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Abstract

Molecular characterisation of mutations in the qutA activator gene for quinic

acid utilisation in Aspergillus nidulans

by Ian Levesley

Aspergillus nidulans utilises quinic acid as a sole carbon source for growth. The inducible quinic
acid utilisation (qut) pathway shares intermediates with the constitutive biosynthetic shikimate
pathway, which is maintained despite competition from the quinate pathway enzymes. Genetic
analysis isolated a large number of non-quinic acid utilising mutants, including pleiotropic
regulatory mutants in the qutA4 activator and qufR repressor genes. The entire 19kb qut gene cluster
on chromosome VIII has been cloned and sequenced, as has the aromA gene encoding a penta-
functional polypeptide from the shikimate pathway. Molecular analysis suggests that the qut4 and
qutR genes evolved by duplication and cleavage of the aromA gene (Hawkins et al., 1993),
suggesting possible molecular roles. However, a precise molecular mechanism for the function of
the regulatory proteins has yet to be elucidated.

A contribution to this analysis is detailed in this thesis, extending the identification of functional
motifs in the qutA activator. A genetic map of non-inducible qut4 mutant strains has been
constructed. Mutants yield either recessive, semi-dominant or dominant phenotypes in diploid
strains with the wild type activator. Oligonucleotide primers were designed to amplify specific
regions of the qutA gene, by PCR, from wild type and mutant genomic DNA. SSCP analysis of the
PCR amplified DNA was used to align the genetic and physical maps. PCR amplified DNA was
subsequently used in sequencing reactions to characterise seventeen mutations at the nucleotide
level and infer changes in the protein.

The genetic and physical maps proved to be co-linear, non-inducible qut4 mutations mapped to
the 3' half of the gene, implying that mutations in the 5' half of the gene produce a transcriptionally
active protein, indicating a centrally located transcriptional activation motif. The two dominant
non-inducible mutations mapped to the junction of the two putative domains of the protein
predicted by its homology to aromA, strongly supporting the proposed bi-domain structure. The
results presented in this thesis together with other recent work discussed enable a revision of the
molecular model, and provide a strong foundation for the in vitro study of the two regulatory
proteins.
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Chapter One

Gene regulation in lower eukaryotes

Gene expression in lower eukaryotes is regulated at three levels: transcriptional, post-
transcriptional and post-translational regulation. Transcriptional control is the predominant form of
gene regulation. Expression or protein function may have complex forms of post-translational or
post-transcriptional control in addition to transcriptional control notably in the case of some
regulatory genes. This introduction centres upon the structure and function of transcriptional
regulatory proteins. The brief discussion of other regulatory mechanisms below concentrates upon
how two comprehensively studied transcriptional activators GCN4 and GAL4 are themselves subject

to post-translational and post-transcriptional regulation respectively.

Post-transcriptional regulation occurs in eukaryotic mRNA processing activities such as alternate
intron splicing (Review, Leff et al., 1986), regulation of RNA transport (Malim et al., 1989), mRNA
stability (Marzluff & Pandey, 1988; Review, Raghow, 1987) and translational regulation. The yeast
regulatory protein GCN4 is a transcriptional activator involved in general amino acid control, the
response to amino acid starvation (Chapter 1.1). The protein activates expression of more than 30
genes in 9 different biosynthetic pathways (Hope & Struhl, 1985). The GCN4 mRNA encodes a
600bp leader sequence prior to the activator protein translational start codon (most yeast mRNAs
have a 60-90bp leader sequence {Gurr et al., 1987}). GCN4 mRNA levels remain constant in all
conditions. Regulation of protein levels occurs via four short open reading frames (ORFs) in the
mRNA leader sequence. The proteins GCNI, 2 and 3, increase levels of the GCN4 protein. GCD1,
10 and 13 decrease protein levels in non-starvation conditions (Hinnesbusch, 1985; Mueller et al.,

1987; Review, Hinnesbusch, 1988).

Post-translational regulation occurs by three mechanisms: ligand binding, protein-protein
interaction and protein modification. The yeast transcriptional activator ACE] regulates expression
of metallothionine in response to copper. Binding of copper radically alters activator protein
structure allowing the promoter sequence upstream of the target gene to be recognised (Furst et al.,
1988). GCN4 translation is dependant upon several positive and negatively acting factors, including
a positively acting factor GCN2. GCN2 is a protein kinase that affects re-initiation of yeast
ribosomes (Tzamarias & Thrieos, 1988) and therefore GCN4 expression by phosphorylation (protein
modification) of one of the other GCN or GCD (Roussou et al., 1988). Binding of uncharged tRNA



molecules activates GCN2 protein kinase function (Wek et al., 1989). Thus, a protein modification
event, catalysed by GCN2, itself regulated by a ligand binding event, controls post-transcriptional
regulation of GCN4. The yeast GAL regulatory system (Chapter 1.2) provides incidence of all three
forms of post-translational regulation. The GAL4 protein is a positively acting transcriptional
regulator and GAL80, a specific repressor, represses GAL4 by protein-protein interaction (Leuther
& Johnston, 1991). Ligand binding by GAL4 depresses GAL4 activity. The ligand is thought to be
a small metabolite formed as a consequence of galactose metabolism by the gal3 gene product
(Broach, 1979). Additionally, a series of specific phosphorylation events apparently enhances the
activity of the de-repressed GAL4 activator (Mylin et al., 1990).

