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The role of proteolysis in the modulation of nitrogen

metabolite repression in Aspergillus nidulans

ABSTRACT

When Aspergillus nidulans grows with ammonium or glutamine combined with an
alternative nitrogen source, the organism prefalytutilises the ammonium or
glutamine. The pathways for utilising alternativirogen source remains inactive in
the presence of ammonium or glutamine and this gnenon is called nitrogen
metabolite repression (NMR). The regulation of NMRA. nidulans is mediated by
multiple mechanisms which include transcription, M#/R stability, translation,
posttranslational modification and direct protenotgin interactions. A key feature of
NMR in A. nidulans is the interaction between the GATA type trangaip activator

AreA and the transcription repressor protein NmrA.

The transcription repressor NmrA #&f nidulans discriminates between oxidised and
reduced dinucleotides; however dinucleotide bindmag no effect on its interaction
with the zinc finger in the transcription activatdreA. The role of specific cleavage

of transcription repressor proteins by proteases$ lamw this may be related to the
emerging theme of dinucleotides as cellular sigmglhnolecules is poorly characterised.
Protease activity irA. nidulans was assayed using NmrA as the substrate, and was
absent in mycelia grown under nitrogen sufficieohditions but abundant in mycelia
starved of nitrogen. Three proteases were idedtifand two were purified and
identified by mass spectroscopy as serine proteasgsBGU2 EMENI and
Q5BAR4_EMENI, encoded by the genes AN0238.2 and 29%$2, respectively.

Production of the third protease was absent ininstdeleted for theareA gene.
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Proteolysis of NmrA occurred in an ordered mannepteferential digestion within a
C-terminal surface exposed loop and subsequenstibhgeat other sites. The two
proteolytic fragments of NmrA produced by digestanthe C-terminal site remained
associated; however the digested NmrA was unabentbto the AreA zinc finger but
retained the ability to bind NAD These data reveal a potential new layer of obntr
of nitrogen metabolite repression by the orderedgmiytic cleavage of NmrA. NmrA
digested at the C-terminal site showed a resistdocéurther digestion that was
enhanced by the presence of NAIDd to a lesser extent by NADP This is the first

time that an effect of dinucleotide binding to NninAs been demonstrated.

The in vitro ordered proteolysis of NmrA reveals a potentialvrievel of regulation

relating to nitrogen metabolite repression. Thenaigic interplay between the
production of NmrA and its subsequent ordered tgsts facilitates a rapid and finely
tuned response to changes in the concentrationnahare of the nitrogen source

supporting growth.
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Chapter 1  Introduction

1.1 Fungi

Fungi are commonly defined as a eukaryotic groygaisged from plants, animals and
bacteria. Fungi (yeast, mushrooms etc) reproduoeugh the production of sexual
and asexual spores and lives by absorbing nutrfemts surrounding environment like
plants and bacteria. As their shared featured) ssscgrowth immobility, cell wall
formation and sexual/ asexual lifestyle, fungi Heeken classified as plants for many
years until the five kingdom classification (MongRaotista, Fungi, Animalia, Plantae)
was proposed by Whittaker (Whittaker and Margul&/8). The biggest difference of
fungi to plant is the lack of chlorophyll and thtise inability, like animals, to
photosynthesise. Additionally, the cell walls ah§i are composed by chitin instead
of the cellulose found in plants. In 1993 compani®f the sequences of 25 proteins
from fungi, plants and animals implied that funge anore related to animals than plants
(Baldauf and Palmer, 1993). More recent bioinfdrosaresearch based on the gene
ontology AmiGo database for homologous polypepsdguences revealed that among
552 such sequences, 78 were shared between @antsals and fungi, 72 sequences
were shared only between fungi and animals andef8ences were shared between
fungi and plants (Moore and Meskauskas, 2006). s Ebmprehensive genome scale

comparison supports the view that fungi are moliaed to animals.

As one of large groups of organisms, fungi havenbstudied for many years.
Although the collection of mushrooms as food by husmmay start from prehistoric
times, the systemic research of fungi, known asaiogy, started from 16 century

after the microscope being invented (Ainsworth, 8)97 Modern studies of fungi as a
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model organism involve in “biochemistry, genetiomlecular biology, biotechnology,
biodiversity and taxonomy” (Alexopoulos et al.,, 899 As a primary decomposer in
nature, fungi can break down complex organic comgdswand reuse them as nutrients;
this “recycling” involves many enzymes and proteias metabolism, homologues of
which widely exist through other kingdoms, givingestists insights for research on
higher organisms. Some fungi are capable of praduantimicrobials as their natural
biological products and research into their dewelept for medical benefits continues.
As more and more genomes are sequenced, their csopehelps to explain the
evolutionary relationship between species (Fitaplatet al., 2006; Galaga et al., 2005;
Nierman et al., 2005). Highlights of current fuhgasearches include carbon and
nitrogen metabolism, pH regulation, regulation lué tell cycle in model organisms of
fungi including Aspergillus nidulans, Neurospora crassa, and Saccharomyces
cerevisiae. In industry, besides food supply and proceséivige, baking powder, soy
sauce etc), fungi are also used for producing entittis (penicillin), medicine (drugs for
cancer therapy), chemicals and enzymes, which nelg humans control insects

infection and diseases defence (Whalley, 1996).

For their enormous importance in variety aspebtsfingi are no doubt one of the most

important groups of organisms on the planet.



