish between different cloned
fragments by the‘mobility of the templates on agarose
gels.
(ii). to check for contamination of the preparation. If two
bands are seen in one track then it is likely that the
DNA from two different phages has been co-purified.
This may arise from picking two plaques from a crowded
region of a plate. This is especially a problem when
very few clear plaqueé have been produced. The two
phages can be separated by retransformation and re-
purification.
During template preparation, the final ethanol
precipitated DNA is resuspended in a volume of 50 pl. A
4 ul sample of this is taken for gel electrophoresis and

is added to 4 ul gel loading buffer before loading. An

example of the type of gel produced is shown in Figure 4.6;



Figure 4» 6: Agarose gel electrophoresis of
template DNA

Track 1
2

M13mp8/Bglll-BamHI

M13mp8/BglII-BamHT

M13mp8/EcoRI-HindIIT

M13mp9/EcoRI-HindIIT

W13mp}

single-stranded

large fragment

small fragment

fragment

fragment



it clearly demonstrates the points made above.

Figure 4.6 is a gel of the templates described in
Sections 4.3.4(a) and 4.3.4(b). The following points
should be noted:

(1) The quantity of DNA in each track is similar; with

| the exception of track 6.

(ii) Comparison with track 9 cléarly shows those templates
which are recombinants, and the mobility on the gel
is related to the known size of the inserts.

(iii) Tracks 5 and 6 are‘different. Track 5 has, as expected
the same size of insert as do the templates in tracks
7 and 8. Track 6 has the same mobility as track 9,
indicating thaf a blue plaque was picked rather than
a clear plaque.

(iv) Tracks 1 and 2 show that two different DNA's have
‘been co-purified. This has probably resulted from
accidentally picking a blue plaque near to a clear

plaque.

L.3.6 Sequencing reactions

Recombinant templates which were known.to have inserts
of less than 250 bp in length (T4, T5, HA4, H5, H6) were
sequenced using the standard recipe sequencing mixes
(Section 2.30) followed by electrophoresis on a buffer
gradient polyacrylamide gel (Section 2.31).

| For all the other clomnes, sequencing reactions were
performed using the 'low didebxy' mixes (Section 2.30)

and separated by electrophoresis on two gels. A buffer



gradient gel gave the first 200-250 nucleotides of sequence
and this was extendeq to 350-400 nucleotides by a second
gel - é noh—gradient 6% polyacrylamide gel (Section 2.31),
run for approximately 6 h.

After electrophoresis, the gels were dried and auto-

radiographed overnight (Section 2.32).

4L,3.,7 'First round! of DNA sequencing

DNA sequence data was obtained from each of the EcoRI-
HindIIT clones and from the BglII-BamHI clones, ensuring
that the sequence‘was not that of pAT153. Each of the Taqgl
and Hpall clone templates was sequenced. Each sequence
was entered into a separate fileon a Digital PDP11-34
computer using the BATIN program (Section 2.36). Each file
was then compafed, in turn, with each other file in two
ways: firstly by-aligning the sequénces to be compared
and looking for matches albng the sequence and secondly
by aligning the complementaryuseqﬁence to that which is
being compared. This analysis was carried out by the

TTEM program (Section 2.36).

4,3.8 'Second round! of DNA sequencing

The data derived-from'running TTEM allowed a préliminary
map of overlaps and complementary sequences to be built up.
The preliminary map for the aroD clone showed those regions
which could be completed by sequencing the complementary
étrand/other end of the Tagl or HpaIl clones. In éhose

cases, the supernatants which had been stored at -20° were



thawed and template DNA purified in the usual manner.
These were then sequenced until the entire sequence was
complete; on both strands of the DNA, and all the restriction

sites used in cloning had been overlapped.

L.3.9 The complete sequence of the 1.8 kb ClaT ffagment

| Each nucleotide in the sequencé was checked against
the compleﬁentary nucleotide by reference to the original
autoradiographs, until all ambiguities were resolved. The
‘complete éequence of thé 1.8 kb Clal fragment was built up
using the program DBUTIL (see Section 2.36). The entire
sequence is illustrated in Figure 4.7, and the sequencing

strategy summarised in Figure L4.10.

L,4 Analysis of the DNA sequence

L,4,1 Identification of open reading frames on the sequence

(a) Translation of both strands of the DNA sequence

Both strands of the DNA sequence were translated in
all three reading frames using the TRN TRP program (see
Section 2.36), The positions of stop codons were plotted
and the open reading frames identified. It was expected
that the aroD gene would be located near the unique BglII
site in tﬁe seqﬁence (Kinghorn et al., 1981).

Only one open reading frame was found which was
sufficiently long to encode an enzyme of the correct
molecular weight. This open reading frame spans the BglII

site. All the other reading frames are blocked many times.
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Figure 4,7t The complete DNA sequence of the 1.8kb Clal fragment

inserted in pkED201,8and the predicted ArecD coding
region, -
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790 810 830
ATCGCCAGCGTGAAATCCGAAGCTCTCGCCTATCGTGAAGCGGACTTTGATATTCTGCAA
--------- i el e e Rl Rl e 2

TAGCGGTCGCACTTTAGGCTTCGAGAGCGGATAGCACTTCGCCTGAAACTATAAGACCTT
IleAlaSerValLysSerGluAlaLeuAlaTyrArgGliLAlaAspPheAsplieLleuGlu
I A 8§ vV XK 8 E AL A Y PREWA AWUDTFD 11 L E
[271

850 | , 870 890
TGGCGTGTGGACCACTATGCCGACCTCTCCAATCTGGAGTCTGTCATGGCCGCAGCAAAA
------------------ it i Rl Tl E bbb

ACCGCACACCTGGTGATACGGCTGGAGAGGTTACACCTCAPACACTA'CGCCGTCG1TTT
TrpAraValAspHisTyrAlaAsplLeuSerAsnValGluSerValMetAlaAlaAlalys
W R VD H Y A DL 8 N VY E S V M A A A K
[471

910 90 930
ATTCTCCGTGAGACCATGCCAGAAAAACCGCTGCTGTTTACCTTCCGCAGTGCCAAACAA
--------- S il Sl e i e At

TAAGAGGCACTCTGGTACGGTCTTTTTGGCGACGACAAATGGAAGGCGTCACGGTTTCTT
IleLeuArgCluThrMetFroGluLysProLeuLetheThrPheArgSerAlaLysGlu
I L. R E T MUPE K PL L F T F R S A K E
[671 , '

Figure 4.7:(cont)
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CCGUCGCTCGTCCGCTAAAGGTGGCTCCGAATAATAACCGTCAGTAGCACGTCGGTAGCTG
GlyGlyGluGIinAlallieSerThrGluAlaTyrTyrCysThrHisArgAlaAlalleAsp
6 G E @ A1 8 T E AY Y C THIRA AW ATITD

(871

1030 1050 | 1070
| AGCGGCCTGGTTGATATGATCGATCTCGAGTTATTTACCGGTGATGATCAGGTTAAAGAA
1621 --------- $-=------- e e il S +

TCCCCGGACCAACTATACTAGCTAGACCTCAATAAATGGCCACTACTAGTCCAATTTCTT
SerGlyLeuvalAspMetlleAspLeuGluLeuPheThrGl yvAspAsgGinvalLlysGlu
s 6 L vDM1 DL E L F T GG DD @ V K E

{1071
1090 1110 1130
ACCGTCCCCTACGCCCACGCGCATGATGTGAAAGTAGTCATGTCCAACCATGACTTCCAT
1081 --------- $-=------- 4o R LR il 4= +

TGGCAGCGGATGCCCGTGCCCGTACTACACTTTLATCAGTACAGGTTCGTA'TGAAGGTA
ThrvVaiAlaTyrAlaHisAlaHisAspValLysValValMetSerAsnHisAspPheHis
T V A Y A H A HD V K V V M 5§ N H D F H

[1271]
1150 1170 1180
AAAACGCCGGAAGCCGAAGAAATCATTGCCCGTCTGCGCAAAATGCAATCCTTCGACGCC
1141 --------- 4~ =--- $-m-m----- $mmmcmmme-- $omcomeom- R

TTTTGCSGCCTTCGGCTTCTTTAGTAACCGGGCAGACGCGTTTTACGTTAGGAAGCTGCGG
LysThrProGluAlaGluGlullelleAlaArglLeufrgLysMetGIlnSerPheAspAla
K T P E A E E I I AR L RK M@ S F D A
[147]

1210 1230 1250
CATATTCCTAAGATTGCGCTGATGCCGCAAAGTACCAGCGATGTGCTGACGTTGCTTGCC
=40 B it e R il Tt
CTATAAGGATTCTAACCCGACTACGGCGTTTCPTGGFCGCTACACGACTGCAACGAACGG
AspllieProLyslleAlalLeuMetProGinSerThrSerAspVallLeuThrLeuLeuAla
D I P K I AL MPOG@@STS D VL TULTL A
[1671]

.

1270 1290 1310
, GCGACCCTGGAGATGCACGAGCAGTATGCCGATCGTCCAATTATCACGATGTCGATGSCA
1261 --------mpmmm e e - - fmmmmmmm - $-————----
CGCTGGuACCTCTACGTCCTCGTCATACGGCTAGCAGGTTAATAGTGCTACACCTACCCT
AlaThrLeuGluMe:z:GInGluGInTyrAlaAspArgProllelleThrMetSerMetAla
A°T L E M@ E @ ¥ A D RUP 1 I T M 88 M A
[1871

1330 1350 1370
AAAACTGGCGAAATTTCTCGTCTGGCTGGTGAAGTATTTGGCTCTGGCGGCAACTTTTGG
1321 -=-=---=-=--- g L LT T R R $mmmmmemegpromme—am +
TTTTGACCGCTTTAAAGAGCAGACCGA'CACTTCATAAACCGAGACCGCCGTTGAAAACC
LysThrGlyGlulleSerArgLeuAlaGlyGluValP1eGlySerGl yGl yAsaPheTrp
K T ¢ E 1 8§ R L A GG E V F'G 8 G G N F W
(2071

7
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1381

1441

1501

1361

1621

1681

1741

1390 1410 1430, .,
TGCGGTAAAAAAACCGTCTGCGCCACGGCAAATLTCGGTAAATGATTTGCGCACGCTATT

ACGCCATTTTTTTCGCAGACGCCGTCCCCTTTAGAGCCAlTTACFAAACGCGTGCCATAA
CysGlyLysLysSerVaiCysAlaArgAlaAsnl.euGl vyLysEnd

"C 6 K K 8§ VvV . C A R A NL G K =*

(2271 [2401

1450 1470 l1490
AACTATTTTACACCAGGCATAAGCAATAATATTTCGGCGGGAACACCCTCLCCGECGAAC
......... JA e A sy AU S

TTGATAAAATGTGGTCCGTATTCGTTATTATAAAGLCGCCCTTGTGGGAGGGGCGGCTTG

1510 1530 1530

TAAAAAATATATTCAATCGTATTTAATAAAAATATTTCGTGAGTCTCTGTGCGCTAATTC
--------- e e e R LD LR

ATTTTTTATATAAGTTAGCATAAATTATTTTTATAAAGCACTCAGAGACACGCGATTAAG

1570 : 1590 1610
TCCATTTGGCGTAGGGAAAATCACATCTGAATCAGGAATTAACAATGAAACCTGTAAAAC
--------------------------- e il ek

AGGTAAACCGCATCCCTTTTAGTGTAGACTTAGTCCTTAATTGTTACTTTGGACATTTTG

1630 1650 1670
CACCTCGTATTAATGGACGACTGCCGGTCCTGTCCGCACACGAACCGGTGAATTATATTC

GTGGAGCATAATTACCTGCTCACGG"CAGGACAGCCGTGTCCTTCGCCACTTAQTATAAG

1690 : 1710 1730
CCGACGAAGCAACACTTTCGTGTGTTACGCGLTGGCGGCCGTATTCTGGAAGCCACCACGT
--------- e et R i R kR it

Clal
1750 ' 1770 790 ____._
TAATTACTGCTCTTGCTGATAAATATAAACAGACTCAAACACCACGTAATTTATCGAT
--------- Rl R it B e T

ATTAATCGACGAGAACGACTATTTATATTTGTCTGAGTTTGTGSTGCATTAAATAGCTA

Figure 4.7:(cont)
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Figure 4.10: Sequencing strategy for the 1.8 kb Clal insert in pKD201,
and location of the aroD coding sequence. Arrows indicate
direction and extent of sequences. -




(b) Application of Fickett's "Testcode"

The program TESTCODE in the Wisgen package (Section 2.36)
was applied to both strands of the DNA sequence. TESTCODE
searches for genes by plotting the running value of Fickett's
"Testcode" statistic (Fickett, 1982) along the length of
the sequence. The testcode statistic is 5 measure of the
'period three constraint' of each region o% a DNA molecule;
it is independent of the reading frame and is based on
measurements of the period three constraints’in'an entire
database for regions thought to be coding and non-coding.

The resulting plots (Figures 4.8a and 4.8b) are divided
into three regions for'whiqh the statistic makes a prediction.
The top is the region within which 95% of coding regions
fall and within which 95% of the non-coding regions do
not fall. The bottom region is the opposite. The middle
ground is the 'ﬁindow of vulnerability' where the statistic
does not have a significant ability‘to predict coding
and non~-coding regiomnse.

Figure 4.8a shows that the oéen reading frame falls
into the region where 95% of coding fegions fall, confirming
that this probably represents the aroD gené sequence. It
is interesting to note that a second open reading frame
(data mot shown) which begins at the Clal site and runs
to position 516 (Figure 4.7) is also likely to be protein
coding i.e. the 3' end of a gene;. The identity of this
gene is unknown.

Figure 4.8b shows that there are no significant protein

coding regions on the other strand.



Figure 4.8:

.Application of Fickett's Testcode to

the sequence of the 1.8 kb Clal fragment.

_(a) The DNA strand shown as 0-1800 in

Figure 4.7, including the predicted
aroD coding region.

(b) The complementary - strand; no sgjiast open
reading frames were observed in
this sequence.
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L.4.,2 Does the open reading frame encode 3-dehYdroquinase?

(a) Size and composition of the polypeptide encoded in the

open reading frame

Taking the ATG/Met codon at position 703 in the sequence
as the start of the open reading frame, then the gene anodes
a polypeptide of 240 amino acids, ending with a UGA/stop
codon at position 1423.

The amino_acid sequence of the putative aroD gene is
shown in Figure 4.7. From this sequence, the amino acid
composition of 3-dehydroquinase has been predicted, and .is
shown in Table 4.3. From this data a molecular weight of
' 28117 can be calculated for the protein. This compares
favourably with the estimafed Mr of 29000 obtained for the
ﬁurified E.coli enzyme by SDS-PAGE (Chaudhuri & Coggins,

1984b).

(p) Codon utilisation in the open reading frame

Recent comparisons of a number of E.coli structural
genes have shown that there is a non-random utilisation of
codons in protein coding sequénces. The bias in genetic
code usage has two main components. Firstly there is a
correlation with tRNA availability in the cell and secondly
the choice of 'codewordé' generally favours codon-anticodon
interactions of intermediate strength over those involving
very strong or very weak interactions (Grosjean & Fiers,
19823 Gouy & Gautier, 1982). This bias in codon usage can
be used to predicf whether or not an open reading frame in
the DNA sequence is likely to be a protein coding sequence.

The codon utilisation for the open reading frame/putative



Amino Number predicted by
acid DNA sequence
Asp 17
The .A 15
Ser 16
' Glu 18
Pro 7
Gly 13
Ala 29
Cys 3
Val 17
Met 11
Ile 16
Leu 19
Tyr 6
Phe | 8
His | 6
Lys 17
Arg 10
Trp | j 2
Asn 4
Gln 6

Table 4.3 Amino acid composition of 3-dehydroquinase
predicted from the DNA sequence.



aroD sequence (Figure 4.7) is listed in Table 4.4. The
analogous data for four enzymes of the tryptophan bio-

synthetic pathway, namely'trpE, trpD, trpC and trpB has

been pooled and is listed in Table 4.5, for comparison

(data taken from Table 2 of Gouy & Gautier, 1982). The

two tables show a very similar pattern of codon utilisation;
which suggests very strongly that the putative aroD sequence’
actually encodes a protein. One mightiexpect the utilisation
patterns to be similar since all tne above mentioned genésA
encode proteins which fulfil a similnr biosynthetic role
within the cell and will be expressed at approximately the
same level during the synthesis of tryptophan.

Examples of bias include: avoidance of the ATA codon
for isoléucine; preference for CGT/C over CdA/G or AGA/G
for arginine; preference for GGT/C over GGA/G for glycine
(see Table L4.h4).

Further aspects of the codon utilisation of 5322 will

be discussed in Chapter 6.

L.4L.3 Other features associated with a monocistronic E.coli

gene

(a) Ribosome binding site

The initiation of protein synthesis in bacteria infolves
the specific binding of the small ribosome subunit to a
region of the,mRNA containing the initiation codon. The
initiating subunit selects only the AUG or GUG codon at
the beginning of a cistron, ignoring the many internal AUG

or GUG codons. 'Recognition involves the untranslated



T A G

PHE 5 SER 3 TYR 5 cYs

PHE 3 SER 5 TYR 1 CYs
T .

LEU 1 SER O Term - Term .

LEU 1 SER 2 Term - TRP

LEU 1 PRO 2 HIS 4 ARG
c LEU 5 PRO O "HIS 2 ARG

LEU O PRO 2 GLN 2 ARG

LEU 11 PRO 3 GLN 4 ARG

ILE 9 THR 3 ASN 2 SER

ILE 7 THR 8 ASN 2 SER
A

ILE O THR O LYS 16 ARG

. MET 11 "THR 4 LYS 1 ARG

VAL 2 ALA 3 ASP 11 GLY

VAL 6 ALA 13 ASP 6 GLY
c ,

VAL 4 ALA 6 GLU 11 GLY

VAL 5 ALA 7 GLU 7 GLY

Table 4.4 Codon utilisation in the E.coli aroD gene.




T C A G
PHE 68 | SER 30 | TYR 76 CYs -27
PHE 67 SER 39 | TYR 40 CYS 34
LEU 57 SER 21 |Term - Term -
LEU 52 | SER 42 |Term - TRP 12
LEU 43 | PRO 20 | HIS 62 ARG 77
LEU 43 | PRO 25 | HIS 62 ARG 122
LEU 21 | PRO 28 | GLN 70 | ARG O
LEU 244 | PRO 115 | GLN 121 ARG 7
ILE 113 | THR 22 | ASN 59 | SER 33
ILE 83| THR 99 | ASN 91 SER 68
ILE 2| THR 27 |Lys 115 ARG 7
MET 91 | THR 40 |LYS 26° | ARG" 2
VAL 62 | ALA 71 | ASP 133 GLY 116
VAL 51 | ALA 154 | AsP 81 GLY 127
VAL 31 | ALA 70 | GLU 187 GLY 27
VAL 113 | ALA 162 | GLU. 62 GLY 47

- Jable 4.5 Codon utilisation for a number of the trp biosynthetic
enzyme structural genes from E.coli, namely trpE, trpD,

: trpC and trpB. .



sequence of the mRNA to the 5! side of the initiator codon.
Shine & Dalgarno (1975) showed that there is a purine-rich
tract in the ribosome binding site of different bacterial
mRNAs which shows complementarity to the 3' end of 168
ribosomal RNA, and that it is the specific pairing of mRNA
to 16S rRNA which allows the initiation of translation

to take place.

’ e
B3 e 2
Lo &Lk

It haé been proposed that the sequence 5';ACéUCCU-3'
in 16S rRNA is the site at which pairing takes place. A
consensus seqﬁence for the recognition region has been »
derived from a knowledge of a number of E.coli mRNAs; the
sequence 5'-AGGAG-3' (Shine—Dalgarno or S-D sequence)
precedes structural genes at a distance of'h—6 bp from the
initiation AUG or GUG codon. The control of initiation of
translation mﬁy be mediated by the degree of complementarity
of the mRNA and rRNA and by the accessibility of the purine-
rich segment of the message fo the terminus as determined
by the secondary structure of the initiation regiomn.

The DNA sequence upstream of the proposed aroD coding
region is illustrated in Figure 4.9. The region to the
5'-~side of the putative AUG/Met initiation codon is very
kpurine rich. A possible S=D sequence is located 8 nucleotides
before the start of the gene and is indicated on Figure 4.9.
This provides further evidence that the open reading frame
encodes a gene and that the AUG/Met codon is the correct
initiatipn point. The next Met codon is located at position

769 and is not preceded by a purine rich tract.
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380 400 - 420
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Flgure 4.9: The DNA sequence upstream of the aroD coding

region showing the location of a poss1ble promoter

sequence.
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(v) Promoter

Gene expression in E.coli is controlled, in part, at
the level of RNA transcription. Transcriptional regulation
can be achieved by modulating the efficiency with which
RNA polymerase can recognise and interact_with initiation
sites (promoters) on the DNA.

Promoters are expected to share common structural
features, reflecting a similar interaction with RNA polymerase.
Comparison of a large number of E.coli premoters has shown
that they contain two regions of conserved DNA sequence,
loeated about 10 and 35 base pairs upstream of the trans-
cription startpoint (Rosenberg & Court, l979§ Hawley &
McClure, 1983); Hewever there is also considerable sequence
diversity which is related both to the wide range of
'initiation frequencies and to the partial overlap of binding
sites for transcriptional control proteins.