Transcriptional regulation is mediated by both general and specific trans-acting proteins that bind
to DNA control elements in the promoter region of target genes. The binding of transcriptional
regulators to their target sequence requires the action of chaperone transcription factors (Cote et al.,
1994). Once bound to their target sequences the trans-acting regulators interact with further factors
to promote or repress transcription of the target gene.

Two classes of cis-acting DNA sequences or promoter elements mediate gene transcription in
eukaryotes. The first class, the core promoter, contains the binding site for the native TATA factor
(the primary DNA binding factors in the formation of the transcription complex), and controls the
location of transcription initiation. The core promoter alone seems to be sufficient for basal level
expression of some genes. The second class of promoter element is the binding site for regulatory
factors that determine the rate at which RNA polymerase Il initiates new rounds of transcription
from the core promoter. Activator proteins act either directly with components of the native TATA
factor or indirectly through mediator or adapter factors. The activator causes signal transmission to
the carboxyl terminal domain of RNA polymerase II where it interacts with the native TATA factor
(Colgan et al., 1993; Yankulov et al., 1994). The interaction affects the integration of general
transcription factors into the pre-initiation complex and its stabilisation to form the transcription
elongation complex (Choy & Green, 1993).

General transcription factors are essential for gene expression and therefore growth. Low levels
of these proteins in eukaryotes and the instability of the transcription complex have made study of
the process of transcription initiation difficult. However, recent advances in techniques for the
cloning, expression and detection of gene products have assisted the purification of the factors
involved. In vitro techniques such as template competition, restriction site protection, 'foot-printing'
and electrophoretic mobility shift assays have allowed provided a picture of the factors involved and

the order and kinetics of their assembly. This larger subject is beyond the scope of the present



discussion on transcription regulators but has recently been reviewed by Conaway & Conaway,
(1993).

Transcriptional activation of gene expression is always mediated by the process described above.
Different mechanisms affect transcription repression. A repressor may bind DNA competitively
with an activator. Less commonly, the repressor may bind DNA and affect regulation of a whole
region of the genome such as at the HMRa mating locus in Saccharomyces cerevisiae (Loo & Rine,
1994). Alternatively, a repressor protein that interacts directly with a transcriptional activator
preventing the formation of an active transcription complex.

Genetic analysis identified regulatory genes in lower as pleiotropic mutations affecting more than
one function in the cell; these regulatory genes fell into two phenotypic classes. Different mutant
alleles at a single locus that alter functions in more than one pathway characterised the first class.
They were complex in that some mutant alleles repressed function in one pathway, de-repressed
another whilst remaining normally regulated for a third. The diverse effects upon genes of different
pathways led to these genes being termed 'wide domain' regulators. Mutant alleles of the second
class of regulatory affect, either negatively or positively, all the functions of a single pathway and

are 'narrow domain' regulators.

Transcriptional regulatory genes and their products

The next section will outline some approaches used in the study of regulatory protein structure
and function, thus identifying methods of studying regulatory proteins in general and the qutA4
activator in particular. The examples are selected to give information about methods of studying or
data obtained about transcriptional activators, rather than the systems they regulate. A 'motif
typically refers to a stretch of nucleotides of a specific sequence such as a promoter element or
motif. Here this term includes short amino acid sequences such as the peptide encoding a DNA
binding function. The transcriptional regulators described below have been studied by the
comparison and characterisation of these functional motifs. These homologous functional motifs
appear within a backbone structure that show little or no homology between transcriptional
regulators. The origin and possible functions for some backbone sequences are described below.
The term ‘Domain structure’ describes this more global view of regulatory proteins. Domain,
therefore, refers to a larger region of a protein where three dimensional structure, rather than
sequence, defines domain boundaries. Thus, a protein may have one or more domain each of which

may contain a number of motifs.



1.1 Wide domain regulatory genes and their products

This section describes regulatory genes involved in ensuring an integrated physiological response
to different aspects of general cellular metabolism. Nitrogen and carbon utilisation in Aspergillus
nidulans represent catabolic processes. Similar systems exist in A.nidulans for the utilisation of
phosphorus (Arst & Scazzochio, 1985) and sulphur (Caddick et al., 1986b) nutritional sources. The
amino acid starvation response represents biosynthetic processes. Amino acid availability balances
induction of pathways for amino acid synthesis ensuring efficient use of cellular resources. The
section concludes with an example of how different promoter elements in a single gene confer global

regulation upon its expression and a summary of the findings.

1.1.1 Nitrogen metabolite repression

Several pathways exist for the utilisation of different nitrogen sources. Glutamine and
ammonium groups use is preferential to more energy demanding nitrogen sources such as nitrates.
The areA gene of A.nidulans encodes a transcriptional activator that promotes expression of
pathways for the less efficiently utilised nitrogen sources (Arst & Cove, 1973). Glutamine and
ammonium (probably via conversion to glutamine) inactivate the are4 gene product. This ensures
that enzymes required for utilisation of an energy demanding substrate are only expressed in the
absence of a preferred nitrogen source (Arst & MacDonald, 1973: Kinghorn & Pateman, 1973:
Pateman et al., 1973: Hynes, 1974: Arst et al., 1982: Cornwell & MacDonald, 1984).