1.2 Aspergillus nidulans

Aspergillus nidulans, named by Winter in 1884, is one of many specfddamentous
fungi in the phylum Ascomycota. It has been use@ anodel organism for studying
genetics, eukaryotic cell biology, metabolism aathpgenesis in laboratory (Martinelli
and Kinghorn, 1994). There are several advantadeA. nidulans for scientific
research: First, it is inexpensive to maintain urttie laboratory conditions and can be
grown with a wide range of carbon, nitrogen, sulpdnd phosphorus sources. Second,
it is a quickly growing homothallic fungus which self-fertile and able to form sexual
spores as a result of meiosis thereby making thesorg of strains straightforward.
Third, the whole genome information Af nidulans has been sequenced and published.
There are 9500 protein coding genes located afiutiit eight chromosomes been
predicted by establishment of 30 million base pé&Balaga et al., 2005). Thus, its
genes can be cloned and transformed back into ¢éim@nge and then to study the
expressionn vivo (Nierman et al., 2005). Furthermore, the comparisf Aspergillus
genome sequences provides insights into genomeutewol and gene regulation
(Machida and Gomi, 2010). For examplefumigatus, a fungus that can cause death
in leukaemia patients, is distantly relatedAtanidulans andA. oryzae, as only 50 % of
the A. fumigatus genome can be aligned with the other two genomés the contrary,
A. fumigatus is closely related tbleosartorya fischeri. The comparison of these latter
two species helps research on pathogenesis, thialsepcle and many other biological
functions common to both species (Nierman et &052. Genome comparisons have
also shown that mating type genes occur in homiattsgdecies implying that they have
a role in regulating sex in these species. The@&weda- domain of MAT-1 protein

of A. nidulans shares 43, 52, 59, and 59 % identity to AscomycePedospora



anserine, Gibberella fujikuroi, Pyrenopeziza brassicae and Tapes yallundae (Dyer et

al., 2003).

1.2.1 Growth conditionsfor A. nidulans

In common with most of the fungh. nidulans can grow well only by given water, air,
necessary sources as well as traces of metals iféirand Kinghorn, 1994). It
utilises a wide range of carbon (glucose, glyceetthanol, etc), nitrogen (glutamine,
glutamate, ammonium, nitrate, nitrite, etc), suiplad phosphorus sources. It can
grow both on solid surfaces and in liquid environise Wild type strains of.
nidulans are able to grow in a wide pH range from 3.5 ton&f because most of
enzymes can work under extreme pH but the orgahasrian efficient pH homeostatic

mechanism” (Caddick et al., 1986). The best teatpee for growth is between Z5
and 37C, butA. nidulans can grow at higher temperature@5and has the ability to

recover from a 5« heat shock(Filliner et al., 2001).

1.2.2 Thelifecycle of A. nidulans

A. nidulans grows as hyphae, long filamentous cells which fegindrical, thread-like

branching structures. The major vegetative pampmsed of hyphae is called
mycelium. New mycelium can be grown from parerphe, asexual spores (conidia)
and sexual spores (ascospored). nidulans life can reproduce through three growth

cycles: the parasexual cycle, the sexual cycletlamésexual productive cycle (Fig 1.1).
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The asexual cycles begins when a single spore gates to form tubular hyphae cells.
The apparent specialisation of hyphae cells witthie colony can be observed
approximately 16 hours after the spore germinatiofhe hyphae cell differentiates
into a foot cell and forms a stalk, then a metldgepical extension and then forming
branches network of phialides to generate conichoph{the asexual spores bearing
structures). It takes 6-8 hours for initiationaaiidiophore generation and formation
of the conidia (Adams et al., 1998). After thestfinsexual cycle in the centre of the
colony being completed within 24 hours, followingtward asexual cycles take much
less time. As the cell cycle A nidulansis about 100 minutes and there are dozens of
conidia on each conidiophore, it is a quick andcifit way of asexual propagation.
But, hyphae cells have to be exposed to air intedfafor conidiophore generation.
Conidia are non-motile spores and generated throogtosis (also termed as
mitospores). They are genetically identical to plaeent hyphae cells and can develop

into new organisms.

The initiation of sexual cycle could be consideesdthe termination of asexual cycle.
It involves “the formation of multicellular fruitop bodies, called cleistothecia, that are
surrounded by specialised cells termed Hiulle ce(atlams et al., 1998). The
premeiotic hyphae form dikaryon cells within imm@&ucleistothecium.  After
following nuclear division and cell division, itfterentiates into basal cells, penultimate
cells and tip cells. Haploid penultimate cells &waned by meiosis from dikaryon
cells for further ascus development by several siststeps. Mature cleistothecium
consists of hundreds of asci which containing eigihuicleate ascospores. Each of
these ascospores is ready for new germination. s&keal reproduction iA. nidulans
can be performed homothallic, which requires nangar A single spore generated

homothallic colony is able to complete the sexeakoductive cycle without interaction
6



with other individual fungi which makes the strazintrol of genetic material available

(Rossomando and Alexander, 1992).