The first conserved region is located about 10 bp
.upstream of the mRNA start point and is known as the '-10
| region' or iPribnoﬁ.box' (Pribnow, 1975); The consensus
Pribnow box sequence ie TATAAT. Within this sequence,
however, some residues are more highly conserved than others.
The final T is very well conserved. Four and five bp
upstream, two other strongly conserved bases (T and A
respectively) are found. The three residues between theee
sites, TAA,'are also conserved, though less stringently.

The second conserved region is located about 35 bp
upstream of the mRNA start point (the '-35 region' or

recognition region). In order to align =35 regions with



-10 regiomns, it is‘necessary to allow a =2 residue
flexibility in the spacer region between them. The
homology between promotefs consists of a highly conserved
TTG trinucleotide upstream and adjacent to a less conserved
ACA sequence.

Comparison of many mRNA startpoints indicates that
initiation of transcription takes'place predominantly from
a single position‘some 6 to 9 bp beyond the final T of the
~-10 region. The starting nucleotide is usually an A,
sometimes a G, but oﬁiy very farely a‘C-or a T.

The region upstream of the putative aroD coding sequence
(Figure 4.9) was scanned by.eye for promoter like sequences.
Initially, a search was made for the highly conserved
hexanucleotide TA---T, as expected for the =10 regiomn. In
the 300 bp preceding the coding region, only one such
sequence was found, at position 640. This sequence TATGTT
is similar to the consensus TATAAT. 17 bp further upstream
the sequence CTGGCA occﬁrs; this is homologous to the
consensus =35 region, TTGACA. The mRNA startpoint could
then be either of the G residues at positions 651 and 652,
both of which are within the allowed 6 to 9 bp from the
final T of the -lO_regioﬁ. Some startpoints outwith this
spacing are known, and so the actual transcription start
could be the A residue at position 650, or the A residue
at positiqn 655. The latter A residue is in fact at the
centre of the weakly conserved triplet CAT, often found

around the A initiation point.



This sgarch for the aroD promoter is by no means
exhausfive. More rigorous methods of searching for a
promoter havé\been developed, making use of a weighted
analysis of each residue in a sequence (e.g. Staden; 1984),
bﬁt the'comﬁuter pfograms were not available to us.

There is as yet no evidence, either in vitro or in vivo

to support the prediction outlined above for the location
of the aroD promoter. Further experiments such as Sl
nuclease mapping of the plasmid encoded transcripts would

provide hard evidence for the proposals.

(¢) Terminator

Comparisons of the site of termination of transcription
have been made for a number of E.coli genes (Rosenberg &
Court, 1979). Three common features are found at terminétion
" sites: |
(i) an inverted répeat sequence
(ii) U residues are found at the'3' terminus of the transcript
(iii) G/C rich sequences are found preceding the stopsite.

The sequence to the 3'=-side of the putative aroD
coding region was scanned, again by eye, for the presence
of an inverted repeat. One inverted repeat was located
centred at position 1486. This has a steﬁ of 9 bp and a
9-base loop. . If this forms part of the terminator of aroD
pranscription, then this sequence fulfils wyh@ s of the
features of a terminator detailed above. The repeat is

i LF not f01lowed-.

by a run of T residues. Again, experimental evidence is



required to reveal the true point of termination of the

aroD transcript.

L.5 Future prospects

It is now possible to compare the sequence of 3-
dehydroquinase from E.coli with the sequence of the catabolic

dehydroquinase of Neurospora, the product of the ga-2 gene

 (Alton et al., 1982; Dr M. Case, unpublished results), and
with the peptide sequence around the active site lysine

of the Neurospora arom complex (Dr S. Choudhuri, unpublished

results). This will be diécussed in Chapter 7.

The availability of 3-dehydroquinase in large amounts
from an overproducing strain of E.coli (Dr S. Choudhuri,
unpublished results) will allow the protein chemiétry of
the active site of the enzyme to be investigated. A knowledge
Qf'the“amino acid sequence of the enzyme will assist this

investigation.

L.6 Note added in proof

Since the time of writing, the amino-terminal sequence
and the amino acid composition of 3-dehydroquinase have
been determined (Murray Campbell, unpublished resylts).
The N-terminal sequence confirms that the aroD coding region’
begihs with the Met at position 703, and the amino acid
composition is in good agreement with that predicted by

the DNA sequence (déta not shown).



CHAPTER 5 SUB-CLONING AND ANALYSIS OF THE E.coli aroA GENE

5.1 Introduction

5.1.1 The source of the aroA gene for this study

The E.coli ribosomal protein S1 is encoded by the
gene rpsA, which is located at minute 20.5 on the E.coli
genetic map, close to both aroA and serC (Bachmann, 1983;
Figures 1.3 & 1.4). As part of a study of the structure
and function of this proteiﬁ, the rpsA gene has been isolated
and its entire bNA sequénce has been determined (Kitakawa
et al., 1980; Schnier & Isono, 1982).

The rpsA gene has no readily selectable phenotype and
so its broximity to the gene serC was utilised to obtain a
collection of phage which carried -the region of the E.coli
chromosome around min 20. Plaque-forming A phage were
isolated after induction of an E.coli K12 A lysogen. Those
phage which, because of abherrant excision, had picked up
a region of the E.ggli_chromosome‘were identified by their
ability to complement the serC mutation, following infection
of E.coli KL282. SerC is a selectable marker; mutantsi
require serine and pyridoxine for growth and so relief of
- auxotrophy was used to isolate a series of transducing
phage carrying Eg:g.

In vitro transcription of mnon-A genes and two dimensional
gel electrophoresis of the products was used to show that
~one of the phage, hereafter named A pserC also synthesised
a 65kdal protein with identical pfoperties to ribos&mai

protein Sl. Further proof that the phage carried the



’§E£9?£E§é region of the E.coli chromosome was provided by
infection of an E.coli aroA mutant -~ E.coli AB2829. Again,
relief of auxotrophy was used to show that aroA was present.
on the phage, as expected, since aroA is located between

serC and rpsA (Kitakawa et al., 1980).

5.,1.2 The genomic DNA insert in ApserC

The genomic DNA inserted in ApserC has been extensively
mapped with a number of restriction enzymes (Schnier &

Isoné, 1982; Figure 5.1). ApserC DNA was digested with a
number of enzymes in turn, which were known to cleave the
genomic DNA insert, and the DNA was transcribed and translateq
in vitro. Translation products were subjected to gelneleétro—
phoresis and enzymes identified‘which abolishéd a band
corresponding to protein Sl. In this way, %he IrpsA gene

was located. It was then sub-~cloned and the entire DNA
sequence of the gene determined.

Figure 5.1 shows the restriction map of the serC-arol
‘region and the location of the rpsA gene. This diagram.also-
illustrates the conventional view of the map adopted
throughbut this work i.e. 'ieft' or 'right! is with respect
to this mép. Attention is also drawn to the regions
designated A~C.

E.coli strain KL282, lysogenic for ApserC was obtained
from Dr K. Isono, Max-Planck-Institut fur Molekulare V
Genetik, Berlin, FRG. In this lysogen, the A phage is
present at one copy per chromosome, and hence is providing

only one extra copy of the aroA gene. To increase the
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Figure 5.1: Restriction map of the genomic insert in ApserC (from Schnier & Isono, 1982),
and location of the rpsA gene. Note the regions designated A, B and C; and
the orientation of the map - left and right in the text refer to this map.



copy number of aroA and hence to overexpress EPSP synthase,
the gene must be. sub-cloned onto multi-copy plasmid

vectors; pATl53 and pBR322 have been used for this purbose.

5.2 Sub-=cloning and analysis of aroA

52¢1 Construction qf pKD501 and pKD502

Examination of the restriction map in Figure 5.1 reveals
that there is a PstI fragment of approximately 4.5 to 5.0 kb
in size which carries most of the genomic material of ApserC
but which does not encode rpsA. Sub-cloning this fragment
gave the best chance of transferring aroA onto a plasmid,
‘without disrupting the gene in any way.

ApserC was purified after heat induction of the E.coli
KL282 lysogen, as described in Section 2.9. ﬁNA extracted
from the phage Waé digested with PstI and the fragments
separated by electrophoresis on a 0.7% LMT agarose gel
(Figure 5.2). Three bands were observed in positions
corresponding to the size range 4.5 = 5.0 kﬁ. The individual
bands were not completely resolved and so all three were
excised as a group. DNA was extracted and ligated fo Pstl
cleaved and phosphatase treated pATl537 The ligation mix
was used to transform E.coli AB2829 and the plasmid trans-
formed cells selected by growth overnight on LA/tet. Colonies
obtained in this way were replica plated onto minimal medium
and incubated a further 24 h at 37°. Becausé of the
auxotrophic mutation in E.ggli AB2829, only colonies trans-

. formed with récombinant plasmids carrying aroA would grow

under these conditions. From the many colonies which grew



Figure 5%*2: Restriction enzyme digestion of ApserC

Track DNA Enzyme
1 Aps erC undigested
2 A Hindl1l1l (wild type)
3 ApserC BamHT
k RApserC Hindl111
3 ApserC EcoRI
6 ApserC PstI
7 A EcoRI (wild type)



on minimal medium, 100 were picked and checked for
ampicillin sensitivity; all were found to be sensitive,
indicating an insertion at the PstI site. Plasmid DNA
was extracted from 10 tetR, ampS colonies by the mini-prep
‘technique and digestion with various restriction enzymes
established that all the clones carried the anticipated
4.6 kb PstI fragment. Two clones (pKD501 and pKD502)
were retained for further examination; eaéh carried the
same fragment, but in opposite orientations (Figure 5.3).
Large scale plasmid DNA preﬁarations of pKD501 and
pKD502 were made (Section 2.7) and the DNA digested with
various mixtures of restriction enzymes in order to confirm
the restrictioh ﬁap shown in Figure 5.1, and‘to establish
that the_PstI insert originated from ApserC. Figure 5elt
shows one of the gels obtained. The pattern obtained for
each énzyme confirmed that expected from thé,restfiction
map and from the map of pAT153, except in the case of
PvuIl. Figure 5.1 locates two PvulIl sites within the
PstI fragment, but the digests clearly showed that three
fragments were produced. There are no PvulIl sites in
pAT153. Further maﬁping has shown that there is a PvuIl
site to the right of the leftward PstI site; it is possible

that the Pvul site on Figure 5.1 at this location should

be a PvuII site.

5.2.2 Overexpression of EPSP synthase in cells carrying

pKD501

The expression of EPSP synthase from cells carrying
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Figure 5*”: Restriction enzyme digestion of pKD"0Ol and pKD502

Track DNA Enzyme
1 PKD502 Hindll1l
2 PKD502 PvuIl
3 PKD502 Clal
k pKD502 PstI
5 PKD502 Hindlll + Bglll
6 ApserC PstI
7 A Hindlll
g pPKD501 Hindlll + Bglll
9 pKD"01 PstI
10 PKD501 Clal
11 pPKD501 Pvull

12 pKD501 Hindlll



various aroA recombinant plasmids will bebdiscussed in
greater detail in Section 5.2.7. In order to establish
that E.coli AB2829/pKD501 can be used to overproduce the
enzyme, EPSP synthase activity was measured in crude

" extracts of E.coli K12 and E.coli. AB2829/pKD501. Cells
were grown in liquid minimal medium to saturation (A650=
1.3-1.5) and sonicated in sonication buffer 'B'. The
specific activity of EPSP Synthase in crude extracts of
E.coli A32829/pKD501 was 0.42 U/mg, which is over 100-fold
higher than that found in E.coli K12 strain ATCC 14948
(0.004 U/mg).

The high specific activity of EPSP éynthase in E.coli
AB2829/pKD501 has led to the use of thié strain for the
preparation of EPSP synthase. On a large scale, cells are
grownlin 500“ml batches in 25 1 conical flasks on an
orbital shakerf Minimal medium is always used; cells
are grown to saturafion beforé harvesting. _

A loopful of -20° glycerol stock E.coli AB2829/pKD501
is inoculated into 10 ml LA/tet and shaken pvernight. 1 ml
is transferred into.loo ml minimal medium and shaken a
further 24 h. 5 ml is then used to inoculate the 500 ml

flaskse.

5.2¢3 Is plasmid encoded EPSP synthase identical to the

'wild type'! enzyme?

Since the overpfoduced enzyme was required for p:otein
chemistry and enzYmology it was essential to demonstrate
that it was identical to that purified from the wild type

E.coli K12 strain.



EPSP synthase has been purified to homogeneity from
both E.coli K12 (Lewendon & Coggins, 1983) and from E.coli
AB2829/pKD501 (Duncan, Lewendon & Coggins, 1984a). The
enzyme purified from E.coli AB2829/pKD501 is indistinguish-
able from that isolated from untraﬁsformed E.coli on the
basis of:

() P.A.G.E. under native conditions and in the presence
of SDS.
(ii) one-dimensional peptide mapping after partial S.aureus.

VV8 pfotease digestion.

(iii) fractionation on a TSK G2000 SW gel permeation columm.
(iv) kinetic parameters.
(data obtained by Ann Lewendon, and described in detail in
Duncan, Lewendon & Coggins, 1984a).

~ It is now possible to produce milligram quantities
of homogeneous EPSP synthase. The availability of large
quantities of pure, active protein has facilitated further
mechanistic and structural studies of this enzyme (Ann

Lewendon, Ph.D. Thesis, University of Glasgow, 1984).

5.2.4 Growth of E.coli in the presence of Glyphosate

It has previously been shown that the growth of E.coli
is inhibited in the presence of the herbicide glyphosate
and that the enzymatic step involved is that catalyséd by
E?SP synthase (Section l.h.6). This suggests that glyﬁhoéate

tolerant cells might be obtained as follows:



(i) by the production of a structurally éltered form

of the enzyme, so that the herbicide has a lowered

affinity for the enzyme, binding less efficiently

than substrate;

(ii) by overproduction of the EPSP synthase from an amplified
aroA gene, reqﬁiring more herbicide to inhibit'growth.

The aroA gene is expressed constitutively in E.coli
(Tribe et al., 1976) and so the gene will be overexpressed
in cells carrying a multi-copy plasmid by a factor similar
to the copy number of the plasmid. This has already been
shown to be the case with aroA cloned into pAT153 (pKD50L1)
where a 160 fold higher level of EPSP synthase is found.

In order to test the hypotﬁesis that amplification of
aroA will make E.coli cells glyphosate tolerant, E.coli K12
was tested for gréwth on minimal agar containing a range
of concentrations of glyphosate, with and wifhout the‘gggé
recombinant plasmidg

E.coli K12 and E.coli KlZ/pKD50l were grown in LB and
LB/tet respectively to an Aggo = 0-5 (mid log phase).
Cultures were harvested, washed in M9 salts and resuspended
in the original volume of M9 salts. 100 pl aliquots
(cell density approximately 108 cells/ml) were spread onto
MM, MM containing glyphosate and MM + aromatics + glyphosatg
-plates (analytical grade glyphosate was sterilised by
filtration before adding the appropriate amount to medium
at 550. Glyphosate was a gift from Dr S. Ridley, I.C.I.

Jealott's Hill).



The concentrations of glyphosate used and the results

_ obtained are shown in Table 5.1. These results show that

" on MM, growth of E.coli K12 is substantially inhibited by
3 mM-glyphosate and is completely stobped by 5 mM-glyphosate.
Transformation of E.coli with pKD501 increases tolerance

so that near normai growth is obtainéd even on 5Q mM-
glyphosate.

| Minimal medium + aromatics contains the eﬁd products
of aromatic biosynthesis and so growth of E.coli K12 and
E.coli AB2829 on this medium should be unaffected by the
bresence of glyphosate. Clearly this is not so. Growth

is affected in both cases, though to a greater extent for
E.coli AB2829. This may bevdue to secondary effects of
glyphosate on the metabolism of E.coli and unconnected with
the effect on EPSP synthase.

The results presented here are qualitative, but they
clearly illustrate that amplification of the aroA gene
confers resistance to glyphosate. In this respect, the
aroA gene can be used as a selectable marker on plasmids
in the same way as ampicillin or tetracyclihe resistance.
'This might have its uses in larger scale growth of plasmid
carrying cells where a selection must be maintained. It
is both difficult and costly to remove aﬁtibiotics from
growth media before disposal. Glyphosate poses no such
problems. It has no effects on mammalian systems and is
bio-degradable.

In order to quantify the effects of glyphosate on the'

growth of E.coli it is mnecessary to measure growth rates
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Table 5.1: Growth of E.coli in the présénce of glyphosate
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slight growth after 2 day incubation
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in liquid medium under constant conditioné and varying
glyphosate concentrations. Some experiments of this kind
have been.carried out by workers at Monsanto Co., St. Louis,
USA (Rogers et al., 1983). 'They have shown that E.coli cells
harbouring a recombinant aroA carrying plasmid, pMONL, are
able to grow in the presence of 40 mM-élyphosate. This is
eight times the concentration required to give a very much
reduced gfowth rate for E.coli cells carrying a plasmid

lacking the aroA gene.

5.25 Construction of pKD503, pKD504 and pKD505

The Pstl fragment inserted in pKD501 is.4.6 kb in
lengthe. This is considerably larger fhan the size required
to encode the gﬁgé gene‘(calculated to be 1.2 - 1.4 kb,
from the Mr of 49 000 estimated for EPSP synthasg by SDs—'
PAGE (Leﬁ‘endon & Coggins, 1983)).

If the aroA gene qould be more precisely located witﬁin
the 4.6 kb DNA fragment then the amount of DNA sequencing
required to obtain the'gene sequence would be considerably
reduced. |

The 'shotgun' cloning approach was used to produce a
series of derivatives of. ApserC carrying the aroA gene.
XEEEEQ DNA was cleaved with a pair of different enzymes
and the DNA fragments raﬁdoml& cloned into PAT153 which
had been cut with the same enzymes, or'enzymes producing
the same complementary ends‘(N.B. since the recognition
sequence of Aval is G PyCGPuG, the.internal redundancy
means that there is only a . one in four chance of an Aval

end cloning into the Aval site of pAT153).



For each enzyme combination: 1lpg of ApserC DNA
was digested with a pair of enzymes and mixed with 100 ng
of pATl53, digested with enzymes pfoducing the same
complementary ends. The mixture was immediately phenol/
chloroform extracted.and éthanol precipitated. Ligation
mixes were set up and incubated overnight at 14° before
being used to transform E.coli AB2829. Transformed cells
were selected by growth on LA/amp, replica plated onto MM
and incubated a further 24 h. Six colonies from the MM
plate were each inoculated into 10 ml LB/amp and after
overnight growth, plésmid DNA was prepared by the mini-
prep technique.

The enzyme combinations used and the resulting
recombinants obtained are detailed in Table 5.2.

For each combination of enzymes, the six mini-preps
were found to contain the same recombinant plasmid. A
series of single-‘and‘double—enzyme digests were carried
out on each plasmid in order to locate fhe region of the
phage carried on the plasmid. The information obtained
from this, and the deduced location of each cloned fragmgnt
is shown in Figure 5.5.

Combining the sub-cloning résults so fgr, the boundarieé
of the aroA complementing region of the phagg are the Clal
site used in the' construction of pKD505 and the PstI site

used<in»constructing pKD501.



A pserC digested by: pAT153 digested by: Resultant
' recombinant:
BgllIIl + HindIII BamH1I 4 HindIII pKD503
BglIIl + Aval BamHI + Aval pKD504
Clal + Aval Clal + Aval pKDS05

Table 5.2 Restriction enzyme combinations used in 'shotgun!

cloning of arocA from ApserC.
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pKD501 aroA”
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pKD504 aroa”

é pKD505 aron”
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Pst I B- Bgl II C- Cla I Pv- Pvu II H- Hind TII A- Ava I

Figure 5.5 Summary of the sub-cloning of the E.coli aroA gene from M pserC. Hatching indicates E.coli DNA




5.2.6 Construction of pKD506

The cloning of a ClaI-PstI fragment into pAT153
results in the-disruption of both the ampicillin and the
tetracycline reéistance genes. For this reason, it was
'.decided to clone a fragment extending from the CléI site
to a Pvull site approximately 200 bp to the left o? the
PstI site. When this 1.9 kb fragment was cloned into
pPBR322, the ampicillin resistance gene remained intact,
and it was hoped that the recombinant plasmid would still
be aroA complementing. | |

The 1.9 kb ClaI-PvuIl fragment was isolated after
electrophoresis of a ClaI/PvuIIl digest of pKD501 on 1%
LMT agarose. It was ligated (overnight, 0°) to ClaI/
PvuII cleaved pBR322 and used to transform E.coli AB2829.
Six colonies were obtained after overnight growth on LA/
amp and colonies were picked and transferred onto LA/tet
and MM. All were capable of growth on MM. Plasmid DNA
was extracted from omne colony; restriction enzyme digests
confirmed that this recombinant plasmid contained the
correct 1.9 kb ClaI-PvuIl fragment, and it was designated
PKD506.

The sub-cloning results are summarised in Figure 5.5.

Each plasmid is phenotypically g£2é+ on the basis that it
can relieve the auxotrophic mutation in E.coli AB2829.

All the plasmids are equally capable of complementing aroA.
None of the transformed cells show a slow-growing phenotype
which might be indicative of either weak compleméntation

from an altered EPSP synthase, or intra-molecular



complementation between plasmid encoded enzyme and mutant
chromosomally encoded enzyme. These results suggest that
the whole aroA gene lies on pPKD506 between the Clal aﬁd
PvuIl sites. However, confirmation that the gene is intact
and that any sequences necessary for its expression are
also present can only be gained through determination qf
the specific activity of EPSP synthase in crude extracts

of cells harbouring each of the plasmids. As stated earlier,
the aroA geme is expressed comnstitutively and so bne can
predigt that EPSP synthase will be overexpressed at the
level of the copy number of the vector. This would suggest
that each clone will overexpress approximately lOO-fold;

as the copy number of pAT153 is approximately 100. This
level of expression has already been showﬁ to occur with
pKD501 (see Section 5.2.2). One of the plasmids, pKD506,
since it was obtained from'pBR322, would be expected ko

have a lower copy number.