Deletion analysis: The wild-type A.nidulans areA gene encodes a 719 aa protein (Caddick et al.,

1986a). Manipulation of the cloned areA4 gene in vitro produced a number of partially deleted clones

used to transform are4~ mutant strains of 4.nidulans. Deletion analysis and analysis of translocation
mutations with the break points in the ared locus, indicate that the essential region of the protein lies
between residues 343-595 (Arst et al., 1989: Kudla et al., 1990).

Sequence motifs: This region contains two putative motifs with transcription functions, a Zinc
finger DNA binding motif and a highly acidic transcriptional activation motif. Sequence analysis of
the areA102 allele revealed a single amino acid substitution of leucine to valine. The substitution
lies in the central portion of the zinc finger loop. The are4A30 and 31 alleles, obtained by reversion
of areA102 strains, have a reciprocal phenotype to are4102. They show increased growth on
formamide and xanthine as nitrogen sources and decreased levels of acetamidase, histidase and
citrulline permease (Arst & Scazzochio, 1975; 1985). DNA sequence analysis of the are430 and 31
alleles revealed they were identical mutations. Methionine substitutes valine at the same amino acid
altered in the areA102 allele. This implicates the central portion of the Zinc finger motif in promoter

element recognition (Kudla et al., 1990).



Domain identity: A recent proposal suggests that the AREA protein has a tri-domain structure.
The three domains being G (aal-251), C (aa252-508) and F (aa509-720), evolved from the tri-
domain 3 subunit of the anthranilite synthase AS complex (Walker & De Moss, 1983; 1986).
Acquisition of a zinc finger DNA binding motif altered the F domain. The G domain retains the
glutamine binding function encoded partially by the 3 subunit and partially by the o subunit of the
AS complex. The proposal further suggested that the fam4 (Kinghorn & Pateman, 1975) or the
meaB gene (Arst, 1990) encoded a protein derived from the a subunit of the AS complex. In this
model glutamine and the meaB or tamA products interact with AREA causing repression (Hawkins
et al., 1994). The predictions for protein structure and function made by these proposals are

currently being investigated.

1.1.2 Carbon catabolite repression

Identification of genes involved in carbon catabolite repression in A.nidulans used strains
containing recessive mutant alleles of are4. Acetamidine and L-proline serve as both nitrogen and
carbon sources, and the enzymes required for utilisation are under nitrogen and carbon catabolite
repression. Mutant areA strains that utilise acetamidine and L-proline in the presence of glutamine
or ammonium, but not in the presence of glucose, were selected. Following UV mutagenesis, strains
capable of utilising acetamidine or L-proline in the presence of glucose were retained. Screening of
the retained strains identified and rejected those deficient in the uptake or utilisation of glucose.
Genetic analysis identified second site mutations mapping to three unlinked loci designated cre4,
creB and creC (Bailey & Arst, 1975; Hynes & Kelly, 1977). The creA gene was proposed to encode
a transcriptional repressor (Bailey & Arst, 1975).

Sequence motifs: The cre4 gene was cloned from A4.nidulans and sequenced (Dowzer & Kelly,
1989). The gene produces a 415 amino acid polypeptide (CREA) encoding a putative zinc finger
(C2H2) and alanine rich region indicative of a DNA binding repressor (Dowzer & Kelly, 1991).

Physical studies: CREA binds to a hexa-nucleotide promoter sequence in the physiologically
related target genes. At some promoters the protein binds to multiple sites around the consensus
sequence co-operatively stabilising the repression (Espeso & Penalva, 1994). Catabolite repression
of the proline gene cluster in A.nidulans by CREA is dependent upon two different hexa-nucleotide
binding sites separated by a single base (Cubero & Scazzochio, 1994). Competitive binding of the
CREA and ALCR to overlapping promoter sites mediates repression of the autoregulatory alcR gene
(encoding a transcriptional activator for the ethanol utilisation genes alcA and aldA). alcA and aldA,
also posses the CREA binding sites in their own promoters (Mathieu & Felenbok, 1994). The C-
terminal 145aa of CREA are sufficient for repression. CREA is autoregulated with binding sites

approximately 400 and 500bp upstream of the translation start. The fact that CREA levels are higher

5



in non-repressing conditions suggests that CREA has some affect under conditions not generally
considered carbon catabolite repressing ( Shroff et al., 1996)

Carbon catabolite repression of quinate utilisation (quf): Analysis of the qut cluster promoter
regions for CREA binding sites reveales the following finding. Within the entire cluster only one
good match (11 out of 13 bases) with the Cubero & Scazzochio (1994) consensus sequence was
identified. This match was upstream of the qutD permease encoding gene (This thesis). No CREA
mutants affecting quinate utilisation have been identified. However, these were looking for altered
enzyme levels in the induced state (Hynes & Kelly, 1977) and not specifically for quinate uptake.
Little is known of the structure or function of the creB and creC alleles and their products. Reduced
quinate dehydrogenase (qutB) activity is observed with some mutant alleles of creB and creC, but

induction remains sensitive to carbon catabolite repression.