The parasexual cycle is a genetic recombinatiohouit meiosis and it can occur at any
time point through the whole life cycle. Normallystarts from the fusion of the
hyphae of two strains containing two types of haplouclei to form a heterokaryon,
which called as heterokaryosis. Limited crossingero takes place between
homologous chromosomes of the diploid nuclei fornbgdthe fusion of the unlike
haploid nuclei. Finally, the vegetative haploide Bormed by haploidisation from the
diploid nuclei (Pontecorvo, 1956). This procesgjuste similar to meiosis and it is
possible because the haploid and diploid formstaiele. However the diploid form is
less stable than the haploid form and is pronecto-disjunction at mitosis leading to
the production of highly unstable euploid and amh@dpnuclei. These euploid and
aneuploi forms lose chromosomes at random to geneither the stable or diploid
forms once more. As the parasexual cycle provedespid and strictly controlled way
for mutation generation, DNA recombination betwelgifierent species in the lab was

developed for genetic manipulation (Clutterbuck9@p

1.3 Nitrogen metabolism in A. nidulans

Nitrogen is a major element and is found as mampk compounds and complicated
complexes. It is also a fundamental element folivahg organisms as it is found in

proteins and nucleic acids. Thus, nitrogen metabois extremely important in life.

A. nidulans and N. crassa, as well as other fungi are able to utilise a wadleay of
nitrogen sources including ammonium, glutamine, taghate, nitrate, nitrite,

hypoxanthine etc. Utilisation of so many nitrogaurces requires the expression of
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more than 100 genes and specific transcriptionlagign mechanisms of the metabolic
pathways. Taking nitrate utilisation pathway foample, there are two structural
genes omiaD andniiA, which encoding nitrate reductase (NiaD) and teitreductase

(NiiA) to convert nitrate into ammonium (Tomsettdaove, 1979). Besides that,
there is one pathway-specific control gemeA regulating the transcription levels of
niaD and niiA and six additional genes known asx genes which encoding
molybdenum cofactor interacting with nitrate redset (Burger et al., 1991; Cove,
1979). Other pathways such as hypoxanthine uidisaalso involve the structural
gene,hxA, encoding purine hydroxylase and the regulatorgegbxB, encoding an

enzyme that works as a post-translational regutatarcofactor for purine hydroxylases

(Glatigny and Scazzocchio, 1995; Scazzocchio, 1984jy-Lewis et al., 1979).

1.4 Nitrogen metabolite repression (NMR)

Although A. nidulans can utilise a wide array of nitrogen sources ésuammonium or
glutamine as its preferred source. When ammoniurgl@amine is present in the
growth medium the enzymes and permeases necessahefutilisation of alternative
nitrogen sources are absent. In the absence oprierred nitrogen sources the
presence of alternative nitrogen sources leadfi@¢optoduction of the enzymes and
permeases necessary for their utilisation. A gexample of this is the utilisation of
nitrate described above. However when a prefenigdgen source is present as a
mixture with alternative nitrogen sources the enggnand permeases necessary for
utilisation of the alternative nitrogen sources absent. This phenomenon is known
as nitrogen metabolite repression (NMR) and dennatest thafA. nidulans has a signal
transduction pathway that is able to recogniseptiesence of preferred nitrogen sources

(Wilson and Arst, 1998). Ammonium and glutamine designated primary nitrogen
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sources while alternative nitrogen sources aregdaged secondary nitrogen sources.
Metabolic pathways specific for the utilisation s#condary nitrogen sources that have
the potential to be activated by the presence efdappropriate nitrogen sources but
remain inactive (or repressed) in the presenceafeped nitrogen sources are termed
as repressible activities. Thus, media containggprimary nitrogen source
(ammonium or glutamine) are defined as nitrogemespng conditions and conditions

with only secondary nitrogen sources at presedeaspressing conditions.

The first research in nitrogen metabolite repres&mA. nidulans was performed with
the isolation of mutants resistant to the toxic amimm analogue methylammonium
(mea™) (Arst and Cove, 1969). Those mutants demonstrate depression of
repressible enzyme activities at the presence oh@mum. Mutants of two unlinked
gene designateaneaA and meaB showed derepression of ammonium repressible
activities andmneaA mutants fail to transport ammonium and methylamiomoninto the
cell in a methylammonium?C transport study (Arst and Page, 1973). Otherantst
that lose the functions related to nitrogen met&boépression were found and mapped
to a single locus, designatarkA which was believed to work as a principle reguiato
gene. Two alleli@areA mutants involved in nitrogen metabolite repressatong with
creA mutants involved in carbon catabolite repressi@mewnisolated (Arst and Cove,
1973). Since then, nitrogen metabolite repres$iaa been widely researched and
mutants were generated for study the roleao#A gene in nitrogen metabolite
repression and relatively interacted proteins argymes inA. nidulans as well as other

representative fungi.



1.5 Regulation of nitrogen metabolite repression in N.

crassa

Research into nitrogen metabolite repression hagressed inN. crassa which is
another model organism related £ nidulans. Research with these two model
organisms has been complementary. For exampleational analysis of nitrogen
metabolite repression . crassa was established after theeA mutants ofA. nidulans
had been isolated (Coddington, 1976). However,nibgative regulatory geneamrA
was isolated by searching the expressed sequegatatabase oA. nidulans with its

homologous gene sequenoen(-1) from N. crassa (Andrianopoulos et al., 1998).