527 Specific activity of EPSP synthase in crude extracts

of cells carrying the recombinant aroA plasmids

It has already been shown that E.coli AB2829 cells
harbburing pPKD501 are an excellent source of EPSP synthase.
The high copy ﬁumber of the plasmid results in a 100-fold
increase in the specific activity of EPSP synthase in these
cells as compared with the activity found in wild type cells.
In this section the levels of EPSP synthaseriﬁ cells
harbouring other recombinant plasmids carrying the aroA

gene are compared.



Crude extracts were prepared as detailed in Section
2.18 from 100 ml minimal medium cultures grown to saturation
(A650 1.3 - 1.5). Sonication buffer 'B' was used throughout.
In each case, the values given for specific activities
are an average of at least two independent duplicate
experiments. All the assays were performed in the reverse
direction, following the formation of PEP by coupling to
the pyruvate kinase and lactate dehydrogenase reactions
(Figure 5.6). The results obtained are shown in Table 5.3.

In the crudé extradts there is a steady absorbance
change at 340 nm in the absence of added EPSP, which is
due to an NADH oxidase activity. This blank rate makes
the accurate determination of the specific activity of
EPSP synthase in extracts of wild type cells difficult.
The blank rate poses mno problems in cells where the aroA
gene is overexpressed from a plasmid because the observed
rates are so high. Despite the difficulties in measuring
low levels of EPSP synthase activity, we can be confident
that the relative expression values quoted in Table 5.3
are accurate for the following reason: during full scale
préparation of the enzyme from E.coli K12 or from E.coli
AB2829/pKD50l, the specific activity of EPSP synthase can
be detérmined very accurately after ammonium sulphate
fractionation of the crude extract (the first step in the
purification procedure), and the overexpression_factor
obtained is 100, in good agreement with the vaiue obtained

in Table 5.3.
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Coupling of EPSP synthase to the pyruvate kinase and lactate dehydrogenase

reactions. PK = pyruvate kinase, LDH = lactate dehydrogenase (PK/LDH was
purchased from wooﬁﬂwsmmﬁv.



Extract A Specific activity' Relative
: ' of EPSP synthase (U/mg) activity
Kiz o 0.004 - 1
AB2829 | | . no activity -
AB2829/pKD501 0.420 g ‘ 105
AB2829/pKD502 0.425 106
AB2829/pKD503 . 0.425 o 106
AB2829/pKDS04 " 0.356 . 89
AB2829/pKDS05 0.0044 o 1.1
AB2829/pKD506 10,0048 1.2

Table 5.3: Specific activity of EPSP synthase in E.coli crude
extracts.



All the plasmids derived from pATl53.should have
similar high copy numbers and therefore give similar high
levels of EPSP synthase. For cells harbouring pKD501,
pKD502, pKD503. and pKD504, thé specific activity of EPSP
synthase in the crude extract is indeed similar, and is
approximatel& 100 fold higher than in E.coli K12.A In
coﬁtrast, the crude extracts of cells harbouring pr505
and pKD506 have EPSP synthase specific activities which
are very much less than expected. The values obtained are
approximately the same as the level found iﬁ wild type
cells. This amount of enzyme wiil be sufficient to allow
mutant cells to grow in unsupplemented medium. Thus all
the plasmids are capable of relieving the auxotrophic
requirement of Q;ggii AB2829, and are indistingﬁishable
phenotypically. However, an explanation is required for
the occurrence of two classes of aroA containing plasmid,
one of which gives 'high' levels of EPSP synthase activity

and one of which gives unexpectedly 'low' levels of activity.

5.2.8 Expression of aroA on pKD505 and pKD506

Both pKD505 and pKD506 were constructed by insertion
of fragments obtained by cleavage at a common ClaI site.
pKD506 extends 1.9 kb to a Pvull site, but pKD505 extends
beyond this site, and beyond the PstI site used in the
construction of pKD50l. It is possible, -therefore, that
cloning from the Clal site is responsible for a reduction

in the level of expression'of the aroA gene. Two simple



models which would explain the low levelsvof enzyme activity
are shown in.Figure 5.73
Figure 5.7a shows the removal of the 3' end of the
aroA coding fegion during the cloning procedure. This would
result in the production of large quantities of a truncated
polypeptide which might have very little enzyme activity.
Figure 5.7b illustrates s second possibility, the
removsl or alteration of the promote? of the aroA gene.
The low level of expression observed might then be due
either to‘an altered,vineffective aroA promoter, or, if the

aroA promoter has been completely removed, expression might

be due to a minor plasmid promoter.

5.2.9 SDS-P.A.G.E. of srude extracts

In an attempt to distinguish between ths two possibilities
outlined in the previous section,. crude extracts were
analysedvby SDS-=P.A.G.E. In extracts where the enzyme is
overexpressed, it ought to be possible to see a Coomassie
Blﬁe stained band corresponding to EPSP synthase providing
there are no highly abundant E.coli proteins migratiﬁg to
the same position in the gel. If the reduction in specific
activity is due to production of a truncated polypeptide
then a shift in the position of this band should be
observed. However, if the problem is the disruption of
the proﬁoter, then a heavily staining band should be absent
from the low activity extracts.

Crude extracts were'ﬁrepared and analysed by electro-
phoresis on a 12% polYacrylamide gel in the presence of

SDS, as described in Section 2.21. The gel was stained
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Figure 5.7: Possible explanation for wﬁm low specific ﬁoww<%w%,o% EPSP synthase in cells
harbouring plasmids pKD505 and pKD506.

Amv The Clal site is within the aroA coding sequence. Expression of aroA results
in the production of a truncated polypeptide, with lowered specific activity.

(b) The promoter of aroA is interrupted at the Clal site, and so expression is
reduced.




with Cooméssie Blﬁe, destained overnight and photographed
(Figure 5.8).

A heavily sfaining band of the same mobility as EPSP
synthase can be seen in tracks a - d which correspond to
the 'high activity' extracts. However, the same band is
observed in the 'low activity' extracts (tracks f and g)
and also in E.coli K12 (track h) and E.coli AB2829 (track i).
Thus, no conclusions can be drawn from this gel regarding
the expression of aroA in 'low activity' and 'high éctivity'
extracts. A highly abundant E.coli protein is masking EPSP
'synthase throughout the gel: the likeliest candidate for
‘this is Elongation Factor Tu, which is expressed at a very
high level (89 000 molecules/cell,ldata from Gouy & Gautier,
1982) and has an M of 46 000.

This negative result is presented here, h&wever, because
‘the gel shown in Figure 5.8 shows that in four of the crude
extracts, tracks a;d, there is a very prominent band
(Mr,MO 000) which is not present in the other extracts.
This protein is presumably also plasmid encoded since it
is not present in extracts of E.coli K12>but is only present
in the 'high activity! extracts. This would imply that it
is encoded by sequences to the left of the Clal site used
in tﬁe_construotion of pKD505 and pKD506. The significance
of the prominent band will be discussed in detail in |

Chapter 6.

5.2.10 The 0.5 kb Clal fragment

One way of restoring 'high activity'! to the 'low

activity' plasmids might be to reclone and include the
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sequences to fhe left of the Clal site in the plasmids.
This is feasible as there is a unique Clal site in pKD506
and the 0.5 kb Clal fragment ('B' on Figure 5.1) to the
left of the ClaI site .can be readily isolated from pKD501.

Fragment B can be inserted into pKD506 in either
orientation, but it will be expected to restore ‘'high
activity' only when it is in thé correct orientation relative
to Fragment A. Glyphosate tolefance would be expected to
select any reqombinants with 'high activity' phenotype.
E.coli AB2829/pKD506 shows the same pattern of sensitivity
to glyphosate as does Q.ggli K12, but restoration of ‘high‘
activity' will change the pattern to that of E.coli
A32829 /PKD501. ' |

Fragment B was recovered after digestion of pKD501
with CiaI and electrophoresis through LMT agaroée. This
was then ligated to Clal cleaved.and phogphatase treated
pKD506. Extra care was taken in this case to énéure thaﬁ
the pﬁosphatase reaction had removed all 5'-phosphate
groups. A control ligation after phosphatase treatment
showed that essentially no recircularisation of pKD506
was possible and hence that any transformants obtained
after ligation of fragment B would be recombinants. It
was then predicted that approximately 50% of recombinants
would be glyphosate tolerant. .

The ligation mix was used to transform E.ggii AB2829
and transformants were selected by overnight growth on
LA/amp. As avseléction for fhe restoration of 'high
activity', 100 ampR colonies were transferred and gridded

onto an MM plate‘and an MM + glyphosate (20 mM) plate.



Under these conditions, only coloniesbcarrying recombinant
clones with inserts in the correct orientation would be
expected to grow.

ane of the colonies screened were able to grow on
the plate contéining glyphosate (A32829/pKD501 did grow
on this plate). " The experiment was repeated and 800 colonies
were screened by replica plating onto MM + glyphosate |
(20 mM). Again, none were able to grow on glyphosate.
Plasmid DNA was prepared from 20 transformants énd digested
with ClaI. All were found to have an insert at the Clal
site of the correct size. It was not possible, however,
to show conclusively that any of thesg had fragment B
in the correct orientation relative to fragment A of
pKD506, as the only known restriction site on fragment B
(KpnI; Figure 5.1) is very close to the centre.

Crude extracts were prepared from cells carrying six
of the recombinant clones and the specific activity of
EPSP synthase was determined. In each case, the activity
was close to wild type, i.e. the clones were of the 'low
activity' type.

It is exceedingly unlikely that all of the transformants
screened had the 0.5 kb Clal fragment introduced into
pKD506 in the 'wrong' orientation. This leads to the
.conclusion that insertion of this DNA and restoration of
the correct fragment B - fragmént A interface has no effect
on expression of the aroA gene. 0.5 kb of DNA is enough
to encode more than a third of the aroA gene. Addition

of this much DNA to the inserts in pKD505 and pKD506



should improve the levels of EPSP synthase activity if
these had been reduced by truncation of the gene. Since
there is no imprﬁvement, an alternative explanation for
the 'low activity' plasmids is required. One possibility
is that aroA is mnot a 'normal' monocistronic E.coli gene,
but is co-ordinately expressed with the 40 000 Mr gene

product. To obtain evidence for this hypothesis, the

entire DNA sequence of the aroA region has been determined.

5.3 Determination of the DNA sequence of the aroA gene

5.3.1 DNA sequencing strategy for aroA

DNA sequencing studies on the aroA gene were concentrated
initially on fragment A of ApserC -~ the 1.9 kb élaI-PvuII'
fragment subcloned in pKD506. The MlB/dideoxy sequencing
method was used throughout. TFull detéils of.the teéhniques
employed to construct clones and produce templates, and
the dideoxy sequencing reactions are given in Sections
2.22 to 2.30.

The strategy which was followed for providing clﬁnes
and templates for .sequencing is outlined below. It was
hoped that this would give the éntire DNA sequence on both
_strands and overlaps at all the restriction sites used
in cloning.

(a) left end of the sequence: use a Clal fragment from
pKD502 to define the left end of the sequence.

(b) Right end.of the sequence: there is a unique HincII
site within frégment A which is located approximately

l.1 kb to the right of the Clal site; cloning of a



0.8 kb HincII-PvuIIl fragment defines the right;end

of the sequence and also gives some intermal sequence.
(c) Internal sequence: use a set of fragments produced by

digestion of’fragment‘A with‘the.restriction enzymes

TaqIl and HpaIl (the rationale for this has been-

outlined in Section 4.4.1). The sequence of these

. fragments will give most of the internal sequence.

‘5.3.2 The Clal site

pKD502 was digested with ClaI and the DNA fragments
separated by electrophoresis on 1% LMT agarose. A 2.5 kb
ffagment spanning the ClaI-Pvull region and'extending to
the ClaI site in the vecfor was excised and cloned into
the AccI site of M13mp8. Four recombinant femplates were
purified and the sequence to the right of the Clal site
- was determined. The'sequenc? was entered into a file omn

a PDP11-34 computer using the BATIN program (Section 2.36).

53«3 The PvuIl site

In a similar way, a 0.8 kb HincII-PvulIl fragment of
pKD506 was isolated and ligated to Smal cleaved M13mp8.
Six templates were pﬁrified and sequenced in turn till the
- sequence at both ends had been obtained. Again, the data
was eﬁtered into the computer. The sequence at the Pvull
end showed fhat the nearest Hpall and Taql sites were
located 12 and 1 bp respectively away from the PvulIl site -
this indicated that in cloning Hpall and TaqIl fragments
very little inférmation would be lost through the inability

to clone the TaqI-Pvull and HpaII-Pvull fragments.



5.3.4 Number and size of HpaIl and Tagl fragments in region A

The ClaI-PvuIl fragment of pKD506 was isolated by
digestion of 8 pg of pKD506 with Clal and PvulI, followed
" by electrophoresis on a preparative 1% LMT agarose gel.

This fragment was then digested (without further purification)
by the eniymes HpaITl and TaqI.

The digestion products were separated by electrophoresis
on a 5% polyacrylamide gel (Section 2.12) and the gel stained
with ethidium bromide (Figure 5.9). Unfortunately, the
guantity of DNA uSed was too liftle to allow the bands to
Be seen under the normal exposure conditions. The photograph
is overexposed to compensate for this. Exaﬁination of the
original mnegative gives more information than the photograph.
Clearly, at least nine bands are present in the Hpall digest

and six bands are seen in the TaqIl digest.

5.3.5 Preparation of HpaIl and TagI clones for segquencing

An aliquot of each digestion mix from the experimenti
detailed in the preceding section and containing approximately
'lOO ng of fragments was purified by phenol/chloroform
extraction and ethanél precipitation. After recovery, the
fragments were ligated to AccI clééved M13mp8 and trans-
formed into E.coli JMIOl. Single strand template DNA was

produced from sixty clear plaques.

5.3.6 Characterisation of the HpalIl and TagIl clones

As these clones have been constructed using a 'shotgun'

cloning approach,'many will contain the same fragment
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inserted in the same or ih the opposite direction. All

the clones were subjected to T-track analysis (see Section
2.33) and those showiﬁg the same pattern were grouped.

In some cases it was possible to identify complementafy
strands of fhe same fragment from the length of the cloned
segment. A number of clones, thought to represent all |
the possible sequeﬁces, were selected for complete

sequence analysis.

5.3.7 Sequence analysis of Hpall and Tagl clones

Sequencing reactions were performed as described in
Sections 2.28 - 2.30, using the 'normal' sequencing reaction
mixes. Electrophoresis was on 6% polyacrylamide gels and
the'géls were dried before overnight autoradiography
(Section‘2.32). In most cases, sequencing reaction products‘
were electrophoresed on two tinear éels; one was run for
4% h and the other for approximately 14 h. Clones which
T-tracking had shown to have an insert of less than 200 bp
were electrophoresed on a single buffer gradientAgel.-

The sequence data showed that many of the clonesiwhich
were sequenced had more than one fragment inserted into
thé vector. This may have been caused by having too high
a ratio of fragment ends to vector ends in the ligation
mixes, or by having to§ high a concentration of ligase,
causing cohéatenation of fragments before cloning. This
problem was avoided in later experiments by phosphatase

treatment of the fragments, rather than the vector.



Where a TaqIl site was found in the sequence of a
TaqI clone; the sequence was divided into two parts, A
and B, referring to before and after that site. In only
a very few cases were the fragments linked as they.would
be in vivo indicating that most multiple cloning events
were due to spurious linkage and not partial digestiom of
the original DNA.

Each sequence was entered into a computer file.

5.3.8 Building up the sequence

The complete sequence of the ClaI-Pvull region was
built up using the method outlined in detail in Chapter 4
for the aroD gene. Briefly, each sequence was compared
with all the other sequences and a map of overlaps and
complementary sequences built up. Each nﬁcleotide was
then checked against its complementary strand partne: and -
all doubtful sequences resolved. Corrected sequences were
then built into a single complete sequence.

The complete sequence 6btained in this way contained
several gaps. Not every Taql or Hpall fragment was present

in the collections of clones.

5.3.9 Filling in the gaps

In order to complete the sequence, two further experiments
were needed:
(a) Clone turn-around (see Section 2.35). HpaIl fragment

H2 (Figure 5.9) was turned around in order to complete

the complementary strand in this region.



(v) The largest Taql fragment (T1 in Figure 5.9) was
missing from the set of Taql clones. This fragment
was isolated after Taql diéestion of pKD506 and
eléctrophorésis through 2% LMT agarose. .After ligation
fo AccI cleaved M13mp8 and transformation of E.coli
JM101l, six recombinant templates were purified as
described previously. These were sequencéd in turn
till the sequence at both ends of the fragment was
obtained. Two clones carrying the fragment in opposite
orientation were're—éequenced‘using the 'low dideoxy'
mixes (see Section 2.30) and electrophoresed on a 6%
linear polyacrylamide gel for 6 h. This allowed the
sequence to be read far enough to overlap a Hpall
site. This in fact showed that there were two HpaIlX
sites, separated by 63 bp. The 63 bp HpalIl fragment

was missing from the set of Hpall clones.

5.3.10 Complete sequence of the ClaI-Pvull fragment

The sequencing strategy, including the location of the
sites used for cloning and the extent of sequencing for the
entire ClaI-Pvull fragment is summarised in Figure 5.10.
The complete DNA sequence is shown in Figure 5.11. The
ClaI-Pvull region is‘l959 bp in length and the entire
sequence is covered on both strands of the DNA with all
-the restriction enzyme sites used for cloning overlapped
»by434 sequences. Note that the numbering system puts the
Clal site at position 791 in the sequence, ﬁot at position

1. The reason for this is that later experiments (see
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DNA sequencing strategy for @Um.OHmle<ﬁHH region. The sequence corresponding
to the aroA coding region is indicated by the box; the solid part corresponds
to the N-terminal amino acid sequence.




851

911

971

031

091

151

211

271

— - LA

TAGCTACCATACCGFTACCTGCTTTGCFCTyTUAAGCCFCFTClACACCACCAGLGCCUH

70 890 910

CACTTCTCTTCAACCATTCTTTCCCGTCCGATTGACGTCAGCCCTTATCCTCTAATTTAC
--------- e e R L L R R R s R LR

CTGAAGACAAGTTGGTAAGAAAGCGGCAGGCTAACTGCAGTCGGCAATACCACATTAAATG

| 930 950 | 970
GCTGGCGCGCAGAAAAATATCGGCCCGGCTGGCCTGACAATCGTCATCGTTCGTCAAGAT
--------- Rl R el el T

CGACCGCCGCGTCTTTTTATACGCCCGGGCCCGACCGGACTGTTAGCAGTAGCAAGCACTTCTA

990 1010 1030
TTGCTGGGCAAAGCGAATATCGCGTGTCCGTCGATTCTGCATTATTCCATCCTCAACGAT
--------- e i A el e e el T

AACCGACCCGTTTCGCTTATAGCGCACAGGCAGCTAAGACCTAATAACGTAGCAGTTGCTA

1050 ' 1070 1090
AACGGCTCCATGTTTAACACGCCGCCGACATTTGCCTGGTATCTATCTCGGTCTGGTCTTT
--------- bbb bbbt LAt i tant A bbb el e

TTCCCGAGGTACAAATTGTGCGGCGGCTGTAAACGCACI.ATAGATAGACCACACCAGAAA

1110 | 1130 1150
AAATGGCTGAAAGCGAACGGCGGTGTAGCTGAAATGCATAAAATCAATCAGCAAAAAGCA
--------- e e e e el R 2

TTTACCGACTTTCGCTTGCCGCCACATCGACTTTACCTATTTTAGTTAGTCGTTTTTCGT

1170 1190 1210

GAACTGCTATATGGGGTGATTGATAACAGCGATTTCTACCGCAATCACGTGGCGAAACGT
--------- e e e e el e N i

CTTGACGATATACCCCACTAACTATTGTCGCTAAACATGGCGTTACTGCACCGCTTTGCA

bRy

1230 1250 1270
AACCCGTTCGCCCATGAACCTGCCGTTCCAGTTGGCGGACAGTGCGCTTGACAAATTCTTC
--------- R L bl e i e e i

TTGGCAAGCGCCTACTTGCACGGCAAGCGTCAACCGCCTGTCACGCGAACTGTTTAACAAC

1290 1310 1330
CTTGAAGAGTCTTTTGCTGCTGGCCTTCATGCACTGAAACCTCACCGTCTGGTCGGCGGA
--------- R e e R LR PR b T LR R

GAACTTCTCAGAAAACGA&GACCGCAAGTACCTGACTTTCCAGTGCCACACCACCCGCCT

Fxgure S.11:Complete DNA sequence of the Clal-Pstl region,
and the coding sequence of the E.coli arcA
gene.