1.1.3 Amino acid starvation

The response to this situation is known as cross pathway regulation in Neurospora crassa
(Cariotis et al., 1974a: Cariotis & Jones, 1974b) and 4.nidulans (Piotrowaska, 1980) and general aa
control in S.cerevisiae (Niederberger et al., 1981).

In S.cerevisiae pathways for the synthesis of isoleucine/valine, histidine, lysine and arginine are
increased 2-10 fold (at transcription level), if any one of these amino acids becomes depleted (Hope
& Struhl, 1985: Reviewed by Hinnebusch, 1988). DNA sequence analysis of the promoter region of
genes subject to general aa control identified a common promoter element necessary for their
induction. Strains containing a mutation in the GCN4 gene failed to induce gene expression in
response to amino acid starvation (Hinnebusch & Fink, 1983: Penn et al., 1983). All known
mutations in other trans-acting genes affected levels of GCN4 protein (Mueller & Hinnebusch,
1986). GCNI1, 2 and 3 increase GCN4 levels whilst GCDI, 10 and 13 repress expression in non-
starvation conditions (Hinnebusch, 1985: Mueller et al., 1987).

Physical studies: In vivo and in vitro DNA binding experiments showed that the protein binds to
the common promoter element upstream of the regulated genes (Hope & Struhl, 1985: Ardnt & Fink,
1986).

Sequence motifs: GCN4 contains a DNA binding motif and a large acidic transcriptional
activation motif (Hope & Struhl, 1986). The DNA binding motif forms a leucine zipper. Leucine
residues in a helical structure formed by each monomeric protein inter-digitate to form a dimer. The
dimerised interface binds non-specifically to DNA, and the basic residues immediately adjacent in
the amino terminal direction provide the specificity of binding (Agre et al., 1989).

Deletion analysis: Deletion analysis located a transcriptional activation motif, in which as few

as 35-40 aa are sufficient for wild-type levels of transcriptional activation (Hope et al., 1988).



Portions of the acidic motif with different primary sequences are equally efficient transcriptional
activators. Apparent correlation between the length of the acidic region and levels of transcriptional
activation suggested that the different acidic regions may act additively (Struhl, 1989). Wek et al.,
1989 determined the relationship between GCN4 function and amino acid availability. Protein
kinase activity plays a key role in general amino acid control.

GCN2 and Domain identity: The GCN2 gene product posses or regulates protein kinase
activity in vitro and the protein showed identity to a particular class of protein kinases (Tzamarias &
Thrieos, 1988: Roussou et al., 1988). Re-examination of the GCN2 nucleotide sequence identified
an extension to the ORF recognised originally. This extended region showed no protein identity
with the protein kinases. At low amino acid concentrations, the ratio of tRNA bound to their
respective amino acids compared to uncharged tRNA decreases. The extended region of GCN2
sequence encodes a polypeptide with 22% identity at the amino acid level to the S.cerevisiae,
Escherichia coli and human histidyl tRNA synthase (HisRS). Despite the low level identity the
domain may recognise uncharged His-tRNA molecules and other uncharged tRNAs. GCN2 forms a
bi-domain structure. The HisRS like domain binds uncharged tRNA molecules (a gauge for amino
acid levels) that activates the protein kinase activity of the adjacent domain. One of the GCD or the
other GCN products may be the substrate for the kinase activity. The bi-domain theory provides the
link between known protein kinase activity in GCN4 regulation and amino acid availability (Wek et

al., 1989).

1.1.4 Cis-acting determinants of wide domain regulation

So far the discussion on wide domain control has centred upon the activator and repressor
proteins that regulate expression by binding to promoter elements upstream of the gene. However,
the presence of more than one class of promoter element preceding a gene can confer global
regulation. The promoter region of the amdS gene, encoding acetamidase in A.nidulans, contains
binding sites for three narrow domain transcriptional activators encoded by the amdR, amdA and
facB genes. Additionally, two wide domain regulatory proteins bind the promoter region AREA,
and CREA product (Hynes et al., 1988: Adrionopolous & Hynes, 1990). The amdR product that
responds to w-amino acids induces amdsS expression. Induction by the FACB and AMDA forms the
major and minor forms of acetate induction respectively (Davis ef al., 1993). The AREA and CREA
products are responsible for nitrogen and carbon catabolite control of amdS expression. Different

regulatory proteins have a cumulative effect on expression of the amdS gene (Hynes et al., 1989).



1.1.5 General features of wide domain regulation

Expression of physiologically related genes are negatively or positively affected by wide domain
regulation. The regulatory proteins control expression by binding to promoter elements upstream of
the genes they regulate. Different promoter elements in a gene ensure that a range of regulatory

signals control the overall expression of each individual target gene.

1.2 Narrow domain regulatory genes and their products

Regulation of a single metabolic pathway involves a smaller number of regulatory proteins,
additional transcription factors and regulated genes and is, therefore, more accessible for molecular
analysis. Narrow domain transcriptional activators bind to promoter elements upstream of the genes
they regulate. However, the activator becomes active in the presence of a small metabolite, usually
a substrate or product of the pathway it regulates. Narrow domain regulatory proteins are commonly
subject to one of two basic methods of post-translational regulation. Ligand binding, an activator
binds an inducer potentiating its activity. Protein-protein interaction with a specific repressor
binding may prevent activator function. The repressor binds the inducer, altering the conformation

of the activator-repressor complex, allowing transcriptional activation.