The first mutant resistant to methylammoniumed-1) that was identified iMN. crassa
also showed derepression of ammonium repressiltieites (Dunn-Coleman et al.,
1984). Further mutational analysis identified finié genes: a structural gemit-3
encoding nitrate reductase and tiiel gene that was required for the production of the
enzyme; thenit-4 and thenit-5 as specific regulatory genes in nitrate metabolite
pathway;nit-2 as a general regulatory gene (Coddington, 197Blrther researches in
the nit-2 mutant showed that it was unable to transportregay nitrogen sources and
induce the necessary utilisation pathways (FacklathMarzluf, 1978; Fu and Marzluf,
1987a; Pendyala and Wellman, 1978). All theselt®suggeshit-2 works as a global
regulatory gene with its protein product contrajlitne regulation of the pathways form

secondary nitrogen sources in a manner simildrgareA gene inA. nidulans.

Thenit-2 gene encodes a zinc-finger containing protein awse@ of 1036 amino acids
which belongs to GATA family (Fu and Marzluf, 1990)The Nit2 protein is required

for the stimulation of transcription oft-3 gene and many other structural genes related
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in other nitrogen metabolite pathways (Fu and MHdyzZ1987b; Lee et al., 1990). It
works with pathway-specific controlling proteinsdahinds to the GATA sites in the
promoters of these structural genes to activatie ttamscription. Many genes directly
involved in nitrogen metabolism are unable to egprand thus lose their biological
functions innit-2 mutants. Taking nitrate metabolism for examplethbthe global

regulator Nit2 and the pathway-specific regulatadNhave to bind to the recognition
sites ofnit-3 gene to activate its expression. The interadbenveen Nit2 and Nit4 is
essential for the activation (Feng and Marzluf, 899 The transcription level ofit-2

gene is not self-regulated but related to differeittogen conditions. It increases
approximately three fold when growing under derspireg condition to repressing

condition (Fu and Marzluf, 1987a).

The other major controlling gene menr-1, mutational analysis of which suggested it
worked as a negative regulator (Debusk and OgilM84; Dunn-Coleman et al., 1981;
Fu and Marzluf, 1988). The encoded Nmrl protes l@en proved to form a specific
protein-protein interaction with the C-terminal pon of Nit2. In the yeast two hybrid
studies, Nit2 and Nmrl were fused to GAL4 DNA bmgb domain and GAL4
activation domain separately. Threvivo specific binding between these two proteins
activates the expression of the downstream repagtere, which is detected by
B-galactosidase assay. Electrophoretic mobilityft shssay (EMSA) studies have
shown Nmrl protein fused to the GST protein inkiliite binding of a fragment of Nit2
to its DNA targetin vitro. These results established that Nmrl directlgradts with
Nit2 and prevents its binding to recognition sie©®NA for gene expression activation
(Xiao et al., 1995). Different internal or C-termmal deletions were made front-2
gene to produce truncated proteins, which maintha function to activate gene

expression. It was shown that most of theis€ mutants can still repress the nitrate
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reductase syntheses, but deletions of certain a@gi residues in the-helix of the

zinc finger in the DNA binding domain or the 12 &@+hinal residues were unable to
respond to nitrogen metabolite repression and bndlmrl. These results strongly
suggest that direct interaction between Nit2 andNwas fundamental to the nitrogen
metabolite repression which involved two regiondNat? protein: a single zinc finger

DNA binding domain and the extreme C-terminal segegPan et al., 1997).

1.6 Regulation of nitrogen metabolite repression in A.

nidulans

1.6.1 Positiveregulator: AreA

In A. nidulans, synthesis of all enzymes subject to nitrogen bwdie repression is
under the control of the general positive regulatpene,areA gene (Arst and Cove,
1973). TheareA gene encodes a protein consisted of 876 aminc,adekignated
AreA. In the absence of the primary nitrogen sesrammonium and glutamine, the
global transcription factor AreA protein interacigth other specific transcription
factors. The expression of many structural gersgpiired for specific metabolite
pathways is activated to facilitate the utilisatafrthe secondary nitrogen sources. For
example, when the fungus grows with nitrate a®gén source, AreA will interact with
NirA, which is a pathway-specific transcription faG to activate the transcription of

enzymes and proteins that are needed to utilisgt@i(Rand et al., 1987).

1.6.2 Mutational analysisof areA

Two classes ofireA mutants have been isolated (Arst and Cove, 197Qne class was

loss-of-function mutants designataceA’, which is unable to grow on most of other
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nitrogen sources but primary nitrogen sources anumonor glutamine. These
mutants show a repressed phenomenon by their ityatal utilise various secondary
nitrogen sources, and are known as repressed rautaBbmeareA repressed mutants
have temperature sensitivities. Another rare ctdsgerepressed mutants, designated
areA’, is shown to be derepressed as the pathways ¢ongary nitrogen sources can
be activated under growth conditions containingmary and secondary nitrogen
sources. One representative mutantxmgD-1 which leads to derepression of
extracellular protease (Cohan, 1972ror example, when the mutant is growing on the
medium containing repressing nitrogen sources ammoror glutamine as well as
powdered skimmed milk, the activity of synthesisimxtracellular protease is
derepressed and the organism will digest the mitkhé media. Thus the milk clearing
around the colony on the plates can be used aagmabtic test for the presence of
derepressed activities. DiffereateA’ mutants display a spectrum in the extent of

derepression for different repressible activities.