[£¢]
o
<

370

103Q

109¢C

115¢

121G

127¢

133C



ﬁ‘\\\h 1410 1430 1450
TCGTTCAGTTCGAACGCFGTCACGGTTAATGCCGAAATTTTGCTTAATCCCCACACCCA

TALCAACTCAAGCTTCCGCCACTGCCAATTACCCCTTTAAAACCAATTAGuGGTG"CGGT

aroA coding sequence

1470 1490 1510
GCCTGTCGGGGTTTTTATTTCTGTTGTAGACAGTTSAGTTCATGGAATCCCTGACGTTACA
431 ---------. R 4= -- R R it $mm-mmm- - +

CGGACACCCCAAAAATAAAGACAACATCTCTCAACTCAAGTACCTTAGGGACTGCAATGT
MetGluSerLeuThrLeuGl
M E § L T L @
[11

1530 1550 1370
ACCCATCGCTCGTGTCGATGGCACTATTAATCTGCFCGGTTCCAAFACCCTTTCTAACCC
S11 -----e-mmp-mmmme-- e Rl e i g

TGGGTAG-GAGCACAGCTACCGTGATAATTAGACGGGCCAAGGTTCTGGCAAAGATTGGC
nProlleAlaArgValAspGlyThrileAsnLeuProGlySerLysThrValSerAsnAr
P 1 ARV D GG T 1 NL P GG S K TV S N R

(81
1590 1610 1630
CGCTTTATTCCTGGCGGCATTAGCACACGGCAAAACAGTATTAACCAATCTGCTGGATAG
371 =e---s--- 4= --=-- $-=-=----- $o-m------ $mommmmm- $o=-mm---- +

GCGAAATAACGACCGCCGTAATCGTGTGCCGTTT-GTCATAATTGGTTAGACGACCTATC
gAlaLeuleulLeuAtaAlaleuAlaHisGlyLysthrValLeuThrAsnLeulLeuAspSe
A L L L A A L A H G K T VL TNULL D S

(281
1650 1670 , 160
CGATGACGTGCGCCATATGCTGAATGCATTAACAGCGTTAGGGGTAAGCTATACGCTTTC
631 --------- $ommmmm--- $ocmemom-- 4--------- $o=--mm-- $ocmm=---- +

GCTACTGCACGCGGTATACGACTTACGTAATTGTCGCAATCCCCATTCGATATGCSAAAG
rAspAspVatlArgHisMetLeuAsnAlaLeuThrAlaleuGlyvaiSerTyrThrleuSe
D D V. R HMLNWALTAULUGUV S Y T L S

(481
1710 1730 ] 1750
AGCCGATCGTACGCGTTGCGAAATTATCGGTAACGGCGGTCCATTACACGCAGAAGGTGC
591 =~-------- $--------- $--------- $o--m----- $-cmmmm-- $ommomo-- +

TCGGCTAGCATGCGCAACGCTTTAATAGCCATTGCCGCCAGGTAATGTGCGTCTTCCACG
rAlaAspArgThrArgCysGlullelleGlyAsnGlyGlyProLeuHisAl1aGiuGl vAal
A D R TRTCET I GNGGPULHAZE G A

(681
1770 1790 1810
CCTGGAGTTCTTCCTCGGTAACG”CGGAACGGCAATGCGTCCGCTGGCGCCACCTCTTTC
0 T R R R R e B Rl i 4 r------- +

GCACCTCAACAAGCAGCCATTGCCGCQTTCC GTTAF APGCGACCGCCGTCCAGAAAC
aleuGluLeuPheLeuGlyAsnAlaGlvThrAlaMetArgProLeuAlaAlaAlalerlCy
L E L F L G N AT A MUPRUPULAAWALC

(881

v

1437

151C

157¢C

1630

1690

175C

1810



1871

1931

1991

2051

2111

171

W IUWVIMULAR UMM LI IL I UALLULU L UALLLLLL LA T UARARALARCLULCCATITOL

AGACCCATCGTTACTATAACACGACTGGCCACTCGCCGCATACTTTCTTGCGGGCTAACC
sLeuGl ySerAsnAsplleValLeuThrGl yGluProArgMetLysGluArgProlleGl

L 6 s NDT1 VL TG = P R MK ERF I G
(1081 -
1890 - 1910 ~ 1930
TCATCTGGTGGATGCGCTCCCCCTGGGCGGCGCGAAGATCACTTACCTGGAACAAGAAAA
------------------ e b bR LS LR R Rt Db it S

AGTAGACCACCTACGCGACGCGGACCCGCCCCGCTTCTAGTGAATGGACCTTGTTCTTTT
vyHisLeuValAspAlalLeuArglLeuGlyClyAlaLyvslleThrTyrLeuGluGinGluAs
H L VvV D AL RL G G A K I T Y L E @ E N

£1281

1950 1970 1990
TTATCCGCCGTTGCGTTTACAGGGCGGCTTTACTCGCGCCAACCTTGACGTTGATGGCTE
--------- L afainhdainidind St bbbl Al bbbl i i &

AATAGGCGGCAACGCAAATGTCCCGCCCGAAATGACCGCCGTTGCAACTGCAACTACCGAG -

nTyrProProLeuArgLeuGinGlyG)l yPneThrGlyGlyAsrnValAspValAspGlySe
Y P P L RL @ GG F T G G NV D V D2 CG S
(1481

2010 2030 2050
CGTTTCCAGCCAATTCCTCACCGCACTGTTAATGACTGCGCCTCTTGCGCCGGAAGATAC
---------- e e e e e

GCAAAGGTCGGTTAAGGAGTGGCGTCACAATTACTGACGCGGAGAACGCGGCCTTCTATG
rValSerSerGinPhelLeuThrAlaLeulLeuMetThrAlaProlLeuAlaProGluAspTh
vV 8 § @ F L T A L LM T A P L A P E DT

{1681

2070 2090 2110
GGTGATTCGTATTAAAGGCCGATCTGGTTTCTAAACCTTATATCGACATCACACTCAATCT
--------- s i e e e el bbbl

. CCACTAAGCATAATTTCCGCTAGACCAARAGATTTGGAATATAGCTGTAGTGTCAGTTAGA

rvVallleArglieLysGlyAspLeuValSerLysProTyrlleAsolleThrLeuAsnLe
v 1 R 1 K 6 b L V5 K P Y I D I T L N L
[1881 ' y

2130 2150 2170
GATGAAGACG“TTGGTGTTGAAATTGAAAATCAGCACTATCAACAATTTGTCGTAAAAGG
--------- e i A il i

CTACTTCTGCAAACCACAACTTTAACTTTTAGTCGTGATAGTTGTTAAACAGCATTTTCC
uMetLysThrPreGlyValGlulleGluAsnGInHisTyrGInGinPheValVallvsGi

M K T F G V E I E N @ HY @ @ F V V K &
[2081

3

2190 ' 2210 2230
CGGGCAGTCTTATCAGTCTCCGGGTACTTATTTGGTCGAAG CGATGCATCTTCGGCTTC
--------- il e i e R il

GCCCGTCAGAATAGTCAGAGGCCCATGAATAAACCAGCTTCCGCTACGTAGAAGCCGAAG
yGlyGlrnSerTyrGIinSerProGlyThrTyrLeuValGCluGlyAspAlaSerSerAlaSe
¢ @ 8 ¥y @ 8 P 6T Y L VL G D A S S A S

[228]

Fiqure S.1l:(cont)
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2291

2331

2411

2471

2931

2591

TTACTTTCTGGCACCAGCAGCAATCAAAGCCGGCACTGTAAAACTGACCGGTATTCGACC

AATGAAAGACCGTCGTCGTCGTTAGTTTCCGCCGTGACA“TTTCACTGCCCATAACCTGC
rTyrPheleuAlaAlaAlaAlallelLysGliyGlvThrVallLysValThrGlylleGl yAr
Y F L A A A AT K GG GGTV KV T G 1 G R

[248] '

7

- 2310 © 2330 .7 23350
TAACAGTATGCAGGGTGATATTCGCTTTGCTCGATGTGCTGGAAAAAATGGGCGCSACCAT
--------- il e it T it bbbl

ATTGTCATACGTCCCACTATAAGCGAAACGACTACACGACCTTTTTTACCCGCGCTGGTA
gAsnSerMetGIinGiyAsplleArgPheAlaAspValLeuGluLysMetGlyAlaThrll
N S M @ G DI R F A DV L E K MGAT I

L2681

2370 2390 2410
TTGCTGGSGCGATGATTATATTTCCTGCACGCGTGGTGAACTGAACGCTATTCATATGGA
--------- e e it e e e 2

AACGACCCCGCTACTAATATAAAGCACGTGCGCACCACTTGACTTGCGATAACTATACCT
eCysTrpGl yAspAspTyrlleSerCysThrArgGlyGluLeuAsnAlalleAspMetAs
Cc w 6 DD ¥ 1 8 CTURGEULNA ATIDMMIUD

(2881

2430 2430 2470
TATGAACCATATTCCTGATGCGGCGATGACCATTGCCACGGCGGCGTTATTTGCAAAAGE
--------- i il e et R

ATACTTGGTATAAGGACTACGCCGCTACTGGTAACGGTGCCGCCGCAATAAACGTTTTCC
pMetAsnHisIleProAspAlaAlaMetThrileAlaThrAlaAlaleuPheAlialLysGl

M N H I P D AAMT 1 A TAAUL F A K G
[3081

2490 2310 2330
CACCACCAGGCTGCGCAATATCTATAACTGGCCTGTTAAAGAGACCGATCGCCTGTTTGC

GTGGTGGTCCGACGCGTTATAGATATTGACCGCACAATTTCTCTGGCTAGCCGGACAAACG
yThrThrArglLeuArgAsnIleTyrAsnTrpArgValLysGluThrAspArglLeuPheAl
T T R L R N I Y N W % V K E T D R L F A

13281

2350 2570 2590
GATGGCAACAGAACTGCGTAAAGTCGGCGCGGAACTGGAAGAGGGGCACCATTACATTCG

CTACCGTTGTCTTGACGCATTTCAGCCGCgCCTTCACCTTCTCCCCGTGCTAATGTAAGC
aMetAlaThrGluLeuArgLysVaIGIyAlaGluValCluGluGlyH1sAspTyrIIeAr

M A T E L R K V G A E V E E G H D Y I R
(3481 ;

2610 2630 2650
TATCACTCCTCCGGAAAAACTGAACTTTGCCCGAGATCGCCACATACAATGATCACCGGAT

ATAGTGAGGAGGCCTTTTTGACTTGAAACGGCTCTAGCGCTGTATGTTACTAGTGGCCTA
glieThrProProGluLysLeuAsnPheAlaGlulteAlaThrTyrAsnAspHisArgMe
1 T P P E K L N F A E I A T Y N D H KM

{3681

Figqure S.l1li:{cont}
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2670 2690 2710
GGCGATGTCGTTTCTCGCTGCTGGCGTTCTCACATACACCAGTGACGATTCTTCATCCCAA

CCGCTACACAAAGAGCCACCACCCCAACAGTCTATCTGGTCACTGCTAAGAACTAGGGTT
tAlaMetCysPheSerLeuValAlaLeuSerAspThrProValThrlleLeuAspProly
A M CF 8L VAL 8 D TUPV T 1T L D P K

[388] B
Haelll Pvull
2730 o 2770
ATGCACGS CCAAAACATTTCCGGATTATTTCGAGCAGCTGGCGCGGATTAGCCAGGCAGC
2711 --------- $--------- $--------- $-=------- 4o 4o mm---- 277

TACGTGCCGGTTTTGTAAAGGCCTAATAAAbCTCGTCGACCGCGCCTAATCGGTCCGTCG
sCysThrAlaLysThrPheProAspTyrPheGlaGinLeuAlaArglleSerGinAlaAl

C T & K T F P DY F E & L A R 1 8 @ A A
[4081] [4271]

2790 2810 s 88%
CTGAATGAACAACGCCCAATAAATAGCCAAATCTTTCTTTATCAAAAACGTCGGCRCAT

2771 —-------- e it bk bt L P el Rkt k . 283t
GACTTACTTGTTCCCCGTTATTTATCGGTTTAGAAAGAAATACTTTTTCCAGCCGTGTAA
ar¥s

*

—— 2850 2870 , 2890
GTCGGCGTT TTTTTTCGGACCTTGTCGAGTCATTTTGATTAATGGTAGCCTCGCTTGTCAA

2831 --------- N LT 4mmmm—m————- 4 B g + 289¢
CAGCCCCAAAAAAAAGCCTGCGAACACTCACTAAAACTAATTACCATCGCAGCGAACAGTT

2910 2930 28 . 2950
TCTAACGTTGTTGATACATAATATTTATATATGATTAATCAAC ;GA GATTCACATGAAG
2891 --------- 4--------- R i e 295(

Pstl
2970 o ____.
AATACTAAATTACTGCTGGCGATTGCGACCTCTGCAG
2951 --------- 4 mmm-m- 4---=-=--- i 2987

TTATGATTTAATGACCGACCGCTAACGCTCGAGACGTL

Figqure 3.11:(cont)



Chapter 6) provided sequence data to the left of this
ClaI site and the use of these numbers keeps the same
system throughout this thesis, starting at the leftmost

sequence obtained.

S.4.1 TIdentification of the aroA coding region on the sequence

(a) Amino-terminal sequence of EPSP synthase

As part of the overall strategy for obtaining the
~entire EPSP synthase sequence, the amino-terminal sequence
of the enzyme was established, This was carried out using
a Beckman Model 890 liquid phase sequencer at the protein |
seqﬁencing facility at Aberdeen University. This sequence
was determined by Ann Lewendon and is illustrated in
Figure 5.12. Technical details of the derivation of the
sequence énd an explanation of the anomalies and gaps
in this ;equence can be found. in Duncan, Lewendon and

Coggins (1984b).

(b) Identification of the open reading frame encoding EPSP

synthase
The open reading frame encoding EPSP synthase could

no& be identified by comparison of the amino-terminal protein
sequence with sequences downstream of methionine coaons in
the DNA sequence. Both strands of the DNA sequence were
translated in all three possible reéding frames using the
TRNTRP program (Section 2.36).

The start of the open reading frame was found to be

at position 1491 in the sequence shown in Figure 5.11.



1

Met - Glu - Ser -

11

Arg - Val - X =

| (Asp)

21

Ser - Lys ; Ser -

31

Leu - Ala - Ala -
(Val)

41

Leu -~ X = Asn -

Leu

Gly

Val

Leu
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Leu

Thr

Thr
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Pro
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Tle
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10

20

- Gly

30

- Leu
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- Val

Figure 5.12. Amino-terminal sequence of EPSP synthase.




The location of the open reading frame is illustrated on
Figure 5.10. The solid portion corresponds to that part
which has been confirmed by protein sequence; the hatched
portion is the remainder of the sequence. In the amino-
terminal region there is an exact agreement between the
experimentally determined amino acid sequence and thé
amino écid séquence deduced from the DNA sequence;

The open reading frame continues to the Pvull site;
cloning from this site, as in the construction of pKD506
had, in fact, clipped off the 3' end of the gene and removed
an unknowﬁ number of residues from the carboxy-terminus

of the protein.

5.4.2 TIsolation of a HaeIIIl fragment to complete the sequence

In order to complete the sequence of the aroA gene
.it was necessary to determine the DNA sequence beyond the
PvuIl site. Examination of the sequence derived so far
(Figure 5.11) revealed that there was a HaeIIl site at
position 2717.' It was hoped that it would be possible
to clone a fragmeﬁt extending from this position to beyond
the‘PvuIi site in pKD502, and'that the sequence of this
fragment might complete the aroA sequence.

pKD502 was digested with ClaIl and a 2.5 kb fragment
isolated after electrophoresis in LMT agérose. This
fragmént spans.the ClaI-PvulIl region and extends through.
the PstI site used.to construét pKD502 to the ClaT site

in the vector. This fragment was digested (without further



purification) with HaeIII. Two small aliquots were removed.
One was digested with PvuIIl and the other with PstI.
Digests were separated by electrophoresis on a second
ILMT gel and a HaeIlIl fragment, which is cleaved by both
Pvull and PstI, was identified. This fragment ﬁgs isolated
and the DNA purified. It was cloned into Smal cleaved
M13mp8 and the sequence of both strands determined.

The sequence extends from position 2717 in Figure 5.11
to position 3757 in the sequence of pBR322 (Sutcliffe,
1979). The sequence of the entire ClaI-PstI region is

now complete and hence the entire sequence of the aroA gene.

5.4.3 The predicted amino acid sequences of EPSP synthase

The DNA sequence-of the coding region of the aroA gene
predicts a 427 amino acid polypeptide chain of calculated
M 46112 (Figure 5.11). This is in good agreement with
the subunit Mr value of 49 000 determinéd by SDS~PAGE
(Lewendon & Coggins, 1983) and with the native M of L2 000
determined by gel permeation chromatography on a TSK G2000

SW column (Duncan, Lewendon & Coggins, 1984a).

S5.4.4 The amino acid composition of EPSP synthase

A comparison of the experimentally determined amino
acid composition of EPSP synthase (Duncan, Lewendon &
Coggins, 1984b) with the amino acid composition predicted
from the nucleotide sequence is shown in Table 5.4. The

overall agreement is very good.



Amino acid Relative amino acid Theoretical amino acid
composition based on ‘composition predicted
Leu = 48 residues : from the DNA sequence
Asx 3 41.9 44
Thr ' 31.1 34
Ser 19.7 21
Glx 38.8 34
Pro 18.1 : | 18
Gly 42.8 S 37
Ala 44,1 46
Cys 4.9 6
“Val ©21.7 24
Met 13.6 14
Ile 24,2 | _. : 26
Leu " 48.0 o 48
Tyr ’ 13.1 13
Phe - 13.2 13
His 8.1 8
Lys 17.0 : 17
Arg 17.2 | 22
Top | nd | 2
Gln - nd | ' 12
Asn ' nd , 18

Table 5.4: Amino acid composition of EPSP synthase compared with the
composition predicted by the DNA sequence of the arcA gens.



The protein chemical results quoted here are entirely
consistent with the predicted amino acid sequence and

thére can be no doubt that the sequenced gene is aroA.

5.4.5 Codon utilisation in the aroA gene

The codon utilisation for the open reading frame
corresponding to EPSP synthase is shown in Table 5.5. A
brief comparison with the analogous data for four trp
biosynthetic genes (Table 4.5) and with the putative aroD
gene (Table 4.4) shows that they all follow a similar
pattern of utilisation, providing further evidence that
this is the EPSP synthase protein coding region. Further
aspects of the codon utilisation of the aroA gene will be

discussed in Chapter 6.

5.4.6 Altered expressién of the aroA gene

The results presented in Sections 5.2.7 ; 56210 of
this chapter provide evidence that the expression of the
aroA gene is altered by cloning from the Clal site used
in the comnstruction of pKD505 and pKD506. The orientation
of the gene on the clone, is running left to right, ruled
out the first of the two simple interpretatioﬁs of the
'low activity'! clones illustrated in Figure 5.7a.

This suggested that the altered expression must be
related to either the absence or the disruption of the
promotef éf the gene which was.presumed to be near the
Clal site (Figure'5.7b). The 5' end of the aroA protein

coding region has been located 700 bp away from the Clal



T C A G
PHE 9 SER 6 TYR 9 CYs 2
PHE 4 SER 5 TYR 4 CYS 4
T LEU 10 - SER 2 Term - Term -
LEU 5 SER 2 .| Term - TRP 2
LEU 4 PRO 4 . HIS 3 ARG 12
LEU 3 PRO 3 HIS 5 ARG 7
C .
LEU O PRO 2 GLN 5 ARG O
LEU 26 PRO 9 GLN 7 ARG 2
ILE 17 | THR 7 ASN O SER 1
ILE 9 THR 10 | ASN 9 SER 5
A ILE O THR 7 LYS 14 ARG O
MET 14 THR 10 LYS 3 ARG 1
VAL 7 ALA 6 ASP 23 GLY 13
VAL 4 ALA 7 ASP 3 GLY 18
G
VAL 4 ALA 15 GLU 16 GLY 2
VAL 9 ALA 18 GLU 6 GLY 4
Table 5.5: Codon utilisation in the E.coli arcA gene. .




site (Figure 5.16). In Section 5.2.10 it was shown that

the addition of fragment B (Figure 5.1) to the'insért in
pKD506 had mno effect on aroA expression. This implies that
expreésion is controlled by a éequence over 1200 bp upstream
of the first codon of the gggé gene. The expression of

aroA will be discussed in Chapter 6.

5.4.7 The aroA gene.is truncated in pKD506

The other explénation for the low levels of EPS?
synthase activity obtained with pKD506 transformed cells
was that tﬁe aroA poiypeptide méde in these cells was
prematurely terminated (Figure 5.7a). Iq Figure 5.13,
~ the normal C-terminal sequence of EPSP synthase is shown
alongside the sequence that would be produced from pKD506
transformed céils. In‘this case, the open reading frame
runs to an 'in phase'.stop codon in the sequence of pBR322.

EPSP synthase from pKD506 would be two residues
shorter than the wild type enzyme aﬁd the laé# five residues
would be, except for a single arginine, quite differént
from those found at the normal C-terminus. This difference
could contribute to the 'l§w activity' of pKD506, but
unless there is a crucial catalytic residue in this region

it is unlikely to be responsible for such a low specific’

activity.



- - e

O il el g m-- 4o +-- 42
AspTyrPheGluGinLeuAlaArglieSerGinAlsAlaEnd

Figure S.13a: C-terminal segquence of EPSF synthas
synthesised from pKDS01. '

i1 --------- 4--------- $--m-eo-o- $-==--- 36
AspTyrPheGluGinLeuProArgAlaPheArgEnd

1

Figure 5.13b: C-terminal sequence of EPSP synthase
synthesised from pKDS06.

Figure S5.13: Carboxy-terminzal sequerice of EPSF synthase.