1.2.1 Proline utilisation (Put) in Saccharomyces cerevisiae

S.cerevisiae utilises proline as a nitrogen source, when preferred nitrogen sources are unavailable.
The enzymes encoded by the genes Putl (proline oxidase) and Put2 (A-pyrroline-5-carboxylate
dehydrogenase) convert proline to glutamate (Brandriss & Magasanik, 1979). Induced and basal
level transcription of the Putl and Put2 genes is regulated by the activator protein encoded by Put3
(Brandriss, 1987).

Physical studies: Put3 protein levels are similar in the presence or absence of proline, and the
activator protein binds DNA in both conditions (Siddiqui & Brandriss, 1989: Axelrod et al., 1991).

Sequence motifs: Cloning and sequencing the Put3 gene revealed a 979 amino acid protein
containing a Zinc bi-nuclear cluster motif and two putative acidic activation motifs (Marczak &
Brandriss, 1989). Put3 protein may bind proline causing a conformational change in the protein that

allows contact with the transcription complex (Marczak & Brandriss, 1991).



1.2.2 Ethanol utilisation in Aspergillus nidulans

The ALCR protein regulates Alcohol dehydrogenase (alc4) and aldehyde dehydrogenase (aldR)
genes (Pateman et al., 1983) transcription. Ethanol utilisation is subject to carbon catabolite
repression mediated by the cre4 gene (Lockington et al., 1987) via promoter motifs upstream of
alcR, aldR and alcA.

Sequence Motifs:- DNA sequence analysis of alcR identified two overlapping out-of-phase
ORFs each producing a 96kd protein (Felenbok et al., 1988). Later work by Kulmberg et al., (1991)
showed that one of these ORF encodes a Zinc bi-nuclear cluster DNA binding motif.

Physical studies: Expression of the motif in E.coli produced a truncated protein that binds to a
promoter element motif upstream of the alcR gene (Kulmberg et al., 1992). Sequeval & Felenbok,
(1994) have shown that the ALCR requires Zinc for function.

Domain identity: Hawkins et al., (1994) suggest that the alcR activator evolved by fusion of the
alcA and aldR genes. This proposal suggests that the transcriptional activator that retains the
binding sites for alcohol or acetaldehyde or both, these form the inducing molecule that potentiates
its activity. The activator itself binds the inducing molecule to become active in transcription

negating the requirement for a separate repressor protein.

1.2.3 Leucine biosynthesis (LEU) in S. cerevisiae

The transcriptional activator LEU3 (Fridden & Schimmel, 1988) regulates LEUI, 2, 4 and ILV2
involved in branched chain amino acid biosynthesis, and the GDHI gene involved in nitrogen
metabolism. Expression of LEUS3 itself is subject to general amino acid control (Zhou et al., 1987).

The activator function depends entirely on the presence of the metabolite a-isopropylmalate (IPM)

an early intermediate in leucine biosynthesis (Sze et al., 1992). In the absence of alPM, LEU3
protein acts as a repressor reducing expression of the regulated genes below the basal level
expression observed in a strain carrying a LEU3 deletion (Brisco & Kohlaw, 1990).

Sequence motifs: The LEU3 activator gene has been cloned and sequenced. This identified two
functional motifs (Zhou et al., 1990): a zinc bi-nuclear cluster DNA binding motif (Bai & Kohlaw,
1991) and a transcriptional activation motif (Zhou & Kohlaw, 1990).

Physical studies: In the absence of the inducer, aIPM, the LEU3 activator protein undergoes a
conformational change. This prevents transcriptional activation and may affect the binding of the

transcription complex to the DNA (Zhou et al., 1993).

1.2.4 Galactose utilisation (GAL) in S.cerevisiae
Douglas & Condi, (1953) reported upon the genetic control of galactose utilisation in

Saccharomyces, Douglas & Pelroy, (1963) identified a gene regulating induction of the pathway.
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The Douglas & Hawthorne, (1966) model for galactose regulation in S.cerevisiae serves as a
paradigm for gene regulation in lower eukaryotes. The particular facility of S.cerevisiae for genetic
manipulation and subsequently for molecular studies has made and maintained GAL regulation as
one of the most comprehensively studied eukaryotic regulatory systems. The GAL4 gene encodes
an 881 amino acid transcriptional activator protein (Laughon & Gesteland, 1984). GAL4 induces
expression of the three genes required for galactose utilisation (Hopper & Rowe, 1978) upon binding
to target promoter elements (Johnston & Davis, 1984).

Sequence motifs: The promoter elements have a 16bp palindromic consensus sequence (Giniger
et al., 1985: Bram & Kornberg, 1985). The amino terminus of the GAL4 protein encodes: a Zinc
(II)2 Cysteineg bi-nuclear cluster DNA binding motif (Pan & Coleman, 1990) and a nuclear

localisation signal within the first 74 amino acids (Silver et al., 1984). However, the nuclear
localisation signal and Zinc cluster motif (aa 10 to 51) appear to be functionally separate (Silver et
al., 1986). The activator has two different peptide motifs capable of activating transcription (Ma &
Ptashne, 1987a), proposed to form an a-helical structure. Of the two, it is the motif at the carboxyl
terminus that is the functional element in the intact activator; this is also the site for activator-
repressor protein binding (Ma & Ptashne, 1987b).