1.6.3 Structure of AreA and the GATA family

Analogous to Nit2, AreA is also a member of the @Afamily of transcription factors
(GATA TFs). All GATA proteins contain one or twaghly conserved type IV zinc
finger containing DNA binding domain (DBD). “Theore of the zinc finger DNA
binding domain is composed of two irregular antgtlai B-sheets and am-helix,
followed by a long loop” (Omichinski et al., 1993)The zinc ion is coordinated by
four cysteines. It is the zinc finger motif andpoconnecting with the twf-sheets
that bind in the major groove of the target DNA lehhe following C-terminal tail for
specific binding determination of target genes (Eig). GATA family is a group of

evolutionally conserved proteins through vertehratwertebrate, plants and fungi.
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The single finger in Nit2 and AreA protein is magisely similar to the C-terminal zinc

finger of the vertebrate proteins (Kudla et al9Qp

Fig 1. 2: Ribbon diagram of wild type DNA binding domain of AreA complexed toa 13 bp

DNA containing a CGATA site.

Diagram is created by the PyMOL Molecular Grapldgstem (2002) of file (5gat. pdb) from RCSB
Protein Data Bank. Thehelix (red) and tw@-sheets (yellow) bind in the major groove of DNA
(blue).
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There are three types of GATA motifs in fungi: tyfy&a, type IVb and type IVc while
animals only have type IVa and plants have type IVbype IVa (CXCX17,CX,C) and
IVb (CX,CX18CX,C) have different spaces between two cysteine panstype IVc is a
rare group of 19- to 21-residue motifs (£XX1921CX2C) (Fitzpatrick et al., 2006;
Reyes et al.,, 2004; Teakle and Gilmartin, 1998)he @iversity of GATA family in
fungi suggests the possibility of multiple mode®wolution. As transcription factors,
the GATA proteins not only regulate nitrogen meteoo (AreA, Nit2), but also work
in the regulation of siderophore biosynthesis flamiuptake (SreA), regulation of
expressions of light genes (WC-1, WC-2, SuB-1) maglilation of sexual development
by controlling the formation of cleistothecia (Nsd{lass et al., 1999; Chen and Loros,

2009; Han et al., 2001).

AreA is also essential for chromatin remodellingn the pathway for utilising nitrate,
there is an intergenic region responsible for raguogd the transcription of structural
genes for nitrate and nitrite reductasef\ andniiA). The intergenic region contains
4 binding sites for the specific regulator NirA ab@ GATA binding sites for the global
regulator AreA (Punt et al., 1995). The intergeragion in theniiA-niaD complex
promoter was fused to two proteins— a GST-AsgAosfusion containing DNA binding
domain and an untagged ArgAsogs Mutants of individual and combinational GATA
binding sites were then constructed and analysegebghift experiments. The results
showed that AreA associated with four central GASites (5, 6, 7 and 8) oiiA-niaD
complex contributing to transcriptional activatiand the essential site 5 is occupied
under both repressing and derepressing conditiofbe structural investigation of
niiA-niaD promoter by DNasel and micrococcal nuclease (MNdsgestion revealed
that under the derepressing condition, there iamdtic reorganisation of nucleosomes.

At least five nucleosomes -2, -2, +1, +2 and +4idessthe central GATA region are
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lost as they showed sensitivity to MNase under gtessing condition. The same
enzyme digestion experiments wiéheA600 null mutants proved that AreA is totally

responsible for this chromatin rearrangement (MRagstor et al., 1999).

The Nit2 and AreA proteins contain highly consern@derminal tails that are also
present in a wide array of other species. Theebkitues in C-terminal residues of
Nit2 are thought to be essential for interactinghwNmrl to mediate nitrogen
metabolite repression (Pan et al., 1997). In esttrthe C-terminal 9 amino acids of
AreA are not requiredn vitro for binding of NmrA to the C-terminal region of &k

(residues 662-876) that contains the zinc finganth et al., 2004).

1.6.4 Regulation of AreA

Gene expression can be controlled at many diffetemels. These regulatory
mechanisms include transcription, mRNA stabilityanslation, posttranslational
modification and direct protein-protein interacgkon One of the regulating
mechanisms has been shown to be the transcriplitgtalb areA mediated through its
3’-untranslated region (3’-UTR). This was demoat&d by assessing the half-life of
theareA transcript under repressing and derepressing tonsli(Platt et al., 1996). It
was found that the half-life ofreA-mRNA was approximately 7 minutes under
nitrogen repressing conditions, compared to 40 teswunder derepressing conditions,
an increase of about 5 fold. However, the ha#f-ldf specific mMRNA of 3'-UTR
deletedareA gene remained the same under repressing condi@hsninutes) and
derepressing conditions (25 minutes). The presehteeareA 3'-UTR was found to
accelerate degradation of the poly (A) tail, whidcreases the transcript stability in

response to the presence of ammonium or glutamileother words, the degradation
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of the AreA transcript was initiated under repraegsconditions by the presence of
ammonium or glutamine. Post-translational moduratiof transcription activating
proteins is also a common way to regulate geneess@n. One region possibly
involved in post-translational modulation is thetefminus adjacent to the DNA
binding domain ofareA gene. C-terminally deleted forms still maintaineit
transcription activating function but are unablesemse nitrogen metabolite repression
conditions. This suggests that the C-terminush@d protein may have a nitrogen
repression signal sensing site. It was thoughttths site could potentially bind to the
nitrogen signal factor such as ammonium or glutamdam recognise some other sensing
proteins to respond to the nitrogen conditions @idr 1997). Besides C-terminal
tails, posttranscriptional modulation of AreA and2\also involves another region, the
zinc finger motif contained DNA binding domain. M. crassa, changes to the
residues in the-helix region of the zinc finger DNA binding domataused the Nit2
protein to activate expression of the nitrate réalse gene but was largely insensitive to
nitrogen metabolite repression. This suggestetthieae may be a nitrogen repression
sensing site in this domain (Pan et al., 1997). e Mutational analysis of DNA binding
domain ofareA gene inA. nidulans showed that some residues in the extended loop

structure were also essential for inducing funcldkreA products (Platt et al., 1996).