CHAPTER 6 EXPRESSION OF THE E.COLI aroA GENE

6.1 Introduction

6.1.1 E.coli gene structure

A typical E.coli protein coding gene consists of three

parts:

(i) the coding region - an open reading frame beginﬁing
with an ATG/Met or GTG/Val codon and ending with a
TGA, TAG or TAA.codon, specifying the product of the
gene. |

(ii) the 5'-flanking region - several important features
are locafed in the sequence upstfeam of the coding
region, most of which are concerned with the control
of expression of the gene. Immediately before the
coding region is a ribosome binding site or Shine-
Dalgarno sequence. Upstream of this is the promoter
or RNA polymerase binding site, which defines the
startpoint for transcription of the gene. Related
modulators of transcription and translation such as
an operator (Jacob & Monod, 1961) or an attenuator-
(Yanofsky, 1981) may also be found here.

(iii) the 3'-flanking region - normally a stop signal for

transcription (terminator) is found here.

Figure 6.1 shows the structure of such a gene and the
appfoximate locations of these features, some of which have

been described in detail in Chapter L.
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Figure 6.1: Features associated with a .&%wwomw. E.coli gene. The operator and attenuator
are only found in some genes.




Most E.coli genes display these features, but a large
number are organised into operons, in which a number of
éistrons are co-transcribed from a~éingle promoter into a
single message which may or may mot be processed.

The experiﬁents described in Chapter 5 suggest that
the aroA gene is not organised in the manner described in
Figure 6.1. Is there any evidence that aroA forms pért of
a larger transcriptional unit, or operon? This question
may be addressed initially by a study of the sequences

flanking the aroA coding regiomn.

6.1.2 Examination of the 5'-flanking sequences of the aroA

protein coding region - the 700 bp Clal - ATG/Met

sequence.

(a) Shine-Dalgarno sequence

The sequence upstream of the aroA coding region is
illﬁstrated in Figure 6.2. A possible S-D sequence is
showny; it is located 4 bp beforé the ATG start codon. This
GAG is likely to be the ribosome binding site for translation
of aroA.
(b) Promoter

As described in Section 4.4.3, the consensus promoter -
10 region contains three highly conserved nucleotides out
of six, occurring in the sequence TA -——T. The 700 bp was
searched by eye for this sequence and it was found four times.
In none of these cases is the sequence preceded 17 bp

upstream by the consensus sequence TTGACA. It is therefore



1390 1410 " 1430

TTﬂAAGCCCTGACAGACTTCATGGTTGAGTTCGAAyGEEGTCACGGTTAATGCCGAAAT?

AATTTCGCGACTGTCTCAAGTACCAACTCAAGCTTGEGGCAGTGCCAATTACGGETTTAA
LysAlalLeuThrAspPrieMetValGluPheGluArgAraHisGl vess

End of open resding frame Y

Inverted repeat

1450 1470 ' S-D
12 x & et et
TTGCTTAATCCCCACAGCCAGCCTG1CGGGT?TTxATTTCTCTTGTAGAGAGTTGAGTTC
1431 ~----c-ccg-omemome- e 4---m----- 4-=--=---- 4o +

AACGAATTAGGGGTCTCGGTCGGACACCCCAAAAATAAALACAACATCTCTCAACTCAAG

1510 1530 1550
ATGGAATCCCTGACGTTACAACCCATCGCTCCTGTCGATGGCACTATTAATCTGCCCGGT
1491 -------mccgrmmmmm g 4--mm-mme- e 4--msm---- +

~ TACCTTAGGGACTCCAATGTTCGCTAGCGAGCACAGCTACCGTGATAATTAGACGGGCCA
MetGCluSerLeuThrLeuGinProlleAlaAragValAspGlyThrileAsnLeuProGly

Start of the aroA coding rzgion =

Figure €.z: The DNA seguence btetweer the open reading frame
and theé aroAR cene.

1<
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15!




unlikely that any of these seduences provides the promoter
for aroA, although it is possible tﬁat one or other functions
as aAvery weak promoter, allowing iow levels of expression
such as that seen in cells carrying pKD505 and pKD506
(Section 5.2.7).

(c) Open reading frames

Translation of the sequence with the TRNTRP program |
shows that there is an open reading frame running from left
to right, from the Clal site to a étop codon at position
1418 (Figure 5.11). This is 70 nucleotides before the
start codon of aroA, and may fepresent the carboxy-terminal
portion of a protein coding gene - an open readiﬁg frame

of this length would not be found in the DNA by chance.

6.1.3 Thé 70 bp sequence between the open reading frames

The DNA sequence between the open reading frames is
illustrated in Figure 6.2. Within this region is a sequence
which resembles that 6f a rho-independent terminator of
tfanscription (Rosenberg & Court, 1979), an inverted repeat
followed by a run of T residues. The stem-loop structure
which can.form from this inverted repeat is illustrated in
Figure 6.3. Using the rules of Tinoco et al. (1973), the

free eﬁergy of this RNA structure was calculated to be

- =18.8 kcal/mol.

6.1.4 Examination of the 3'-flanking sequences of the aroA

protein coding region

Approximately 45 bp downstream of the aroA coding regiom
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Figure 6.3: The stem-loop structure which may form
downstream of the open reading frame. It
is typical of the structure of a rho-
independent transcription terminator.




(centred at position 2828) is a second possible rho-independent
terminator. It is not as G/C rich, nor is it as long as

the inverted repeat preceding aroA.

6.1.5 What is the relevance of the features observed in the

5!'=flanking sequence of the aroA coding region?

The features observed in the 5'-flanking sequence of the
aroA coding region suggest that there is another E.coli gene
adjacent to and upstream of aroA. The coding region of this
gene ends at a position 70 bp upstream of aroA, and is
followed by a rho-independent transcription terminator.' There
is no space between the terminator of the putative upstreém
gene and the start of the aroA coding sequence for a promoter,
nor is there any evidence from the sequence that a promoter
exists. This makes aroA expression dependent on expression
from the promoter of the upstream gene and read-through by
RNA polymerase at the terminator. Thus, aroA forms part
'of an E.coli operom.

This explains why cloning from the Clal site destroys
expression of the aroA gene. The upstream gene is cut and
aroA is separated from its promoter. The low level of
"expression from pKD505 and'pKD506 is probably due to RNA
polymerase binding to a weak promoter-like seQuence or to
a promoter on the vector.

It was also observed in Chapter 5 that Cloniﬁg the
0.5 kb ClaIl fragment to the left of the Clal site back into
pKD506 has no effect on aroA expressiomn. Ffom this, omne

can predict that the upstream open reading frame will



originate to the left of or around the second Clal site
and will run through the Clal fragment continuous with
that tobthe left of aroA. The promoter of both genes will
be located to the left of this ClaI site i.e. in region C
of Figure 5.1l.- Only by determining the DNA sequence of
the above mentioned regions can these predictions be

investigated.

6.2 Further DNA sequence analysis

'6.2.1 Determination of the sequence of the 0.5 kb Clal

fragment (fragment B)

‘Fragment B was isolated after digestion of pKD501 with
ClaIl, followed by electrophoresis through 1% LMT agarose.
An aliquot containing approximately 100 ng‘of DNA was ligated
to 20 ng AccI-cleaved M13mp8. After transformation of
E.coli JM101l, six template DNAs were produced. The sequence
at both endé of the fragment was determined.

Analysis of'this sequence revealed three HpaIl sites.
. More of the Clal fragment was digested with HpaIIl and the
fragments cloned into tﬁe AccI site of M13mp8. Templates
were produced and sequenced, allowing the completé sequence
to be built up on both strands of the DNA, with the exception
of a 12 bp sequence. However, this seQuence'was very clear
on the one strand from the sequence at one end of the Clal

fragment.



6.2.2 DNA sequence of paft of region C

pKD501 was digested with BglII and KpnI. These enzymes
cléave the DNA at the sites shown in Figure 5.1, yvielding
a 0.8 kb fragment including region C, spanning the second
Clal site and ending at the KpnI site in the centre of
regién B. The BglITI-KpnT fragment ﬁas isolated after
electrophoresis on l% LMT agarose énd digested with HpalT.
An aliquot was also digested with Clal. The digestion
products were separated by electfophoresis‘on 2% LMT
agarose and the HpaIl fragment which contains the ClaIl
site excised. This fragment wés cloned into AccI cleaved
M13mp8 and the sequence of both strands determined.

The sequence of this fragment allowedlthe‘orientation
of the sequence 6f the ClaIl fragment relative to region. A
and region C to be deduqed.' It also &ielded 286 bp of

sequence to the left of the ClaIl site.

6.2.3 The sequences described above
The DNA sequencing strategy described in the preceding
sections is illustrated as part of Figure 6.16, and the
' sequence given in Figure 6.4. This sequence was linked to
that of the ClaI-Pstl region and translated in all three
reading frames using TRNTRP. An open reading frame was _
found which is continuous with the open reading frame in
the 700 bp ClaI-ATG/Met region (Figure 6}5). The open
reading frame begins at position 326 and therefore spans
most of the Clal fragment. This is in line with the prediction

made in Section 6.1.5 that the protein coding region would



CCGGAGTCGGCGGACTATGCCTCTATTCGTTGTAGTGAAATCATTCATATGAAAGCCGCG

GGCCTCAGCCGCCTGATACGCACATAAGCAACATCACTT1AGTA@GTATACTTTCG(CCC

70 90 110

GAAAAACAATTATGTCCGCGCTGTGCAAATCCAGAATGGACGAACGCAAGTCGGGCAAAA
S e o= mm $=---m--o- i e i e +

CTTTTTGTTAATACAGGCGCGACACGTTTAGGTCTTACCTGCTTCCGTTCAGCCCGTTTT

130 150 170
CGGGTGACCTGACAGTAAAAACATCGGCTTTTTGCTAATAATCCGAGAGATTCTTTTGTC
121 --------- St $mm - $mmm - S Sty bt +

GCCCACTGGACTGTCATTTTTGTAGCCGAAAAACCGATTATTAGGCTCTCTAAGAAAACAC

190 210 230
TCATGCAAGCCACATTTTTGCCCCTCAACGGTTTTACTCATTGCCGATGTGTGTCACTGAA
181 --------- 4-mmm - 4o mm——- 4o it et Stk +

¢ ~ Cilal

2, 250 A S
TGATAAAACCGATAGCCACAGGAATAATGTATTACCTGTGGTCGCAATCGATTGACCGCG
241 --------- g g el il drmemsmmm- +

ACTATTTTGGCTATCGGTGTCCTTATTACATAATGGACACCAGCGTTAGCTAACTGGCCC

310 350 330
~ GGTTAATAGCAACGCAACGTGGTGAGGGGAAATGGCTCAAATCTTCAATTTTAGTTCTGG
301 =-------- $-mmmmmm-- $mmmmmmm-- S Sl il 4--mmmm-m-- +

CCAATTATCGTTGCGTTGCACCACTCCCCTTTACCGAGTTTAGAAGTTAAAATCAAGACC

370 » 390 410
TCCGGCAATGCTACCGGCAGAGGTGCTTAAACAGGCTCAACAGGAACTGCGCGACTGGAA
361 --------- 4mmmmmm-—- $mmmmmem-- e ety il +
AGGC GCCGTCTCCACGAATTTGTCCGAGTTCTCCTTGACGCGCTCACCTT

(one strand only)

430 430 470
CCGTCTTGGTACGTCGGTGATGGAAGTGAGTCACCGTGGCAAAGAGTTCATTCAGGTTGC
421 mmem-msmccgmmosomee- il b drmmmmmme- $-mmmmmmm-

GCCAGAACCATGCAGCCACTACCTTCACTCAGTGGCACCGTTTCTCAAGTAACTCCAACG

. 490 510 230
AGAGGAAGCCGAGAAGGATTTTCGCGATCTTCTTAATGTCCCCTCCAACTACAAGCTATT
481 --------- e $mmm - $ommm-me-- e +

TCFCCTTCCGCTCTTCCTAAAAGCCCTAGAAGAATTACAGGGGAGGTTGATGTTCCATAA

Figure 6.4:DNA sequence of the Hpall-Clal-Clal region.
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550 570 S90
ATTCTGCCATGGCGCTGGTCCCGGTCAGTTTGCTGCGGTACCGCTCAATATTCTCGGTGA
541 ~---ceemepreemema R R e R R 60¢
TAAGACGGTACCGCCACCAGCGCCAGTCAAALGACFCCATGGCGACTTATAACAGCCACT

610 630 6350

TAAAA"CACCCCAGATTATGTTGATGCCGGTTACTGGGCGGCAAGTGCCATTAAAGAAGC
B0l --------- $m-mm----- e el e $ommmmmem + 66C

ATTTTGGTGGCGTCTAATACAACTACuGCCAATGACCCGCCGTTCACGGTAATTTCTTCG

670 690 710
GAAAAAATACTGCACGC’TAATCTCTTTGACGCCAAAGTGACTGTTGATGGTCTGPGCGC
S dmmmmmmm-- 4---m----- e R R SR T 4= ----- + 720

C1TTTTTATGACGTGCGGATTACAGAAACTGCCCTTTCACTGACAACTACCAGACGCGCG

730 750 ~ 770
GGTTAAGCCAATGCGTGAATGGCAACTCTCTGATAATCCTGCTTATATGCATTATTGCCC
721 --------- 4------m-- 4= -- 4---mmmm-- DR R il + 780
CCAATTCGCTTACGCACTTACCGTTGAGAGACTATTACGACGAATATACGTAATAACGGG
Clal
780______
GAATGAAACCATCGAT
7Bl mmmmmmemgem——e- 796
CTTACTTTGGTAGCTA

Fiqure 6.4:(cont)



start at the left of this fragment. There is also nof
enough room for a promoter between the Clal site and the
first ATG/Met in the open reading frame, implying, again
as predicted, that the promoter lies further upstream than

the second Clal site.

6.2.4 Where is the start of the upstream coding region?

The most likely startpoint for the coding region of
an E.coli gene is an ATG/Met codon. These codons occur at
poéitions 332, 368, 440, then at 731 and further'bositions
throughout the sequence. Considering the first three, are
any preceded by an S-D sequence indicative of the startpoint
of translation?

Figure 6.5 shows the three ATG codons; an S-D sequence
is 1ikely to be located 4-7 bp upstream of the startpoint.
Only in the case of the ATG at position 332 is there a
likely S-D sequence at the correct distance, suggesting
that this represents the amino-terminus of the protein
coding regiomn. Only‘43 bp separates the Clal site from

this ATG/Met.

6.2.5 Entire sequence of the protein coding region

The entire sequence of the protein coding region is
illustrated in Figure 6.6. The étartpoint is the ATG/Met
-at position 332 and the 6pen reading frame runs for 362
amino acids to the TAA/stop codon at position 1418. The
molecular weight of the protein encoded in this sequence

is 39834. This is in agreement with- the estimate of 40 000



Start of open reading frame —

N-termirnal! Met?

_ S-D
B ‘ 320 C___ ®__% 340 360
GGTTAATAGCAACGCAACGTCCTGAGCGCAAATCGCCTCAAATCTTCAATTTTAGTTCTGE
301 --------- $--------- 4--------- 4-mmmmm-o- $--------- e el + 36

ValAsnSerAsnAlaThrTrp%pdGlyGluMetA\aG¥nIlePheAsnPheSerSerG\
s .

#___» 380 400 420
TCCGGCAATGCTACCGCCAGAGGTGCTTAAACAGGCTCAACAGGAACTGCGCGACTGGAA
361 --------- $e--mmm-- 4= $m=mmmmm—- e $--------- + 42

yProA]aMetLeuProAlaG\uValLeuLysGInA)aGInG]nCluLeuArgAspTrpAs

¥ * 480 480
CGGTCTTCGTACGTCCGTGATGGAAGTGAGTCACCGTbGCAAAGAGTTCATTCAGGTTGC
421 --------- L g m-- 4o e ety + 48

nGlyLeuGlyThrSerVa!MetGluVa%SerHisArgGlyLysGluPheIIeGanai

PP DDPDDDDDDODDDD DD DD 22 202 2D DD DD DD DD D DD 22 24

Cial
790______ 810 830
ATTATTGCCCGAATGAAACCATCGATGCTATCGCCATCGACGAAACGCCACGACTTCGGCG
771 --------- 4--=------ $o-------- 4m-mm----- $--------- 4o + &3

TyrCysProAsnGluThrliieAspGiylleAlalleAspGiuThrProAspPhelly

Figure 6.5: Location of the upstream open reading frame
. and possible S-D sequence.



1

61

121

181

241

301

361

NMIvUwilivhAPAAlILGIIwRml il Iinuvl TvivwivewouvLHRaRalvw i iALLULUAUDALDLOITCL T T RRR
""""" L ittt &t ittt ettt etk 2
MetAlaGlnlltePreAsnPheSerSerGiyPrcAlaMetLeuProAlaCluValleulys
M A @ 1 F N F 8§ 8 G P A MUL P A E V L K
£11]

70 30 110
CAGGCTCAACAGGAACTGCGCGACTGGAACGGTECTTGGTACGTCGGTGATGGAAGTCAGT
--------- S St Sl it il e e il

GInA1aGinGInGlulLeuArgAspTrpAsnGl yLeuGlyThrServValMetGluValSer
@ A @ @ E L R D WWNGUL G T & V M E V 5§
211 :

130 150 170
CACCGTCGCAAAGAGTTCATTCAGGTTGCAGAGGAAGCCGAGAAGGATTTTCGCGATCTT
--------- e e e e b e

HisArgGl yLysGluPhelleGinValAlaGluGluAlaGluLysAspPheArgAspleu
H R G K E F I @& Vv A E E A E K D F R D L
[411

190 - ' 210 230
CTTAATGTCCCCTCCAACTACAAGGTATTATTCTGCCATGGCGCTGGTCGCGGTCAGTTT
--------- e e e e e

LeuAsnValProSerAsnTyrLysValLeuPheCysHisG1yGlvGlyAraGl yGinPhe
L NV P SN Y K VL F CHOG G G R G @ F
611

230 270 290

GCTGCCGTACCGCTGAATATTéTCGGTGATAAAACCACCGCAGATTATCTTGATGCCGGT
--------- e b LR bbb R bbbl 2

AlaAlaValProLeuAsnllieLeuGlyAspLysThrThrAlaAspTyrValAspAlaGly
A AV £ L NI L 6D K T TADY V D A G
£811

310 330 330 :
TACTGGCCGGCAAGTGCCATTAAAGAAGCGAAAAAATACTGCACGCCTAATGTCTTTGAC
--------- e e e e e St

TyrTrpAlaAlaSerAialleLysCluAlalysLysTyrCysThrProAsnValPheAsp
Y W A A S A I K E A XK K Y C T PNV F D
[1011

370 390 ' 410
GCCAAAGTGACTCTTGATCGTCTCCGCCCGGTTAAGCCAATGCCTCAATCGCAACTCTCT
--------- A it Sl daiid S et R e il &

, AIaLysValThrValAspClyLeuArgAlaVaILYSProMetArgGIuTrpGlnLeuSer
A K VvV T VvV D GL RAV K P MU EE W @ L S
[1213

Figure 6.6: Coding sequence of trne E.coli serC gerie.
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421

481

S41

601

661

721

781

430 450 470

GATAATGCTGCTTATATGCATTATTCCCCGAATCAAACCATCGATGGTATCGCCATCCAC
--------- R e e e R R i

AspAsnAlaAlaTeretHisTerysProAsnGluThrIleAspGIyIIeAIaI)eAsp
D N A A Y MHY CPNET1T1T D G I A 1 D
[141] '

430 i S10 | 530
GAAACGCCAGACTTCGGCGCAGATGTGGTGGTCSCCGCTGACTICTCTTCAACCATTCTT
--------- e e e e e

GluThrProAspPheGlyAlaAspValValValAlzAlaAspPheSerSerThrlleL=zu
E T P D F G A DV V V A A DVF S S T 1 L

(1611

550 370 3390
TCCCGTCCGATTGACGTCAGCCGTTATGGTCTAATTTACGCTGGCGCGCAGAAAAATATC
--------- L il b i it il Ll bt

SerArgProlieAspValSerargTyrGlyVallleTyrAlaGlyAlaGlinLysAsnlle
S R_.P 1 32V S RY G VI Y A G A @ K N I

[(1811

610 630 6350
GGCCCGGCTGGCCTGACAATCGTCATCCTTCGTGAAGATTTGCTGGGCAAAGCGAATATC
--------- e e el e e et Db S

: GlyProAlaGlyLeuThrIleValIIeValArgG'uAspLeuLeuGlQLysAlaAsnIle

¢ PAGL T T V I VRE 2L L 6 K AN I
(2011

670 690 710
GCGTGTCCGTCGATTCTGGATTATTCCATCCTCAACGATAACGGCTCCATGTTTAACACG
--------- e e e R St

AlaCysProSerlteLeuAspTyrSerlleLeuAsnAspAsnGlySerMetPheAsnThr
A C P S 1 L DY S I L NDNGS S M F NT

(2211

730 720 + 770
CCGCCGACATTTGCCTGGTATCTATCTGGTCTGCTCTTTAAATGGCTGAAAGCGAACGGC
--------- e e e ik e e
ProProThrPheAlaTrpTyrLeuSerGl yLeuVaiPheLysTrpLeuLysAlaAsnGly
P P T F A W Y L 8§ G L V F K WL K ANG

[2411 .