Galactose utilisation is under carbon catabolite repression (Reviews, Lamphier & Ptashne, 1992:
Johnston et al., 1994). The GALS80 gene product binding blocks the function of the activator protein
(Nogi & Fukasawa, 1984). In the presence of galactose the repressor binding alters conformation
and the activator protein becomes transcriptionally active (Leuther & Johnston, 1991).

The actual metabolic signal for induction of the galactose system is unknown but involves an
inducer or co-inducer produced by the gal3 gene product (Torchia & Hopper, 1986). gal3 mutants
adapt slowly to the presence of intracellular galactose (Speigleman ef al., 1950: Rotman &
Speigleman, 1953: Adams & Dalbec, 1977). Double mutants of gal3 with gall, gal7 or gall0 never
become induced suggests that the inducer is the end product of galactose metabolism (UDP-glucose)
modified by the gal3 product (Broach, 1979). This mechanism ensures that the pathway is only

induced if galactose is present and then only if the organism can utilise galactose.

1.2.5 Quinate utilisation in A.nidulans and N.crassa

A transcriptional activator qut4 (qa-1F in N.crassa) and a specific repressor qutR (qa-1S' in
N.crassa) regulate quinate utilisation in 4.nidulans (Hawkins et al., 1982) and N.crassa (Case &
Giles, 1975). The quinic acid utilisation (qut) system of 4.nidulans and particularly the qutA4

activator are the subjects of the remainder of this chapter and of the work in the thesis.

10



1.3 The Quinic acid utilisation pathway

The quinate utilisation pathway converts quinic acid (QA) to protocatechuic acid (PCA). Itis
under carbon catabolite repression with glucose being the preferred carbon source. The highly
inducible quinate pathway shares intermediates with the low level constitutive shikimate pathway
(Figure 1.1). The shikimate pathway converts phosphoenol pyruvic acid to chorismic acid the
precursor of aromatic amino acids and other aromatic compounds. Maintenance is therefore
essential for growth and despite competition for intermediates with the induced quinate pathway.
Additionally, organisation of the regulation of the quinate pathway ensures that these common
intermediates, present under all conditions, do not cause induction of the quinate pathway in the
absence of quinate. The relationship between the two pathways and the genes involved has proved
to be the key to understanding the regulation of the quf system. The pioneering work on the two
pathways was carried out in Neurospora crassa by Prof. N. H. Giles and colleagues and a brief

review of the results and ideas derived from this work is given

1.3.1 Quinic acid utilisation (qa) and Shikimate pathways in N.crassa

Three enzymes catalyse the conversion of quinic acid (QA) to protocatechuate (PCA). The
presence of quinic acid (QA), dehydroquinate (DHQ) or dehydroshikimate (DHS) induces these
enzymes. Induction is subject to carbon catabolite repression (Chaleff, 1974a: Chaleff, 1974b). The
three enzymes encoded by the genes ga3 (quinate dehydrogenase), ga2 (3-dehydroquinase) and ga4
(dehydroshikimate dehydratase) and regulated by the ga-1 locus. All mapped to a tightly linked
gene cluster on chromosome VII (Case & Giles, 1975; 1976). Northern blot analysis showed that
the regulatory locus ga-1 consists of two genes designated ga-1F, encoding an activator, and ga-15,
encoding a repressor (Huiet, 1984). Two additional genes induced by quinic acid, identified by
northern blot analysis and designated ga-x and ga-y (Patel et al., 1981). Their function was
unknown. A pentafunctional polypeptide carries out steps 1-5 in the shikimate pathway. The
protein encoded by the aromA gene is active as a dimer (Giles et al., 1967; Jacobson et al., 1972,
Lumsden & Coggins, 1977; 1978). Mutations in the biosynthetic 3-dehydroquinase (bDHQase)
function of the AROM protein constitutively expressed the QA pathway enzymes, due to internal
accumulation of DHQ. This observation led to the hypothesis that the pentafunctional AROM dimer
had a channelling function to separate the internal pools of DHQ and DHS produced by the
shikimate pathway. The channelling function may prevent the induction of the QA pathway (Giles,
1978). However, this interpretation was challenged by Duncan et al., (1987) who held that the genes
encoding the five catalytic functions fused into a single gene to enable strict co-ordinate gene

expression.
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Figure 1.1 Quinic acid utilisation and shikimate pathways in Aspergillus nidulans
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The figure shows the quinic acid and shikimate pathways in Aspergillus nidulans.

The shared intermediates indicated by the verticle arrows crossing the dotted line
Enzymes responsible for the converion of intermediates are shown in italics.

Genes encoding the quinate enzymes are also indicated. Numbers /-5 represent
steps in the shikimate pathway carried out by the AROM pentafunctional enzyme.