1.6.5 Transcriptional repressor: NmrA

Nmrl has been proved to bind directly to Nit2 teerexts inhibitory function inN.
crassa. By searchingA. nidulans expressed sequence tag (EST) databasenwithl
gene sequence tmerA gene was identified and then isolated. It ence@dpsotein of
352 amino acids, which share approximately 60% eaecgl identity with the highly

conserved C-terminus of Nmrl. DeletionrofirA gene results in partial derepression
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of activities involved in nitrogen metabolite repsen. This implied that NmrA acts
as a negative transcription regulator (Andrianopsidt al., 1998). It was found that
NmrA has a similar structure (see Fig 1.3) to therschain dehydrogenase / reductase
(SDR) family and it may have a function in redoxisiag as it preferring binding to
oxidised dinucleotides compared to the reduced aiatides (Lamb et al.,, 2003;
Stammers et al., 2001). There are at least twoactexistic motifs through the whole
SDR family. One is a GlyXXGlyXXGly motif requirefdr the nucleotide binding and
the other is a triad of Ser, Tyr and Lys residués watalytic properties (Filling et al.,
2002). The structural studies showed that theeaticle binding motif in NmrA was
replaced by the sequence AsnXXGlyXXAla. The ketalygic amino acid tyrosine in
the triad motif was replaced by a methionine residuThe replacement of the Tyr by
Met would suggest that NmrA cannot be an activeydedgenase of the SDR family.
There is an essential dinucleotide (Rossnman)viatioin a two-domain structure at the
N-terminal region of NmrA. The N-terminal domam composed of several parallel
B-sheets connecting witlrhelices and the C-terminal domain only hasidrelix and a
B-sheet. The Rossnman fold is required for maimtgirfull biological function as
well as the C-terminal domain of NmrA. A largelysardered loop region within
residues 283-316 is located between C-termira¢lix 9 ando-helix 10 (Stammers et

al., 2001).
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Fig 1. 3: Ribbon stereodiagrams of NmrA protein from (Stammerset al., 2001).

Upper: Overall secondary structure of NmrA protei dinucleotide (Rossmann) fold with a
central core of parallfl-sheets {1- f6) interconnected by-helices ¢1- a5), is located in
the N-terminal region. The C-terminal region ird#s severgb-sheets {7- p12) and
a-helices ¢6- a11l) and a disordered loop region positioned betwdeandal0. The
conserved residues among the NmrA and Nmrl areueadored while the non-conserved residues
are coloured blue.

Lower: Comparison of overall structure of NmrA (®Juand another SDR family member-
UDP-galactose 4-epimerase (purple). The bound Naml UDP-glucose are shown as ball and
stick representation.
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1.6.6 Interaction of AreA and Nmr A

According to the Nmrl and Nit2 binding modelNincrassa, it was originally predicted
that inA. nidulans, NmrA would exert its repressing effect on AreAfoyming a binary
complex and preventing its interaction with targgenes. Isothermal titration
calorimetry (ITC) using native full length NmrA ardHis-tagged C-terminal fragment
of AreA (AreAss2-s79 demonstrated that the two interacted with a 1oickimometry
and Ky of 0.26 uM (Lamb et al., 2003). The crystal structural gse showed that
a-helices 1, 6 and 11 of NmrA (352 residues) wekdlved in the interaction with a
zinc finger of AreA (residues 663-727, AreA Zf) (téa et al., 2008). The C-terminal
tail (residues 702-715) of AreA Zf interacts witkhelices 1, 6 of NmrA composed by
the hydrogen bond between ferand Glygs Another interaction region between
AreA Zf and NmrA involves hydrophobic bonds betwedem parallela-helices from
each protein and a single hydrogen bound betwe@gyAand Sefes.  The structural
analysis also showed that the binding region of BAINA on AreA Zf is partially
overlapped by NmrA which suggests that NmrA compéde the same binding site as
DNA as proposed by the model M crassa. However, the ITC experiments showed
that the AreA Zf binds to the GATA-containing DNAitty NmrA at the presennh vitro
which is contrary to the structure information. fdover, the deletion of the
C-terminal 9 AreA amino acids does not reduce ffiaity of AreA for NmrA, unlike
the situation inN.crassa while the C-terminal 12 amino acids of Nit2 areuieed for
Nmrl binding (Lamb et al., 2004). This implies ttha vivo NmrA might need a
cofactor to prevent full length AreA from binding its target proteins or possibly exert
its repression on transcription by an indirect weiych as controlling the entry rate of