790 810 830
GGTGTAGCTGAAATGGATAAAATCAATCAGCAAAAAGCAGAACTGCTATATGGGGTGATT
--------- L itk S Sttt Aot Sl B it 4

GlyVailAlaGluMetAspLysIleAsnGinGinLysAlaGluLeuLeuTyrGlyvVallle
G vV A EMUDIEK I N@ & K A EL L Y G V I

(2611

Figure 6,6 (cont.)
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901

961

021

081

850 870 830
CATAACAGCGATTTCTACCGCAATGACGTGGCGAAACGTAACCGTTCGCGGATGAACGTG

AspAsnSerAspPheTyrArgAsnAspValAlaLysArgAsnArgSerArgMetAsnVal
D NS D F Y R NUDV A K RNIE RIS RMNUV
£2811

910 930 950

CCGTTCCAGTTGGCGGACAGTGCGCTTGACAAATTGTTCCTTGAAGAGTCTTTTGCTGCT
--------- R R bl Ll Sl il Sttt bl Sl &

ProPheGlnLeuAlaAspSerAlalLeuAspLysLeuPheLeuGluGluSerPheAlaAla
P F @ L A DS A L DK VL F L EE S F A A
[3011

970 990 1010
GGCCTTCATGCACTGAAAGGTCACCGTGTGGTCCGCCGAATGCGCGCTTCTATTTATAAC

GlyLeuHisAlaLeuLysGlyHisArgValValGlyGlyMetArgAlaSerIleTyrAsn

G L H AL K GHRVV GGGEGMURAZGS T YN
[3211 .

1030 1050 1070
GCCATGCCGCTGGAAGGCGTTAAAGCGCTGACAGACTTCATGGTTGAGTTCGAACGCCGT
----- e it b e S S it Attt

AlaMetProLeuGluGiyValLysAlaLeuThrAspPheMetValGluFheGluArgArg
A M P L EGV K AL TUDFMV EFERR
[3411

CACGGTTAA
HisG) yEnd

H G +*
[3611

Figure 6.6 (cont)
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for the heavily staining band on tracks a~-d of the SDS-
PAGE gel illustrated in Figure 5.8. It is therefore likely
that the band on the gel corresponds to the product of this

gene.

6.2.6 Codon utilisation for the open reading frame

Table 6.1 lists the codon utilisatioﬁ for the sequence
described above.
The overall pattern of codon utilisation in the table

is similar to that for the aroD, aroA and the trp biosynthetic

genes (Tables 4.4, 4.5 & 5.5). This suggests two things:
firstly, the open reading frame is protein coding; secondly,
the protein encoded is expressed at a similar level to the
other gene products menfioned here. If the gene had been
a'fepressbr, expressed at only a few molecules/cell then

the codon utilisation would have been quite different.

6.2.7 Application of Fickett's Testcode

The DNA sequence of the open reading frame was analysed
by running the program TESTCODE of the WISGEN padkage
(Sections 2.36 and 4.4.1; Fickett,‘l982). The resulting
plot (Figure 6.7a) wés compared to a similar plot for the
aroA coding reéion (Figure 6.7b) and this suggests that

the open reading frame is protein coding.



T C A G
PHE 8 SER 6 TYR 8 CYs 1 T

T PHE 10 SER 4 TYR 5 CYS cC
" LEU SER 1 Term - Term - A
LEU SER 3 |Term - TRP 5 G
LEU 8 PRO HIS 3 ARG 9 T
c LEU PRO HIS 3 ARG 7 »
LEU PRO GLN 4 ARG O A
LEU 12 PRO 11 GLN 7 ARG 1 G
ILE THR 1 ASN 10 SER 3 T
A ILE THR 1 ASN 10 SER 3 C
ILE THR 3 LYS ‘17 ARG O A
MET 11 THR 4 LYS 3 ARG O G
VAL 7 ALA 13 | ASP 15 GLY 14 T
G VAL ALA 8 ASP 10 GLY 12 C
' VAL 4 ALA 8 | GLU 13 GLY A
VAL 10 ALA 12 GLU 6 GLY G

Table 6.1:

Caodon utilisation for the serC gene.




Figure 6.7: Application of Fickeft's Testcode to
.the DNA sequence of the open reading
frame.

(a) the open reading frame; numbers refer

(b)

to the sequence in Figure 6.6. This
open reading frame is clearly. protein
coding, when compared with:

the aroA coding region; numbers refer
to the sequence in Figure 5.11.
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6.2.8 Further aspects of the codon utilisation, relevant

to expression of aroA énd the other genes sequenced

in this work

The codoh utilisation patterns of 'highly! expressed
E.coli genes (e.g. for ribosomal proteine) have been compared
with those of 'weakly' expressed genes (e.g. for-repressors)
(Grosjean-& Fiers, 1982). It.has,been proposed that the
efficiency ef translation of an mﬁNA is affected by two
pafameters.- The first is the frequency of use of 'modulating'
v‘codOns i.e. codons recognised by tRNAs which are present in
relatiﬁely low ﬁolar amounts. The codon composition of the
genes sequenced in this etudy have been analysed and the
number of modulating codons determined (Table 6.2). For
comparison, the data for !'strongly! (S) and 'moderately to
" weakl&' (W) expressed genes of Q.géli has been collated from
_Table IIT of Grosjean & Fiers‘(l982). The data suggests
that the aro geénmes come into the 'moderately to weakly'
expressed category (the freqqency for aroD is lower than
0.02, but.this is based on a single-modulating codon in 59
possible positions and it is unlikely that this implies
that gggg.is 'strongly! expreseed){

The second parameter is the frequency of use of codons
in a degenerate set that optimises the codon-anticodon
interaction. The data~fof 'optimal' and 'euboptimal' codon-
_ anticodon'interactions is shown in Table 6.3, again along-
side data from Table III of Grosjean & Fiers (1982). 1In
this case, ﬁhe ratio of optimal:suboptimal codons is very

close for the aro genes, the trp biosynthetic genes and



Modulating

codons araoD arohf arckE serC trpE,D,C,B S 1}
CUA ' 0o 0 1 3 21 3 22
AUA 0 0 3 0 2 2 27
CGA/G 0 2 4 1 16 4 69
AGA/G 1 1 1 0 9 4 45
GGA/G | 0 6 5 1 74 18 108
Total 1 9 14 5 122 31 271
Total possible 59 143 81 93 1220 1516 1612

Frequency 0.017 0.06 0.17 0.05 0.1 06.02 0.17

Table 6.2: Frequency of 'modulating! codons in the aro genes.



Optimal araoD arocA arckE serC | trpE,D,C,B S i1}
uuc 03 4 4 10 67 113 102
AUC 7 9 6 10 83 262 118
ccu 2 4 4 1 20 21 29
ACU 3 7 4 1 22 103 48
UAC 1 4 0 5 40 98 65
AAC 2 9 2 10 91 159 98
CGU 7 12 3 9 77 223 99
GGU 5 13 13 14 116 226 124
Total 30 62 36 60 516 1205 683
Suboptimal
uuu 5 9 10 8 68 39 151
AUl 9 17 9 9 113 67 156
ccc 0 3 2 1 25 2 46
ACC . 8 10 3 4 99 137 119
UAU 5 9 5 8 76 34 96
CGC 2 7 5 7 122 101 133
GGC 8 18 7 12 127 174 140
Total 37 73 41 49 630 554 841
Ratio 0.81  0.85 0.88 1.22 0.82 2,17  0.81

Table 6.3: Use of optimal and suboptimal codons in the aro genss.

'Ratio! refers to the ratio of optimal to suboptimal codons.




for the 'moderately to weakly' expressed class (W). The
open reading frame has a higher ratio, probably indicating
that its product is synthesised in.greater quantity within

the cell than the other gene products mentioned here.

6.3.1 What is the protein encoded by this open reading frame?

/

The region of the E.coli chromosome around minute 20 is
illustrated in Figure 1.4 (from Bachmann, 1983). The map
shows the marker loci flanking aroA. This cloning work has
located aroA with respect to rpsA.

In the opposite direction from rpsA, the most closely
mapped gene is pdxC. According to Bachmann (1983), pdxC
is definedAas a requiremsnt of pyridoxine. Pyridoxine
(Vitamin B6) and its coenzyme forms function in a large
number of different enzymatic reactions in which amino acids
or amino groups are transformed or transferred. The most
common type of enzymatic reaction requiring pyridoxal
phosphate as a coenzyme is transamination. Little is known
about the biosynthesis of pyridoxine in micro-organisms
and it is assumed that the pdxC mutation is in the structural
gene for a pyridoxine biosynthetic enzyme.

pdxC was first described in Taylor (1970). This
mutatién represented a third class of non-allelic mutations
leading to a pyridoxine fequirement. Preliminary results
indicated that it was very closely linked to aroA (95—97%
cstransduction frequency with phage‘Pl), but it was not
known whether the gene lay clockwise or anticlockﬁise to

aroA.



The gene order was established by Cronaﬁ et al. (1972)
during experiments aimed at mapping the fabA locus
(unsaturated fatty'acid>biosynthesis). These indicated that

-pdxC - arolA - (rpsA) - pyrD - fabA -

is the correct orientatiom.

Since the product of the pdxC gene is not known, it
is not'possible to assay the enzyme, either in wild type
E.coli or in plasmid carrying strains which will be over=-

expressing the product.

6.3.2 The serC gene

There is evidence suggesting that the mutation which
defines pdxC is an allele of the serC gene. The serine
biosynthetic pathway brings about the conversion of 3-
phosphoglyceraté to serine in three steps (Figuré 6.8).

The enzymes catalysing the steps are encoded in the serA,
serB and serC genes, which have been located on the E.coli
map (Bachmann, 1983). The serC genotype, a mutation in

the gene which encodes 3-phosphoserine amino-transferase
(PSAT), was first described .in E.coli B (Dempsey, 1969)

and subsequently in E.coli K12 (Clarke et al., 1973) where
it was shown to be closely linked to aroA (Pl cotransduction
frequency 93%), serA and serB mutants require only serine
for grbwth, but serC mutants display a double requirement
for serine and pyridoxine.

While characterising pyridoxine auxotréphs éf E.coliB,
a numbér of serine and pdxF mutants were studied (Dempééy &

Itoh, 1970). Five classes of pyridoxineless mutants were

w



H - 9 - OH : 3-phosphoglycerate
Pt © ‘
serA Phosphoglycerate dehydrogenase
QOOH
% =0 . 3-phosphohydroxypyruvate
CH2 - 0 "®
GLU
serC Phosphoserine aminotransferase
o KG
EOOH
HZN'— EH 3-phosphoserine
CHy - 0 -@®
H20 _
ser Phosphoserine phosphatase
QOOH
HoN ~ CH ’ serine
CH2 - OH

Figure 6.8: The biosynthesis of serine from 3-phosphoglycerate.




identified, one of which, pdxF lacked the enzyme PSAT. It
was shown that pdxF is a special class of serC mutant. Two
schemes weré proposéd to explain this finding and are
illustrated in Figures 6.9a and 6.9b.

E.coli K12 serC mutants also require both serine and
pyridoxine for growth. Shimizu and Dempsey (1978) showed
that mutants revert easily to pyridoxine independence
without regaining PSAT activity. When 3-hydroxypyruvate
is used as a supplement, both the revertants and the parental
types synthesise pyridoxine in normal amounts, but neither
can use this compound to satisfy their serine requirement.

As serine alone is inadequate to provide the nutritional
requirement of gégg mutants, these mutants must be unable
to synthesise 3-hydroxypyruvate from serine. This suggests
that in normal E.coli, PSAT serves as a catalyst for trans-
aminating small amounts of serine to 3-hydroxypyruvate,
which is then used in pyridoxine biosynthesis (Figure 6.90).

Transductional analysis was used to locate the secondary
matations in the revertant strains. The results are summarised
in Figure 6.10. The authors suggest that the secondary
mutation in.KLZSlB may be either in a gene which lies between
serC and aroA or it may be a mutation in the serC allele
itself which allows more efficient conversion of serine
to 3-hydroxypyru§ate. The mutation in KL281B20 which
converts KLZSlB to wild phenotype must be so closely linked
to aroA that recombination bétween it and aroA is extremely

unlikely.



serC

serine

Amv 3-phosphoglycerate IIllIi.ulwbomwwowﬂaﬁox%w%ﬁﬂ<mwm.llllvwlwﬁomwrommﬂwnmn“\\\i
~

pyridoxine
Cov 3-phosphoglycerate ———p» 3~-phosphohydroxypyruvate ——p 3~-phosphoserine ——» serine

serC

compound 'X' —____, pyridoxine precursor —-»— pyridoxine

(¢) , serC

3-hydroxypyruvate «— serine
/ .
~

~a
pyridoxine

Figure 6.9. Proposed scheme for the involvement of PSAT Ammﬁov in pyridoxine biosynthesis.




Parental mutant _ Revertant Double revertant

K1.281B »K1,281820
(SerPax’) (Ser'Pax’)
Secondary mutation closer to 100% linked to aroA
arod than serC
X1281
serC :IIIIll/lllll/llllllllll/rlalr
(Ser Pdx") , KL281-17A

(Ser Pdx’)
serC-arcA cotransduced 89%  Parental type recovered

63% of time therefore
revertant at site away from serC

Figure 6.10: E,celi serC am<muam5¢m” Linkege relationship to aroA



Nowhere in the literature are there any reports of
transduction analysis using both serC and pdxC mutants.
The4observations described above sﬁggest that serC mutants
and pdxC muténfs are different classes of mutants within
the same gene. . An& mitations in the gene upstréam of aroA
would map extremely close to aroA or would be insepafable
from if in cotransductional analysis, as was found for the
revertants described above. The resu;ts suggest that the
produéﬁ of the open reading frame may be PSAT.

Ttoh & Dempsey (1970) have reported the purification
of PSAT from E.coliB. The enzyme was ﬁearly homogeneous
(ome mino? contaminant on SDS-PAGE); . the native Mr was
estimated to be 80 500 (sucrose density centrifugatidn).
-They also confirﬁed that the enzyme used pyridoxal 5'=
phosphate as a co-factor,  in com;On withbother trans-—

aminases.

6.3.3 Transformation of an E.coli serC mutant

The first confirmation that the up§tream gene is serC
was provided by genetié complementation of an E.coli K12 serC
mutant E.coli KL282. This mutant was obtained from the
E;ggii Genetic Stock Centre as a =~ ‘glycerol stock. The
fiiter disk carrying the bacteria was dr&pped into 10 ml
Nutrient broth (Difco, 13 g/1l) and incubated overnight.

This culture was then streaked out onto LA and single
coloﬁies obtained. A single colony wasifﬁrfhér>purified
and its growth'properties investigated. This,confifmed

that it required supplementation with both serine (20 ng/ml)



and pyridoxine (75 pg/l) in order to grow on minimal medium.
Eecoli KL282 was transformed with a number of plasmids

and transformants selected by plating on LA, supplemented

with the appropriate antibiotic. Several colonies from

each plate were then transferred onto‘one minimal medium

and one minimal medium platé supplemented with serine and

pyridoxiﬁe. The plasmids used and the results obtained

are detailed.in Table 6.4. As expected, only those clones

carrying the entire upstream gene are capable of comﬁlementing

the serC mutation in E.coli KL282.

6.3.4 Specific activity of PSAT in crude extracts

More direct evidence that the upstream gene is serC
was provided by measuring the specific activity of PSAT
in crude extracts of E.coli K12 and of plasmid carrying
strains. Once again, one can predict a lOO-fdld higher
level in cells carrying serC on pAT153 than in wild type
cells, assuming that the gene is expressed constitutively.

PSAT can be assayed by coupling the formation of a-
ketoglutarate to the glutamate dehydrogenase reaction and
following the decrease in A340 as NADH is consﬁmed (Figure
6.11). The assay conditions used werefmodified from
Hirsch-Kolb & Greenberg (1971) (Section 2.19).

.Crude extracts wérevprepared from 100 ml_batches of
E.coli cells grown in minimal medium to A65O = 1.3._
Sonication buffer 'B! was used (Section 2.18). Three
extracts were assayed for PSAT activity - E.coli K12,

E.coli AB2829/pKD501 and E.coli AB2829/pKD506. The specific



Plasmid Growth on:
minimal medium minimal + serine
+ pyridoxine

pAT153 0 1
pKD501 1 1
pKD503 1 1
pKD506 0 1

- 0 1

Table 6.4: Growth of E.coli KL282, transformed with
a number of different plasmids.

1 - growth 0 - no growth



PSAT

3-phosphohydroxypyruvate + glutamate ———____ yphosphoserine + a-ketoglutarate

Glutamate dehydrogenase

a-ketoglutarate + zm:+ + NADH . »glutamate + NAD' + H,0

DA -6.2

340

Figure 6.11. Assay reaction for PSAT.




activities of PSAT and EPSP synthase are shown in’Table 6.5
These results show that PSAT is overexpressed

approximately 100-fold in cells harbouring pKD501 and that

a wild type level is seen in cells harbouring pKD506. This

confirms the serC complementation results.

6.3.5 Purification of PSAT

It has‘been suggested that a heavily stained band on
an SDS-PAGE of crude extracts of E.coli carrying certain aroA
recombinant plasmids (Figure 5.8) represénts a plasmid
encoded enzyme. The experiments described above imply
that this band corresponds to PSAT. The Mr of the protein
in the band is estimated from Figure 5.8 to be 40 000;
this is approximately half the native molecular weight
estimate for PSAT from _1220_11_ B (Itoh & Dempsey, 1970).

During the purification of EPSP synthase from E.coli-
AB2829/pKD561 the band corresponding to PSAT can be‘seen
to persist through the first two Steps, but is seen only
as a minor component in the pool of EPSP synthase after
the next step (Figufe 1l in Duncan, Lewendon & Coggins,
1984a). EPSP .synthase is eluted from phenyl-Sepharose
by a decreasing salt gradient. A large protein peak is
observed before the peak corresponding to EPSP synthase.
This peak was assayed for PSAT and it was found that
this activity was present. Fractions over the peak were
pooled and the enzyme was further purified to homogeneity
by chromatography on an FPLC.mono-Q ion-exchange column

(Ann Lewendon, unpublished results).



Extract Specific activity | Relative |Specific activity
of PSAT (U/mg) activity |of EPSP tynthase
: (U/mg)
E.coli K12 0.011 1 0.004
E.coli AB2829/pKD501 {  1.06 96 1 - o.a2
E.coli ‘AB2829/pKD506 0.010 1 0.004

Table 6.5: Specific activity of PSAT in crude extracts of E.coli.



Approximately 8 mg of purified PSAT were obtained
from 20 g of E.ggii. The purification.factor from the
crude extract wés 6.9 -fold. It was shown that the enzyme
has a sub-unit Mr of 39 000 and a mnative Mr of 68 000,
similar to the dimeric enzyme isolated from E.coli B~

(Itoh & Dempsey, 1970).

6.3.6 The amino acid composition of PSAT

The amino acid composition of purified PSAT has been
determined (Ann Lewendon, unpublished results). The
experiméntally determined-composition‘aﬁd the composition
derived from the DNA sequence are illustrated in Table 6.6.
There is a good agreementAbetween both sets of.data,
confirming that the open reading frame is PSAT. Note that
there is one fewer methionine residue in the experimental

value than in the predicted value.

6.3.7 The amino-terminal sequence of PSAT

The amino-terminal sedﬁence‘of PSAT was deterﬁined on
the automated protein sequéncef facility at Aberdeen, by
Ann Lewendon. The sequence obtained is illustratedvin
Figure 6.12. The sequence agrees with that predicted from
the DNA, starting with the Ala residue at position 335 in
the DNA sequence, with the exceptibn of Leu-;9.“ This was
identified as Phe by HPLC of the PTH-amino acid derivative
at that cycle. Howevér, there was some doubt as to.whether

this assignment was correct (see A. Lewendon, Ph.D. Thesis,

University of Glasgow, 1984). The DNA sequence in this



Relative amino acid composition

Amino Theoretical amino acid
acid based on Leu = 30 residues composition predicted
from the DNA ssequence

Asx 39.6 45

Thr 12.5 12

Ser 20.2 20

Glx 33.3 30

Pro 15.7 15

Gly 31l.4 28

Ala 43.2 41

Cys 4.7 4

Val 28.1 28

Met 10.4 11

Ile 18.8 19

Leu 30 30

Tyr 13.1 13

Phe 18.4 18

His 6.2 6

Lys 19.8 20

Arg 16.6 17

Trp nd 5

Gln nd 11

Asn nd 20

Table 6.6

Amino acid composition of PSAT, compared with the
composition predicted by the DNA sequence of the

serC gene.




1 10
Ala - Gln - Ile - Phe - Asn - Phe - Ser - Ser - Gly -.Pro

11 20

Ala - Met - Leu = Pro = X = Glu - Val - Phe - Lys = Gln

21 30

Ala - Gln - GIln = X - Leu - Arg - Asp - Trp - Asn - Gly

31 37

Leu - X - X - X - X = Met - Glu

Figure 6.12. Amino—ferminal sequence of PSAT.




region is quite clearly correct from both strands of the
DNA. The codomns for Leu and Phe are:

Léu: TTA, TTG, CTT, CTC, CTA; CTG

Phe: TTT, TTC

The Leu codon uséd at this position is CTT; iny a
change to TTT could alter the DNA sequence to give Phe.
The nucleotide sequence is unambiguously CTT.

The amino-terminal methionine residue predicted from
the PSAT coding sequence is mnot found in the mnative enzyme,
indicating that it has been removed by post-translational
modification. This agrees with the finding that the
experimentally derived amino acid composition has one

fewer methionine than the DNA sequence predicts.

6.3.8 Is the linked expression of aroA and serC a cloning

artefact?