1.3.2 The AROM protein of the shikimate pathway in A.nidulans

The quinate and shikimate pathways in A.nidulans as in N.crassa share two intermediates DHQ
and DHS. DHQ, DHS or QA induces expression of the qut pathway genes (Hawkins et al., 1982;
Kinghorn & Hawkins, 1982). The aromA locus in A.nidulans has been cloned and sequenced. The
pentafunctional aromA gene appears to have evolved by multiple gene fusion of the monofunctional
genes. Separate enzymes are found in many prokaryotes (Charles ef al., 1985; Charles et al., 1986;
Hawkins, 1987; Hawkins & Smith, 1991). Since separate genes in prokaryotes encoded the same
five functions as aromA gene, this suggests that co-ordinate expression of the enzymes is not the
essential feature that determined their fusion. The original experiments (Gaertner et al., 1970)
utilised AROM protein that was partially degraded (Duncan et al., 1987) and lacked zinc ions
necessary for full activity (Lambert ef al., 1985) casting further doubt upon the channelling
hypothesis. Resolving the distribution of intermediates between the quinate and shikimate pathways
clearly required more work. The proposed channelling function of the AROM dimer was examined

" invivo. A.nidulans was transformed with an expression vector containing the wild-type A4.nidulans

aromA gene. The host qutE~; qutRC strain constitutively expresses the qut genes but is unable to
utilise quinic acid as a carbon source due to the loss of qutE encoded catabolic dehydroquinase
activity. Transformants were selected for growth on quinic acid. Strains that over-expressed the

aromA gene grow, although poorly, on quinic acid as a sole carbon source. This can only occur if

DHS leaks from the AROM dimer. In further experiments an aromA- host strain, that requires
aromatic amino acid supplemented media for growth, was transformed with the wild-type aromA
gene. Transformed strains growing on unsupplemented media with glucose as a carbon source were
recovered. The selected strains when transferred for growth on quinic acid as a carbon source
exhibited reduced levels of the quinate pathway enzymes. This supports the proposal that the over-
expressed AROM protein sequesters the shared intermediates DHQ and DHS, that also serve as the
signals for qut pathway induction. This indicates that the dimer can utilise intermediates formed by
the quinate pathway (Lamb et al., 1991). These experiments infer that the shikimate pathway
proceeds despite competition from the induced qut enzymes due to the localised concentration of
active sites in the pentafunctional AROM dimer that ensures the supply of intermediates. The
internal concentration of DHQ and DHS normally appear too low to bring about induction of the qu¢
pathway. However, low levels of DHQ and DHS that leak from the AROM dimer may be

responsible for the basal level expression of the quf gene cluster.

The shikimate pathway as a target for pathway engineering: The shikimate pathway is present
in all prokaryotes, microbial eukaryotes and plants studied. The pathway is absent animal higher

eukaryotes and is thus a potential target for specific chemotherapy upon microbial infection.
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The end point of the shikimate pathway is chorismic acid, the precursor for aromatic amino acids.
It also forms a branch point for an extensive range of metabolites including metal chelators, vitamins
E and K, folic acid, ubiquinone and plastiquinone. The pre-chorismic acid shikimate pathway also
branches at 3-deoxy-d-arabino-heptulosonate-7-phosphate and 3-dehydroquinate giving rise to 3-
hydroxy 5-aminobenzoate and 3-aminobenzoate respectively. These are precursors for anamycins a
varied and complex group of compounds with a wide range of biological properties, including
antibiotic, anti-viral and anti-tumour activities (Review Bentley, 1990). The ability to flux
intermediates from the highly inducible quinate pathway into the naturally low level shikimate
pathway make this system, with its myriad of branching points, an attractive target for pathway

engineering of medical and biotechnological importance.

1.3.3 Quinic acid utilisation (quf) in A.nidulans

A.nidulans utilises quinic acid as a sole carbon source for growth. Induction of the quinic acid
- pathway is subject to carbon catabolite repression. The genes responsible for quinate utilisation and
regulation of the pathway map to a tightly linked cluster on chromosome VIII (Hawkins et al., 1982:
Kinghorn & Hawkins, 1982: Hawkins ef al., 1984). The genes encoding the three catabolic
enzymes qutB (quinate dehydrogenase), gutE (catabolic dehydroquinase) and qutC
(dehydroshikimate dehydratase) were isolated using heterologous probes from N.crassa (Hawkins et
al., 1985).

The two genes qutA and qutD were originally identified as potential regulatory genes. Mutants of
qutD were non-inducible for all three enzyme activities, interpreted as loss of function of a
transcriptional activator (Hawkins et al., 1984). However, the phenotype of qutD mutant strains is
reversible by growth at low pH, where non-ionised quinic acid enters the cell by diffusion. The
qutD gene (homologous to N.crassa qga-y) encodes a quinic acid permease. Recovered amongst
revertants of mutant qutD strains, selected for growth on quinate at normal pH 6.5, were weakly
constitutive strains. These proved to be double mutant strains. The second locus was designated
qutR. A single recessive mutations at the qufR locus produces high levels of the quinate pathway
enzymes in the absence of quinate, suggesting that qutR encodes a repressor (Whittington et al.,
1987). Rare dominant non-inducible qutR mutant strains were also isolated. These alleles may
encode a repressor protein that retains its repression activity but has lost its ability to respond to the

presence of an inducer. The dominant non-inducible qufR mutant strains are unstable (4.5 revertants

in 103 colonies plated), reverting readily, with the majority of revertants being recessive constitutive
mutants (Grant et al., 1988).
All mutant qutA strains fail to induce the quinate pathway in the presence of quinate. The wild-

type qutA gene from A.nidulans has been cloned and sequenced. The gene encodes an 824 amino
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acid protein that showed some identity to the GAL4 transcriptional activator. The homology to the
GAL4 gene product and the phenotype of the qut4 mutant strains strongly suggests that the gene
encodes a transcriptional activator for the quinic acid pathway (Beri et al., 1987).