AreA into the nucleus.
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At the time the research reported in this thesgahework form a previous PhD student
(Johnson, 2008) revealed that transformants oveuoiog wild type NmrAin vivo
showed a growth inhibited phenotype on media caoitgisingle secondary nitrogen
sources- a phenotype similar to that of a strailetdd for theareA gene. Based on
these observations, a hypothetical model invohamgindirect effect of NmrA was
proposed. At wild type levels, NmrA protein trafggeA in a binary complex in the
cell, thus preventing AreA entry into nucleus. ndnducing conditions, the
increased stability of the AreA mRNA allows AreAogein levels to build up to a
threshold at which they begin to escape from theArepressor and enter the nucleus.
Once in the nucleus AreA is free to initiate themscription of genes required to utilise
the given nitrogen source, as well as auto-regutat®ewn expression. The model
predicts that extensive overproduction of NmrA igedl would result in a decrease in
the free pool of AreA. Even under inducing coraht, while the AreA protein level
Is at its highest level, the majority would be ecaptl by NmrA protein. This would
reduce the rate of entry of AreA into the nucleunkibiting the initiation of the
transcription of those genes involved in utilisisgcondary nitrogen sources. Low
levels of expression of permeases and enzymes thandihe secondary metabolite

pathway would lead to an inhibited growth phenotype

However, the recent research revealed that thepoauction of NmrA did not prevent
accumulation of AreA in the nucleus under nitrogéarvation conditions (Wong et al.,
2007). Transformants overproducing a FLAG epit@mged NmrA (NmrA“€) were
constructed in a strain that was producing AreAgeabwith a hemagglutinin epitope,
AreA™.  Immunostaining analysis revealed that Atéfccumulated in the nucleus
under nitrogen starvation conditions with or withoaverproduction of NmrA.

Reverse PCR (RT-PCR) experiments showed that thdAnBvels of NmrA and AreA
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were inversely related and varied depending on ritiegen status of the growth
medium. For exampleareA-specific mMRNA is lower under repressing conditions
whereasnmrA-specific mRNA is higher under these conditions.nder derepressing
conditions (e.g. growth on nitrat@yeA-specific mMRNA is higher andmrA-specific
MRNA is lower. Furthermore the same study revettatl the function of AreA was
prevented by the overproduction of NmrA and tha éxpression ofinrA gene was

activated by the bZIP transcription protein MeaBofW et al., 2007).

1.6.7 TamA-the co-activator ?

TamA mutants were first isolated on the basis efrthesistance to the toxic nitrogen
analogues thiourea, aspartate hydroxamate, chlaratemethylammonium (Kinghorn
and Pateman, 1975). These mutantgnd’) showed not only partially repressed
ammonium regulating activities similar to soraeeA mutants éreA’), but also had
lower levels of NADP-glutamate dehydrogenase (NABPH) activity compared to
the wild type level irareA” mutants.  After the isolation of thamA'50 mutant, which
is unable to utilise other nitrogen sources thamanium, and the derepressaA’l
mutant, TamA was proposed to work as a global etgulinvolved in mediating
nitrogen metabolite repression (Pateman and Kinght®77). However, others later
failed to isolate the repressed and derepresseantsurom the same selection protocol
and instead proposed that the derepressed phenofypemA’l was due toglnA
mutation selected from partially repressachA mutant background (Arst et al., 1982).
They proposed that the repressed and derepressztphes were combination of
mutations of other genepr{oB invovled invitamin Bs biosynthesiswith tamA. The
isolation of nulltamA mutants supported this hypothesis as it had aapigrtepressed

phenotype (Davis et al., 1996).
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Although mutational analysis of th&@mA gene did not support TamA as a major
regulator similar to AreA, a regulatory functionnitrogen metabolite repression cannot
be ruled out. For example, thamA24 mutants result in the reduction of the
expression of acetamidase structural gamelS in background ofareA102 mutants

(strong growth on acrylamide medium) whilst havirgeffect in the background of the
wild type areA strain (Davis et al., 1996). This result suggggiamA may work as a

co-activator with AreA protein. Fusion of TamA BINA binding domain of reporter

genes facB, actate regulatory geneymdR, regulatory gene involved in acetamide,
omega amino acid and lactam metabolism) also shdvaedA helped to increase the
gene expression and the activities of these fuprateins were dependent on AreA

protein (Small et al., 1999).

Sequence analysis of TamA demonstrated it was csegpof 739 amino acids, similar
to Uga35p/Dal81p/DurLp protein o6 cerevisiae between residues 391-402 and
residues 543-552. They both contain a Zn(l)2C$6A binding domain which is
conserved through many regulators in fungi. Howewsutational analysis revealed
that this zinc finger motif was not required foe ttunction of TamA (Dauvis et al., 1996).
But later research of a series t#mA mutants with different sequence changes
suggested that the overall conformation of TamA essential for the protein function
(Small et al., 2001). Further mutational reseascsteowed that the C-terminal region
(residues 865-876) of AreA were essential to thedinig of TamA to FacB protein
while the N-terminal amino acids 44-218 also cdmiting to the interaction. It was
proposed that NmrA bound to the AreA Zf domain &mel extreme AreA C-terminus
and that the C-terminal 58 amino acids of AreA wesguired for the binding of TamA.
TamA may recruit additional AreA molecules to theorpoter region to form

TamA-AreA complex or that it displace the NmrA fratme NmrA-AreA complex to
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activate transcription (Small et al., 1999). Congun of the structures of an AreA Zf
- DNA complex with an AreA Zf - NmrA complex showdldat there was a difference
in the orientation of the C-terminal tail of AreAThis observation raises the possibility
that the interaction of TamA with the C-terminabien of AreA could change the
conformation of the complex (Kotaka et al., 2008}.he possibility of the third protein
interacting with TamA and AreA and modulating thattivation function cannot be
ruled out. In this regard, it is been shown thamA interacts with AreA and a third
protein, LeuB, to activate expression of thdhA gene encoding NADP-linked

glutamate dehydrogenase (NADP-GDH) (Polotnianka.e2004).