It ié conceivable that aroA and serC expression is
not linked in vivo and that the observations which have
béen made during this work are an artefact introduced
during manipulation of the genomic DNA. For example,
the deletion of a piece'of DNA between the transcription
terminator located downstream of serC and the start of the
aroA coding region may have removed the in vivo promoter
of the aroA gene. It is mnot possible that this‘has happened
in.going from the phage DNA (Apserc) to the plasmids
because pKD505 and pKD506 were comnstructed in a different

way and yet show the same properties regarding aroA expression.



pPKD505 wés derived from the phage DNA directly, but pKD506
was constructed from DNA isolated ffom a digest of pKD501
DNA.

This leaves the possibility that a region was deleted
during the aberrant excision event which led to the
formation of ApserC, or during propagation of the phage,
prior to selection. Deietioﬁs are not uncommon among
phage Which carry a portion of foreign DNA. Constraints
on the amount of DNA which can be packaged into a phage
head mean fhat deletions Which.make the DNA a more packagable
size will be selected fpr.

It is very unlikely, hoWever, that any cloning artefacts
are present. The plasmid pMON1l (Rogers et al., 1983),
which also carries the E.coli aroA gene, was constructed b&
subcloning a HindIII fragment of a A-recombinant phage
carrying a segment of the E.coli chromosome around minute 20.
Rogers et al. state that the restriction map of pMONl is
identical to the independently derived maps of ApserC
and another phage AaspC (Christiansen & Pederson, 1981),
bpth of which carry DNA from the minute 20 region.

Nevertheless, it was decided to confirm these findings
by isolating tﬁe’gggé gene from E.coli genomic DNA. High
molecular weight DNA was prepared from E.coli K12 (ATCC
14948) by a modification of the method of Marmur (1961)
(Section 2.8), followed by centrifugation to equilibrium
in a CsCl gradient. The DNA was digested with PstI and
purified by phenol/chloroform extraction and ethanol

precipitation. The fragments were then ligated to PstI



cleaved and phosphatase treated pAT153 and the ligation

mix used to transform E.coli AB2829. Transformants were

selected by platihg on LA/tet then replica plated onto

minimal medium. Of approximately 2 000 tetR colonies

screened, 8 were capable of growth on minimal medipm.

Plasmid DNA wés isolated from these colonies and restriction

enzyme digestion révealed an insert at the PstI site in

oﬁlf one of them. Tﬁis plasmid wasldesignated pKD508.
Further'digests showed that pKD508 is formally equivalent

to pKD502 in that‘it has an insert at the PstI site in the

same orientation as in pKDSOz.

6.3.9 Are pKD508 and pKD502 identical?

A series of restriction enzyme digests has shown that
pKD508 and pKD502 are mnot idenfical. " Figure 6.13,
tracks 10 and ll; shows that the Psti fragment inserted in
pKD508 is larger (4.9 kb) than that inserted in pKD502
(4.6 kb). Digestion with Clai (tracks 13 and 14) revealed
an extra site in pKD508 which is not found in pKD502. |
A restriction map of pKD508 was built up (Figure 6.14).
The fact thaﬁ the two clomnes are not identical may simply
be due to a different strain of E.coli K12 being used as
a source of the DNA in the initial cloning/genetic
manipulation experiments.

Moré importantly, the fragment sizes in the ClaI-PvuIll
regioﬁ are the same. Tracks 3 and 4 (Figure 6.13) show
that the same 1.9 kb ClaI-Pvull fragﬁent is present in

both plasmids. In tracks 1 and 2, the lower triplet of



13 1% B 1 (0D II 13 14 15 2670

Figure 6.13: Restriction enzyme digests of pKD308 and pKD302

Track DNA Enzyme (s)
1 PKD508 BstEII + HincII
2 PKD502 BstEII + HincII
3 PKD508 Clal + Pvull
k pPKD502 Clal + Pvull
5 PKD508 Bglll + Clal
6 PKD502 Bglll + Clal
7 Hindl1l1l
8 pPKD508 PstI + Clal
9 PKD502 PstI + Clal
10 PKD308 PstI
11 PKD502 PstI
12 PAT153 PstI
13 PKD508 Clal
1k PKD302 Clal
15 .9 kb Clal-Pvull fragment of pKD302,

digested with Hpall

16 1-9 kb Clal-Pvull fragment of pKD308,
digested with Taqgl

17 1-9 kb Clal-Pvull fragment of pKD302,
digested with Tagl
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Figure 6.14: Comparative restriction maps
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of plasmids pKD502 and pKD508.



bands is the same; +the middle band of this triplet is
the 0.6 kb BstEITI-HincII fragment which spans the serC-
aroA boundary.

These digests might not reveal minor deletions 6r
insertions which could alter the DNA between tne genes.

A ClaI/PvuII digest of pKD508 and of pKD502 was separated
by electrophoresis omn 1% LMT agarose. In each case, the
1.9 kb ClaI-PvuIl band was excised and digested (without
further purification) with TaqIl. Half of the fragment
DNA from pKD502 was digested with HpaII. Digestion products
were separated by electrophoresis on 2% agarose and the
ethidium bromide stained gel is shown in Figure 6.13. It
is difficult to see the Taql fragments in the digest of
pKD508 ClaI~-PvaII fragment, but the negative of fhis
photograph clearly shows that the patterns are identical,
and in particular, no difference in the mobility of the
124 bp TaqIl fragmént spanning the serC-aroA interface can
be observed.

These restriction enzyme digests suggest very strongly
that the structure of the intergenic region in the DNA
cloned from ApserC is identical to that cloned from genomic
DNA, and hence that the expression of serC and aroA are
linked in vivo. Proof that the two intergenic sequences
are identical could be obtained by cloning and sequencing
the 124 bp Taql fragment from pKD508. To date, this has

not been carried out.



»

6.4 The serC—aroA operon

6.4.1 Model of the operon

| The most obvious conclusion ffom the experiménts
described in Chapter 5 and in this Chapter is that the
serC and aroA genes form an operon. This conclusion
suggests a model for the expression of the aroA gene in
E;ggii which is shown in Figure 6.15.

In this model, serC and aroA are both transcribed from

the same promoter (or promoters) which is located upstream

of serC. Two messages are synthesised. mRNAl is a poly-

cistronic message which extends from the promoter to a

point on the 3' side of aroA. mRNA2 is monocistronic,
encoding only serC and extending from the promotér to the
transcription terminator between serC and aroA. mRNA2 is
likely to be the more abundant ﬁessage, as the intracellular
concentration of the serC product is higher éhan that of
thé aroA product, both when the cloned operon and the
geﬁomic operon are expressed. The model also predicts
that transcfiption terminates in vivo frequently at the
intercistronic terminator and that aroA expression is
dependent on read-fhrough at this terminator.
There are several ways in which this hyﬁothesis can
be teésted experimentally. For example:
(a) Northern blot analysis: this involves blotting RNA
.prepared from E.coli AB2829/pKD501 to nitrocellulose
and probing with various parts of the serC-aroA operon.
Probes from the serC region should identify two mRNA
species, while those from the aroA region should identify

a single message.
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Figure 6.15:
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Proposed model of the serC-aroA operon. mRNAl is monocistronic and encodes
only the serC gene. mRNA2 is polycistronic, encoding both serC and aroA.
P indicates the common promoter of the genesj; T indicates the strong

transcription terminator between the genes and t indicates the weaker stem-
loop after aroA.




(b) S1 nuclease mapping: ‘This can be used to identify
transcription start and stop sites.
(c) Hybri& select/translate: by binding a DNA fragment
from the aroA gene to Witrocellulose, it should be
possible to select the aroA message. Translation of
the message in a cell-free system would then be expected
to give two products, one corresponding to EPSP synthase,
and one to PSAT.
At the time of writing, the first two experiments have
been carried out and the preliminary data obtained is

presented in the sections which follow.

6.4.2 Preparation of RNA from E.coli AB2829/pKD501

RNA was prepéred from E.coli AB2829/pKD501 by the hot
phenol procedure (Section 2.39). It was then subjected to
electrophoresis on l% agarose. A smear was .observed with

bands porrespénding to 16S and 23S rRNA.

6.4.3 Northern blot of RNA

The RNA was subjected to electrophoresis on a 1%
agarose gel containing formaldehyde (2.2M final conéentration)
as described in Maniatis et al. (1982). Approximately 4O ug
of RNA was loadedviﬁ each of four tracks and electrophoresis
carried out till the dye front had migrated about 2/3 way
down the gel. ‘The running.buffer was recirculated during
‘electrophoresis.

The formaldehyde - denatured RNA was transferred to

nitrocellulose as follows: +the gel was soaked in 20 x SSC



for 10 min. A blot was set up as described in Section 2.41
and left overnight. The nitrocellulose filter was then
washed briefly in 3 x SSC, dried in air (l h) and baked

at 80° under vacuum for 2 h.

6.4.4 Preparation of probes for Northern blot

Radioactively labelled probes for the RNA blots were
prepared by synthesising the second strand of M13 single-
stranded template DNA corresponding to parts of the serC-
aroA operon. (aBZP)dCTP was incorporated into the newly
syntheéised strand; templates wére chosen so that the
labelled strand would be complementary to the mRNA.

Four probes were chosen; they are illuétrafed in
Figure 6.16 as Pl to P4. The arfows indicate the labelled
strand. The rationale behind the use of these particular
portions of the sequence is as follows:

Pl - Clal fragment; if two messages are synthesised, then
this probe should locate both.
P2 - TaqIl fragment: this frégment overlaps both genes

and includes the terminator sequence. It should again

hybridise to both mRNAs.

P3 - HpalIl fragment: same reasoning as for P2, but a longer

.probe extending beyond the 5' and 3' ends of the Taql

- fragment. |
P4 - HincII-PvulIl fragment: this probe should detect only

aroA encoding sequences, i.e. only the longer of the

~ two predicted mRNAs.



Figure 6.16: Summary of the sequencing strategy

Probes:

for the entire serC-aroA operon,
and location of the probes used in
Northern blot analysis, and S1
mapping experiments.

Pl
P2
P3
Pl
P5

0.5 kb

124 bp

614 bp

0.8 kb

364 bp

Clal fragment
TaqIl fragment

HpaIl fragment

HincII-PvulIl fragment

HpaIIl fragment
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Single-stranded templates were annealled to primer

as described in Section 2.28. To this was added 4 nl c®
(*¥*CTP recipe, Section 2.30), 1.25 pl (a32p)dCTp (Amersham
PBL0O165; >400 Ci/mmol) and 1 U Klenow fragment of DNA
polymerase. After incubation at room temperature for 30 min,
2 pl of 10 x restriction enzyme buffer, 2 pl BSA (1 ﬁg/ml)
and 5 U each of HindIII and EcoRT were added. Incubation'
ﬁas continued a further 1 h at 370 and digéstion products
were separated by eleqtrophoresis on 2% LMT agarose{ Bands
corresponding to the labelled inserts were excised and the
DNA purified by phenol/chloroform extraction and ethanol
precipitation. The probes were now resuspended in 100 ul
6 x SSC and the radioactivity counted:

P1 1.5 x 10° cpm/10 pl

P2 0.8 x 10° cpm/10 pl

P3 1.1 x 105.cpm/10 pl

P4 1.4 x 107 cpm/10 pl

6.4.5 Prehybridisation of nitrocellulose filters

The nitrocellulose was cut into four identical strips,
each having a blot of the E.coli AB2829/PKD501‘RNA. The
strips were sealed in polythene along with prehybridisation
solution (0.2 ml/cmz), taking great care to exclude air
bubbles (Section 2.42). Prehybridisation was at 68° for

6 h in a shaking water bath.



6.4.6 Hybridisation of nitrocellulose filters

The cornerqu the bag was cut and the prehybridisation
solution was removed. This was replaced by hybridisation
solution (50 pl/cmz) and the bag resealed. Hybridisation
solution was the same as prehybridisation solution, except
that the remaining 90 pl of probe was added before it was
placed in the bag.

Hybridisation was overnight at 68° in a shaking water
bathe.

Filters were then removed and the hybridiéation
solution released to radioactive waste. Before drying,
the filters were treated as described in Maniatis et al.
(1982). Autoradiography was at —700; an intensifying

screen was used.

6.4.7 Autoradiography of Northern blot

The autoradiograph resulting from the blot described
above is shown in Figure 6.17. The four probes used show
a variation in the pattern of mRNA molecules identified.
Probes P1l, P2 and P3 identify two mRNA molecules whereas
P4 identifies one (the longer one). This is the result
which was predicted for this experiment. It suggests that
two mRNAs are synthesised from a promoter upstream of

serC.

6.4.8 Nuclease S1 mapping of the serC-aroA transcripts

. The enzyme Nuclease S1 (from Aspergillus oryzae) will

degrade RNA or denatured DNA into 5'-mononucleotides, but



polycistronic
. serC—aroA
message

monocistronic
serC message

Figure 6.17: Northern blot analysis of the serC-aroA operon

The probes used in each lane were:

Track 1 P4 (aroA coding sequences only)
2 Pl (serC coding sequences only)

3 P2 (aroA and serC coding sequences
and intergenic region)

4 P3 (aroA and serC coding sequences
and intergenic region)




" will not degrade duplex DNA or RNA/DNA hybrids under
appropriate conditions. A fragment of DNA encoding a
promoter can bevhybridised to mRNA and the RNA/DNA hybrid
digested by nuclease Sl. The digestion product, the
protected DNA sequence, can then be identified by gei
-electrophoresis, and from its length the location of the
transcription startpoint can be deduced.

The probes ﬁsed in this work were labelled throughéut
one strand of the DNA (the strand complementary to the mRNA)
in the-same way as the probes for the Northern blot (Section
6.4.4). This has the disadvantage that the protected lengths
which result could originate from either end of the fragment.
However, it is techni;ally easier to follow this approach
and the results presented here are preliminary.

Three probes were used (Figure 6.16). The logic
behind their use is as follows:

P2 - Taql fragment: this should give full length protection
and/or protection of a shorter length corresponding to
mRNA2 to the terminator site.

P3 = HpaIl fragment: confirmation of the reéults from P2;
also initiation from a promoter upstream of aroA and
upstream of P2 would be seen.

P5 - Hpall fragment: this should map the transcription
startpoint. |

'The probes were prepared exactly as described for the

Northern blot probes, except that they were finally

resuspended_in 50 pl hybridisation buffer (Section 2.42).

The radioactivity in each sample was:



P2 0.6 x 10° cpm/5 pl

P3 1.4 x 105 cpm/5'pl

P5 0.9 x 10° cpm/5 ul

To each pfobe was added 50 pg RNA in 50 pl hybridisation

buffer. The sample was incubated for 3 h at 530. 300 pl
ice cold 1 x S1 buffer (Section 2.40), containing 2 000 U
‘51 nuclease  was added and incubétiqn continued at h30 for
L5 min. Digests were phenol/chloroform extracted and
ethaﬁol pfecipitated then resuspended in 10 ul TE buffer.
L p1 of formamide dye mix. was added and the sample boiled
for 3 min before'ioading 3 1l onto a DNA sequencing poly-
acry;amide gel, alongside a sequencing 'ladder' as lgngth

markers. The gels obtained are shown in Figure 6.18.

“6.4.9 Results of S1 mapping

The S1 mapping results presented here are very
preliminary. However, they'do confirm the predictions
made for the mRNA startpoint in the model and also can be
used to define accurately the_transcription startpoint for
the ggég gene. Results are shown in Figure 6.18.

Fragmeﬁt P3 was protected over its full length from -
S1 degradation. This could be due either to protection by
mRNA spanning the intergene region or to protection by
the complementéry DNA strand. A seconq protécted region
has a‘length of approximately 525 nucleotides. If this
represents protection by the 3' end of an mRNA then the
message terminétes at position 1462 in the sequence, at

the T residues which form part of the terminator structure



Figure 6.18: Sl nuclease mapping of the serC-aroA
: transcript :
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buffer gradient 6% acrylamide gel.
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following serC. The alternative explanation that this
protected region is the 5' end of thé aroA message is
unlikely as the transcription starﬁpoint would be at position
1023, and no promoter-like sequences are present in this

: region..

Fragment P2 shows a more complex pattern. The M13
clone from which fragment P2 was obtained carries two Taql
fragments, the second of which is not complementary to the
predicted'mRNA'and hence Willbnot be protected by mRNA.

The pattern obtained for S1 mapping of P2 has three
vprotected lengthss-

275 bp corresponds to prbtection of the full tandem
clone by the opposite strand of the DNA.

. 124 bp corresponds to protection of the Taql fragment
containing the intergenk region, by an mRNA Whi;h spans
this region and encodes both serC and aroA.

56 bp corresponds to protectién by a transcript which
either stops or starfs within the 124 bp intergene Tagl
fragment. If protection is by the 3' end of mRNAvthen the
transcript stops at position 1458. This correlates well
with the above finding that P3 is protected from digestion
by a transcript which ends at position 1462.

The pattern obtained for P2 therefore provides .conclusive
evidence thgt there are two mRNA franscripts, one of which
encodes the serC and aroA genes and the other terminates
at the rho—independent terminator sequence between the

genes.



Fragment‘Ps is protected over its fﬁll length by its
complementary strand. There is, however, a ladder of
protected lengths, the longest of which is 90 nuéleotides.
The ladder effect is probably due to degradation at the
5!' end of the mﬁNA prior to hybridisation. Wofking back
from the Hpall site, the transcfiption startpoint‘was

determined to be at position 27L4.

6.4.10 Transcription startpoint and promoter of the serC-

aroA operon

The transcription startpoint determined by S1 mapping
of P5 is shown in Figure 6.19. TUpstream of this is a
sequence which corresponds to the consensusAg.COli promoter

-10 and -35 regiomns.

6.4.11 Other features in the promoter region

A search for inverted repeats in the sequence of the
promofer region revealed a 26 bp sequence which can form
a stem-loop structure similar to that shown in Figure 6.3.
The -10 region of the promoter is then located at the top
ofAthe stem-loop. This is a common feature of thé operator
sites of genes which are regulated by a repressor. Examples
of this in aromatic biosynthesis include the trp operbn
(PLatt, 1978), the aroG gene (Davis & Davidson; 1982)
and the aroH gene (Zurawski et al., 1981). The -10 region
of the trp operon promoter is located at the top of a sfem
loop to which the trp repressor is known to Eind, pfeventing

RNA polymerase from binding to the promoter. These



-35 €é—— 17bp—— -10 mRNA

------ —_— e - - M
235 ACTGAATGATAAAACCGATAGCCACAGGAATAATGTATTACCTGTGGTCGCAATCGATTG
' 250 276 ===
> € Cial

Inverted repest

Start of serC gene

MetAlallinlile
295 ACCGCGGCTTAATAGCAACCCAACCTGSTGAGGGGAAARTGGCTCAAATL
310 330 345

Figure 6.19: The promoter of the ser{-arcA operon.



observations suggest that expression of thé ggzg-gggé

operon is regulated 5y a repressor. 'There is mno evidence

- to support this hypotheéis as no régulatory mutants of
either aroA or serC have been described. Further discussion
of.the expression is based on speculation and cannot at

present be substantiated by experimental evidence.:

6.5 Examples of linked gene expression systems in E.coli

Investigations of the expression of several sets of
linked E.gg;i genes have shown that the serC-aroA tperon
structure is not uncommon. The U.V. - inducible lexA and
lexD genes are co-tra?scribed, but are separated by a
transcription terminator (Miki et al., 198h); The majority
of constitutive transcription from the lexA promoter is
terminated at a terminator immediately following the gene.
However, after induction of lexA, a fraction of the
transcription passes through the terminator, allowiﬁg the
lexD prbtein to be synthesised.

A second example is the E.coli pyrE operon. pyrE is
the structural gene for orotate phosphoribosyl transferase,
an enzyme which participates in the biosynthesis of UMP.
Expression of pyrE is regulated by a UTP-modulated relief
of an attenuator situated in front of the gene (Poulsen
et al., 1984), The gene in front of pyrE, and which forms
the othet member of this operon, remains to be identified.

Intboth examples, the operon structure is similar:

promoter-gene-transcription terminator-gene.



The terminafor can be regarded as an attenuator.of
expression of the second gene. However, both examﬁles
differ from the EEEQ‘EEQA case in that there is clearly a
functional reaéon for the co-ordination of expression and
attenuation in these systems. In the first‘case; lexA
is constitutively expresséd at a low level and is auto-
regulated. On U.V.-induction, the.iggé pro@uot is cleaved
by recA and transcription is no longer repressed leading
to the syntheéiS.of large quantities of lexA product, and
by the attenuation mechanism, to smaller quantities of lexD
prodﬁct, both of which are reqﬁired for the 'SO0S respomnse'. -
In the second case,- the function of the gene pfeceding pPyrE
is ﬁot known, but the importanf point-to note is that tﬁe
attenuation mechanism is relieved only in response to a low
level of ﬁTP within the cell, and hence pyrE expression
takes place. A .

In the biosynthetic operons which have been Stuaied in,
‘detail iﬁ E.coli, e.g. the trp and his operons, the enzymes
encoded in the genes of the operomn are related in that-they
catalyse reactions on the same pathway. Induction of
expression of the operon is mnecessary in order that the
‘end product of the pathway may be synthesised, and each
one of the gene products must be produced, otherwise the
pathway will nof.function. For this reason, it is widely’
believed that co-ordination of gene expression in respohse
to the needs of the cell is the principal fﬁnction of the
operon. | |

The same cannot be said of the serC-aroA operom.

EPSP synthase and PSAT are enzymes which catalyse reactions



on completely separate biosynthetic pathways. There is
evidence in the literature that both aroA and serC are
constitutively expressed (Tribe et-al., 19763 McKitrick &
Pizer, 1980). This begs the question: is there any way
in which co—ordinéte control of the expression of these
genes might be of value to the cell, possibly in a way
which would be masked in the experiments which showed
constitutive expression?