A molecular model for qut pathway regulation: The model described below uses the basic
principles of the Douglas & Hawthorne model, (1966) for galactose utilisation regulation in
S.cerevisiae. The model incorporates details of the molecular action of the regulatory proteins
determined from molecular studies (Ma & Ptashne, 1987a: Ptashne, 1988), and the genetic and
biochemical study of qut regulation.

The qutA activator protein binds to a promoter element in each of the quinate inducible genes. In
non-inducing conditions the qufR repressor protein interacts with the activator preventing its
transcriptional function. In the presence of quinate, DHQ or DHS the repressor binds an inducing
molecule causing it to release the activator to promote transcription. Quinate utilisation leads to a
drop in concentration and the repressor and inducer dissociate. This results in the repressor binding

to the activator protein.

All qutA~ mutant strains isolated were non-inducible in the presence of quinate. However, the

mutants fall in one of three classes when combined in heterozygous diploid strains with the wild-
type qutA™ strain. Heterozygous diploid strains with recessive alleles grow on quinic acid at a rate

indistinguishable from a homozygous qutA™ diploid strain. The mutant allele presumably produces
no functional protein. The single wild-type allele produces sufficient protein for normal regulation.
Heterozygous diploid strains with semi-dominant alleles show a definite but reduced ability to grow
on quinic acid as a sole carbon source. This presumably reflects the formation of a partially

functional mutant protein that interferes with some aspect of qut pathway regulation by the wild-type

activator. Rare dominant qutA- alleles in the heterozygous diploid do not grow on quinic acid as
sole carbon source. This infers a mutant protein that totally blocks induction of the qut pathway by
the wild-type activator protein (Grant et al., 1988).

The qut cluster in A.nidulans: The genetic map of the qut gene cluster has the gene order quitC,
D, B, E, A, R (Grant et al., 1988). Cloning and sequencing the entire 19kb qut gene cluster identified
each of the known genes and confirmed the order determined by the genetic map. However, the
sequence analysis also identified two new ORFs designated QUTG and QUTH, not identified by
mutation (Hawkins et al., 1988). Northern blot analysis showed that both ORFs produced quinate
inducible messages. Figure 1.2 shows the order and organisation of the genes in the A.nidulans qut
gene cluster.

The QUTG ORF (homologous to the N.crassa qa-x gene) produces a protein that shows identity

to bovine myo inositol monophosphatase. A phosphatase enzyme does not form part of the quinate
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pathway, but Section 1.4 discusses a possible role for a phosphatase in qut pathway regulation
(Lamb et al., 1990). The QUTH ORF encodes a protein containing a putative Zinc cluster DNA
binding motif. The protein shows identity to the carboxyl terminus of the DNA directed DNA
polymerase of hepatitis B virus (Ono et al., 1983). Whilst the similarity is low, it may be significant
as no manual inserted gaps are needed to form the alignment. Together, these observations suggest
regulatory role for the QUTH product perhaps in regulation of the PCA pathway genes (Lamb et al.,
1992). Genetic and biochemical analysis of the PCA pathway shows that its regulation is
independently from the qut pathway. The pcaB gene, that maps to chromosome VIII proximal to the
qut cluster, is a putative positive regulatory gene (Kuswandi & Roberts, 1992). Therefore, if the
QUTH product plays a role in regulation of the PCA pathway it may be an additional factor for the

expression of the pcaB gene, or the function of its product.

1.4 The Evolution of the qur metabolic pathway and its regulatory genes

Enzyme recruitment by gene duplication and adaptation has long been recognised as being an
essential feature in the evolution of new functions and metabolic pathways (Jensen, 1976). The qut
pathway appears to be the product of the evolution of a limited number of functional units.
Components of the pathway were virtually all co-opted from related pathways or functions that
evolved pathway specific functions (Table 1.1).

The same process may account for the origin of regulatory genes, with regulatory genes being
evolved by duplication and adaptation of enzyme encoding genes. The AROM pentafunctional
polypeptide shows identity to the N.crassa qa-1S (Anton et al., 1987) and A.nidulans qutR
(Hawkins et al., 1992) repressor proteins. The repressor appears to have evolved from the 3' region

of the multifunctional aromA gene.

1.4.1 Evolution and domain structure of the qufR repressor protein

Comparison of the protein sequences of QUTR (4.nidulans) QA1-F (N.crassa) and AROM from
A.nidulans, N.crassa and S.cerevisiae reveals that the repressor shows some identity with the three
carboxyl terminal domains of AROM (Hawkins et al., 1992). Figure 1.3 shows the proposed
evolutionary origin of the aromA and qutR genes.

The three carboxyl terminal domains in AROM have enzymatic activity and are able to recognise
and bind DHQ and DHS, thus providing a molecular mechanism for the recognition of the inducing
molecules by the repressor. Presumably, the repressor protein has retained the ability to recognise

and bind the intermediates but has lost enzymatic activity towards them. Indeed, the qutR protein
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