There are two biosynthetic points of contact between
the end products of the serine and shikimate biosynthetic
pathways. Thelfirst is in the synthesis of tryptophan.

At the final step, indolglycerol phosphats and serine are
converted to tryptophan and glyceraldehyde 3-phosphate by
tryptophan synthase. Tryptophan is the second least abundant
of the common amino acids, constituting 1% or less of the
average protein mass. Serine, however, plays a much more
central physiological role. Apart from protein synthesis,

it is also used in cysteine and phospholipid biosynthesis,
and conversion of serine to glycine provides most of the
'one-carbon' pool of the cell, which is required for the
synthesis of many important intermediates. The biosynthesis
of tryptophan will .therefore not be expected to perturb
significantly the serine pool of the cel;, and so co-ordinate
coqtrol of the synthesis of tryptophan precursors is
extremely unlikely. |

The secsnd'point of contact is in the biosynthesis of
enterochelin (enterobactin), which is responsible for

sequestering iron from the environment. Iron is an essential



requirement for bacterial growth, but under normal environ-
mental conditions it exists as an insoluble ferric hydroxide
polymer or in thé human and animal most is bound to trans-
ferrin in the serum or lactoferrin in secretory fluids.
In response to such iron-limiting conditions, most aerobic
and facultative anaerobic organisﬁs have evolved a high
affinity pathway for assimilation of Fe(III) which consists
of low-molecular-weight carriers (siderophores) and the
cognate membrane receptors for binding and uptake. Entero-
chelin is the siderophore manufactured by E.coli and forms
the 'high affinity' iron uptake systeme. A second 'low
affinity' system is available to Q.ggii. If citrate is
present in the growth medium, induction of a system for
citrate-mediated iron transport occurs (Neilands, 1982).
Enterochelin synthesis begins with chorismate which
is converted in three steps to 2,3—dihydréxybenzoic acid.
Enterochelin synthetase, which is compzzfd of four enzymes,
then converts 2,3-dihydroxybenzoic acidLserine‘to entero-
cﬁelin, a cyciic trimer of 2,3-dihydroxybenzoylserine.
The enterochelin iron uptake system consists of at least

seven biosynthetic genes (entA -~ entG), a transport gene

(222) and a gene (igg) involved in the breakdown of the
fefric enterochelin complex, all of which map in a cluster
around minute 13. The expression of the nine genes is
4regulatedvby the intracellul;r iron concentration; the
genes have been cloned and the genetic organisation of

the cluster investigated (Laird et al., 1980; Laird &

Young, 1980). Recently, it has been shown that five of



the genes form an operon (ggﬁA(CGB)E) and that all the
genes are transcribed from iron-regulated promoters (Fleming
et al., 1983). |

Buck & Griffiths (1981) have shown that in media where
ferric iron is mnot freely available, E.coli contains a
population of specifically undermodified tRNAs. The

trp

and tRNA

undermodified tRNAphe, tRNA can function

tyr
as positive regulatory elements of the aromatic amino acid
transport system. An increased gbility to take up aromatic
amino acids from the medium migﬁt give the cell a érowth
advantage. The synthesis of enterochelin is likely to

impose an imbalance upon the aromatic amino acid bio-
synthetic pathway by depleting the chorismate pool; the
enhanced ability to acquire rather than synthesise these

amino acids may be an important feature of cellular economy
where enterochelin synthesis is necessary for gfowth. It

has also been shown that the undermodified tRNAs have

lowered translation efficiencies and can relieve transcription
termination at the trp and phe operons (Buck & Griffiths,

1982). 1In Salmonella, modification is related to growth

in aerobic or anaerobic conditions. Iron deficiency is
usually only a problem during aerobiosis, aﬁd it is under
these conditions that tRNA is undermodified (Buck & Ames,
1984).

McCray & Herrmann (1976) investigated thedwepression of
certain aromatic amino acid biosynthetic enzymes in E.coli
grown in medium deficient in iron. The results obtained

'suggested that the increased synthesis of enterochelin



during iron starvation could be accounted for by de-
repression of DAHP synthase (tyr) and the branch pathway

to dihydroxybenzoate. Derepression of DAHP synthase would
increase the biosynthesis of chorismate in the cell, |
thereby maintaining the chorismate pool for aromatic amino
acid biosynthesis. The increased'expression of aroF is
thought to be due to relief of attenuafion at the tyr operon
(O'Connell et al., 1983, cited in Herrmann, 1983). .

The specific activity of EPS? synthase was not defermined
under the conditions used in McCray & Herrmann (1976). The
only clue in the literature to the involvemenf of iromn in
the expression of aroA comes from the work which showed that -
aroA is constitutively expressed (Trive 23_22., 1976).

Close examination of Table 2 of this paper feveals that

the specific activity of EPSP synthase was consisteﬁtly lower
in cells gfownkin iron éitrate,mediuﬁ than in cells grown

in either minimal medium or minimal medium supplemented

with aromatics. The specific activity of the othef enzymes
in the pathway remained constant.

The biosynthesis of enterochelin requires serine and
chorismate in equimolar amounts. Stud;es by McKitrick &
Pizer (1980) have indicated that there is a constant, but
rapidly turning over pool of.serine within the cell. Under
the experimental conditions used, it was shown that the
transaminase‘(PSAT) was . in large excess. It is likely,
however, that in the medium used to grow the cells (M9

salts + glucose), the bacteria would be actively scavenging



iron and so would require a large amount of serine for
enterochelin biosynthesis. Any reduction in PSAT activity
due to repression of gene expression would therefore be
masked.

The observations described in this section provide
evidence thatviron limitation has a large effect on gene
expression in E.coli. For the systems which have been
studied in detail; the modulating effect is due to ﬁnder-
modification of tRNA, which alters the attenuation of
franscription at a number of biosynthetic operons. The
repressor which controls expression of the ent, fes and fep
genes is not known. It is possible that these genes are
regulated in the same way as the aroF gene; examination
of the DNA sequences upstream of aroF and the ent genes
may answer this.

There is no evidence that attenuation plays a role in
the expression of the serC-aroA operon. The sequences in
the 5' leader region cannot be folded to form structures
analogous to these found in the trp operon (Yanofsky, 1981);
nor is there a 'leader peptide' located in this regiom.

The inverted repeat at the -10 region of the promoter may
be involved in a different type of regulatory mechanism.
This may be the operator site for an as yet unidentified
représsor. It is possible that the genes are expressed

at a low constitutive level under conditions where there is
sufficient iron and that this émount of each enzyme can
satisfy the requirements for biosynthesis of both serine

and chorismate. Only under iron stress are the pools of



serine and chorismate depleted rapidly and so.increasing
the synthesis of the two enzymes might help to replenish
these intermediates.

Many more straightforward interpretations of the
linked gene situation are possible. A deletion of the
promoter of aroA may have made aroA expression dependent
on expression of serC. Alfernatively, a transposition event
may have moved one of the genes intact to within the other
gene. Either serC and its terminator was moved to lie
between aroA and its promoter, or gggé was moved to the

site downstream of serC.

6.6 Suggestions for further work

Definitive proof that the aroA and serC genes are
translated from the same mRNA may be obtained by in vitro
translation of message selected by an aroA sequence probe.

'The factors which affect expreésibn of serC and aroA
in vivo must be studied. In particular, the effects of the
presence or absence of iron in the growth medium will show

if iron is a modulator of the expression of this operon.



CHAPTER 7 GENERAL DISCUSSION

Tl Sequence homology searching

7.1.1 Introduction

6ne of the aims of the work presented in this. thesis
ﬁas to determine the DNA sequence of one or more of the
E.coli aro genes, deduce the corresponding amino acid
sequence and then to compare both gene and protein sequences
with the sequences of the N.crassa (or any other) arom
-cluster gene and the corresponding multifunctional protein
sequence. As the séquence of an arom gene is not yet
available, this discussion will necessarily be restricted
to making comparisons of two E.coli genes that have been
sequenced with the sequences of related genes. The
preliminary results of these two searches are presente&
here as examples of the searches which will be instigated
in the néar future.

It is possible to look for homologies between thg
primary structures of proteinsvand/or their gene sequences
in a number .of ways. The simplest is to scan and compare
sequences by eye for highly conserved features or to line
up sequences which are known to be closely related.
However,.the comparisoﬁ and matching of seéqences which
are distantly related, or unrelated, is extremely difficult;
it requires a computer to compare the sequences and to
- collate informafion. A ﬁumbér of programs have been written
>for this burpose and also for searching databases for

homologous or related sequences. For example, the program



COMPARE in the WISGEN package (Section 2.36) is derived
from the matrix analysis of Maizel & Lenk (1981). The
review by Dooliftle (1981) provides a valuable insight
into the pitfalls of comparing sequences and deducing

relatedness.

7.1.2 3-dehyvdroguinase

The complete sequences of two 3-dehydroquinase enzymes
are available: the E.coli aroD gene product (Chapter 4)
and the N.crassa inducible SETQ gene product'(Alton et al.,
1982; Dr M.E. Case, unpublished results). Although these
enzymes catalyse the same reaction, they play a different
roie in the cell; +the E.coli enzyme has a biosynthetic
function, whereas the inducible N.crassa enzyme has a
function in catabolism. Are the enzymes derived from a
common ancestor or are they the result of convergent
evolution of function? Are either of them relatéd in
sequence to the 3;dehYdroquinase domain of the arom
polypeptide? These questions can be addressed by comparing
the sequence around the active site lysiﬁe of arom 3-
dehydroquinase with the sequences around the 17 lysine
residues in E.coli 3-dehydroquinase and the two lysine
residues in the catébolic 3-dehydroquinase.

It is known that the mechanism of 3-dehydroquinase
involves the formation of a Schiff base interﬁediate
with a lysine’residue at the active site of the enzyme.
This can be- trapped and labelled with 3H-sodium borohydride
(Butler et al., 1974). The active site lysine of arom was

labelled in this way and following proteolysis'a labelled



peptide was isolated and its sequence determined by a
micro-protein sequencing technique (Dr S. Chaudhuri,
unpublished results). The'sequenceé flanking all of the
lysine residues are aligned in Table 7.l1l. The sequence

most homologous to the arom active site'sequenée ileys—138
of the E.coli enzyme, where 5/15 residués are identicai.

In Neufospora the lysine is part of the tetrapeptide VKLV

and in E.coli the sequence is VKVV, a single éonserved change.
One can'predicf that if both biosynthetic 3-dehydroquinases
are truly homologous, then 1lys-138 represents the most

likely candidate for the active site of the E.coli enzyme.
.Neither of the lysines in the'catabolic 3-dehydroquinase

are homologous to the arom sequence or to the sequence around
lys=138. Experiments are in progress in our laboratory

aimed at labelling and identifying the active site lysine
from both the E.coli and the catabolic enzyme.

This result can be interpreted as implying that the
cafabolic and biosynthetic enzymes have arisen separateiy, or
that they have diverged substantially from a common ancester.
Evidence in support of this comes from consideration of the
Mr of the enzymes. The catabolic enzyme_has an Mr of 20,000
and exists as a dodecamer whereas the E.coli enzymevhas an
Mr of 28,000 and is a dimer. Following limited proteolysis,
it is possible to isolate a-fragment of the arom complex
which carries the 3-dehydroquinase and shikimate dehydroéenase
activities (Smith & Coggins, 1983). This has an M, of
68 000 and.is comparable in size to the bifunctional 3-
dehydroquinase/shikimate dehydrogenase of P.mungo Which haé

an M_ of 59 000 (Koshiba, 1979).



r - -

No. of matches
*

arom ALOHRGDVVKLVGVAR

AroD

Lys-2 —-ee-- MKTVTVKD
-7 --MKTVTVKDLVIGT

-17 LVIGTGAPKI IVELM
=25 KIIVSLMAKDIASVK
-31 MAKPIASVKSEALAY
-66  VESVMAARAKILRETM
=75 ILRETMPEKPLLFTF
-85 LLFTFRSAKEGGEQA
-125 LFTGDDQVKETVAYA
-138 AYAHAHDVKVVMSNH
-147 VMSNHDFHKTPEAEE
-160 EEIIARLRKMQGSFDA
-170 QSFDADIPKAALMPQ
=207  PIITMSMAKTGEISR
-229 SGGNFWCGKKSVCAR
=230 GGNFWCGKKSVCARA
-240 VCARANLGK------

= NWNRN-NWWD O - =)= N

55-2

Lys-95 EAGLGPGDKVSAIII
-147 RHHSYLSDKAVAVIC

WwN

Table 7.1: Seqguence around the active site
lysine of arom 3-dehydroquinase,
and the lysine residues in the
E.coli and catsbolic N.crasssa
enzymes,



7.1.3 Phosphoserine aminotransferase

The primary sequence of a number of transaminases has
beén determined (Barra et al., 1980; Doomnan et al., 1975;
Huynh et al., 1980; Kondo et al., 1984; Shlyapnikov et al.,
1979; Dr M. Edwards, unpublished results). These sequences
have been‘very highly conserved during evolﬁtion; comparison
of bacterial and mammalian sequences show that they are
lapproximately 30%.conserved. This begs the question: Is
the sequence of the serC gene product also so highly conserved?

The sequences around the lysine to which pyridoxal
5'-phosphate binds in the transaminases described above
are listed in Table 7.2, along with the sequences flanking
the lysine residues in the sequence of PSAT. This comparison
shows that none of the lysines in PSAT is homologous to
the sequence around the lysine in the other enzymes.

The program COMPARE in the WISGEN package (Section~2.3§)-
was used to compare the protein sequence of PSAT with thét
of E.coli tyrosine aminotransferase (the tyrB gene product).
Parameters were set so that each time an identical match
of two residues was found in a window of three residues,
a point was plotted. A plot of - the daté obtained (using
DOTPLOT on a Hewlett-Packard HP 7221 plotter) is shown in
Figure 7.1. There is no clear pattern to the spread of
points. A similar comparison between the tyrosine amino-
transferase sequence and the sequence of chicken heart
cytoplasmic aspartate aminotransferase is shown in Figﬁre
7«2. In this case the homology ié striking; the points

along the diagonal show that the sequences are highly



Aspartate aminotransferase

* .
@SFSKNFGLYNERVGN Chicken cyto. Shlyapnikov et al (1979

QSFSKNFGLYNERVCN Fia cyto. Doonan €t al (19795)
QSYAKNMGLYGERVGA Pig mito. Barra et al (1980) -
OSTYAKNMCLYCERVGA Rat mito Hyunh et al (1980)
SSYSKNFGLYNERVGA E.coli Kondo et al (1984)

Tyrosine aminotranferase

NSFSKIFSLYGERVGG E.coli Dr. M.Edwards {(unpub.)

Phosphoserine aminotransferase - lysine residues

Lys-20 AEVLKBAQGELRDWNG
-44 SHRGKEF IQWAEEAEK
=35 EEAEKDFRDLLNVPSN
-68 PSNYKVLFEHGGERGN
-91 ILGDKTTADYVDAGYN

-108 ASAIKEAKKYCTPNVF
-111 IKEAKKYCTPNVFDAK
=112 KEAKKYCTPNVFDAKV
-122 VFDAKVTVDGCRAVKP
=132 LRAVKPMREWGLSDNA
-198 AGAQKNIGPAGLTIVI
=219 DLLGKANIACPSILDY
-254 GCLVFKWLKANGGVAEM
-257 FKWLKANGGVAEMDKI
-267 AEMDKINQ@KAELLYG
-272 INGRKAELLYGVIDNS
-292 NDVAKRNRSRMNVFFQ
-311 SALDKLFLEESFAAGL
-326 LHALKGHRVVGGMRAS
-348 LEGVKALTDFMVEFER

Tatle 7.2 The lysine residue to which pyridoxal.
S-phosphate binds in a number of
aminotransferases, and the lysine
residues in PSAT.
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Aspartate aminotransferase (Chicken cytoplasmic)
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conserved. This is despite the fact that one sequence
is from a prokaryotic and one from a eukaryotic organism.
These results show that PSAT does not belong to the
same family of transaminases as the other highly conserved
- members described in Table 7«2. Since the other trans-
aminases are so well conserved and PSAT is so completely
differept it is likely that the two classes of enzyme have
evolved completely independently of one another - an
exceptionally good example of cdnvergent evolution of
function. Only a knowledge of the séquences.of the other
aminotransferases of E.coli will tell if PSAT is unique
;among transaminases or if there are others in this second
class. The nucleétiae sequences of the 5'-coding regiomns
of two other aminotransferase genes from bacteria are
known. The predicted amino-terminal protein sequences of
transaminase B from E.coli (the ilvEe gene»proddot; Lawther
et al., 1979) and imidazolyacetolphosphate aminotransferase

from S.typhimurium (the hisC gene product; Riggs & Artz,

1984) are not homologous to each other, or to the amino-
terminal sequences of PSAT, or to the tyrosine and aspartate
aminotransferases from E.ggii. However, without knowing
the entire sequences it is not possible to say that they
.ére not homologous to PSAT;

A final point ié that the difference between PSAT
and the other transaminases may be related to the function
or evolution of the serC-aroA operon. It is possible that

the ancestral serC gene had a different function, but one



which was relatéd tovthe function of the aroA gene. The
linked expression of the genes might at that time have
been important‘té the cell. As the function of the gene
changed, the linked expression may have become unnecessary,
but there would be no-evolutionary pressure to uncouple
expression, and in any case, uncoupling would require the

evolution of a separate promdter for aroA.

7.2 Evolution of the arom gene

The sequences of tﬁe aroD and aroA genes, along ﬁith
the sequence of EEQE (I. Anton, Ph.D. Thesis, University of
Glasgow, 1984) and aroB (G. Millar, unpublished results)
will be useg to.deducé in detail their evolutionary relation-
ship to the arom gene, when this sequence becomes available.
At present, the sequences and complementary protein chemistry
data allow us to give hard numbers to the Mr's of the E.coli
shikimate pathway enzymé# The Mr's are shown in Table Te3e
With the exception of 3-dehydroquinase, the E.coli
enzymes corrésponding to the arom activities exist as monomerse.
This was unexpected and is unusual for E.coli enzymes,
particularly for shikimate dehydrogeﬁase, which represents
the only example of a monomeric dehydrogenase.in E.coli.
It is interesting to note that when the subunit Mrfs are
added, the total for ome of each type of enzyme is 163 000

(see Table 7.3). This is very close to the subunit Mr of

165 000 for the N.crassa arom polypeptide (Lumsden &

Coggins, 1977).



Pathuway gﬁiggg;"  N.crassa

step sub-unit Nr sub-unit Mr
1 (trp) 39 000 (2) 52 000 (4)
2 ~ 40 000 (1)

3 28 000 (2)

4 29 000 (1)

5 20 000 (1) 165 000 (2)
6 - 46 000 (1)

7 not known " 50 000 (%)

Table 7.3; The guarternary structure bf the shikimats
pathway enzymes. The number of subunits
~ in the native enzyme is shown in brackets.



Together with the comparative 3-dehydroquinase sequences
and the comparison with the bifunctional 3-dehydroquinase/
shikimate dehydrogenase plant enzyme, this provides more
evidence that the arom gene evolved by fusion of ancestral

E.coli-like genes.

7.3 Future prospects for the aroA gene

The identification of EPSP synthase as the primary
target for the herbicide glyphosate has stimulated interest
in the use of a cloned aroA gene in gene replacement
experiments in crop plants. A mﬁtationally altered form of
EPSP synthase might be resistant to glyphosate and if the
gene encoding this form of the enzyme was inserted and
expressed in a plant, then it might confer on the plant
resistance to the herbicide. This would allow the cfop to
be sown at the same time as the application of the herbicide,
increasing the length‘of the growing seasomn.

Towards this end, a strain of'§.typhimurium has been

isolated which has a mutant aroA gene and which synthesises
EPSP synthase that is resistant to inhibition by glyphosate
(Comai et al., 1983). DNA sequence analysis of both the wild

type Salmonella aroA allele and the glyphosate resistant

gggé'allele has shown two things. Firstly, the sequence of
the wild type enzyme is very homologous to the E.coli aroA
sequencé. Secondly, a point mutation, resulting in a single
amino acid substitution is responsible for the glyphosate
resistant phenotype (D. Stalker, W. Hiatt, L. Comai,

unpublished results). The change involved is:



Position 101 wild type TCG/Ser
mutant CCG/Pro
The expression of an altered aroA gene in plants

depends on two factors. It is necessary to insert the
gene into the plant genome in such a way as to ensure that
it is stably inherited. The gene must then be capable of
being transcribed and translatea,in the plant sysfem. That
both of these are possible has been shown in a number of
cases. A chimaeric gene composed of the promoter of the

Pisum sativum ribulose 1, 5-bisphosphate carboxylase gene

along with the coding sequence of a bacterial chloramphenicol
transacetylase géne was introduced into the geﬁome of

Nicotiana tabacum using a Ti plasmid of Agrobacterium

tumefaciens. It was demonstrated that this gene was

expressed and that the level of expression was light-inducible
in chloroplast-containing transformed tissue (Herrera—
Estrella et gi.,>l984). A second example is the introduction
of a chimaeric gene containing the coding sequence of the
bacterial gene for neomycin phosphotransferase II (the
Kanamycin resistance enzyme) to plant cells. Ti plasmid

mediated transformation of Nicotiana plumbaginifolia was used

to introduce this gene to cells in culture and the cells
regénerated to morphologically normal plants. These plants
carry a functional Kanamyciﬁ resistance gene which is
inherited and expressed as a dominant Mendelian trait

(Horsch et al., 198.4).
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