In summary, TamA is thought to be a co-activatothwAreA involved in mediating

nitrogen metabolite repression; however the exawhanisms remain unclear.

1.7 Regulation of nitrogen catabolite repression in yeast

S. cerevisiae

S cerevisiae is a yeast that belongs to a different lineagmffo nidulans andN. crassa

within the Ascomycota and has been used for maraysyas a model system for
research into metabolism (Fitzpatrick et al., 2006 cerevisiae regulates its use of
nitrogen sources through a system called nitrogeabolite repression (NCR) and like

A. nidulans andN. crassa, utilises glutamine as its preferred nitrogen source

Unlike the single major regulator AreA or Nit2 pees in A. nidulans or N. crassa,
respectivelyS. cerevisiae has two positive regulators, GIn3 and Gatl. Muwaritthe
gln3 gene were first isolated under conditions of ghitee limitation. The glutamine
synthetaseg[nl) is reversibly inactivated or repressed when feansd from glutamate

to glutamine as nitrogen source (Legrain et al32)9 ThegIn3 mutants were able to
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produce glutamine synthetase and NAD-linked glutamieehydrogenase when grown
with glutamate. Overproduction of GIn3 in transhants showed an elevated rate of
the synthesis of the glutamine synthetase subummpared to wild type when
transferred from glutamine to glutamate as nitrogenrce. This result suggested
GIn3 was a positive regulator required for glutaeniapressible activities (Mitchell and
Magasanik, 1984). Sequence analysis revealedGhe& contained a putative zinc
finger motif highly homologous to the single zinmder of AreA and Nit2 inA.
nidulans and N. crassa, respectively, which suggested GIn3 may bind toTBA
sequence of target genes. Immunoprecipitationrerpat showed that GIn3 bound to
the GATAA sequences in the upstream activationoredUAR) of GInl (glutamine
synthetase) as well as other sensitive promoteractivate transcription of genes
controlled by nitrogen catabolite repression (Caffimet al., 1996; Minehart and
Magasanik, 1991). The Gatl (Nill) was discoverde responsible for mediating
other GIn3-independent glutamine repressible reigmla For example, the general
amino acid permeas@gpl) was not detected when grown with glutamine. glin3
mutants, although the expression levebapl was quite low when utilising glutamate
as nitrogen source, the expressiorgahl was much stronger when urea or ammonia
were present in the medium (Stanbrough et al., 199Similar to GIn3, Gatl has a
conserved single zinc finger motif for recognitimf the sequence GATAAG

(Stanbrough and Magasanik, 1996).

Similar to the regulation of AreA and Nit2, GIn3daatl are also regulated by the
nitrogen source status of the growth medium andutyiin interaction with negatively

acting repressors. GIn3 is activated by a decreaskee concentration of glutamine
and Gatl is activated by a decrease in the coratemtrof glutamate (Stanbrough et al.,

1995). There is a negative regulatorSircerevisiae, the Ure2 protein, which inhibits
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the function of GIn3 protein Glutamine synthetase is required for glutamine/
glutamate metabolism and this enzyme is normals@nt at an increased level in the
presence of glutamate and at a reduced level iprdsence of glutamine. However,
the increase of this enzyme is preventedIn8 mutants in the presence of glutamate,
and high levels of the enzyme are founduie2 mutants in the presence of glutamine
(Courchesne and Magasanik, 1988). These resultsated thafgin3 andure2 genes
may have opposite functions in gene regulation. e Tle2 gene is localised on
chromosome X1V, and encodes a protein compose84a&ino acids, the sequence of
which is homologous to glutathione S-transferagass¢higano and Magasanik, 1991).
The Ure2 protein has been shown to exert its itdnpieffect by binding to GIn3. But
instead of inhibiting the binding of GIn3 to the GA sequence of target genes, the
interaction with Ure2 facilitates the nuclear exotuin of GIn3 under conditions of
nitrogen sufficiency. This prevents GIn3 from bimgito GATA sequences necessary
for the initiation of gene expression (Beck andIHB999; Kulkarni et al., 2001). In
contrast, under nitrogen limitation condition, Gla8d Gatl accumulate in the nucleus
and bind to the GATA sequences found in the promugggions of structural genes

involved in nitrogen catabolite repression.

There are other negative regulators involved inréggilation of nitrogen metabolism in
S cerevisiae. For example, negative regulators Dal80 and Datel members of
GATA family. The Dal80 protein was discovered Ug inhibitory effect on the
expression of a subset of genes responsive taeitreegulation. It is been shown that
in dal80 mutants, expression levels of many genes relatingitrogen catabolite
repression increase when proline is used as nitregeirce (Chisholem and Cooper,
1982). Dehl was discovered as the homolog of Daf&@Dnegatively regulates some

genes involved in nitrogen metabolism (Coffman &odper, 1997). Dal80 and Dehl
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were reported to compete with the same GATA sequdmading sites of GIn3 and
GInl in the target genes in response to nitrogéabcéite repression (Cunningham et al.,
2000). Moreover, the derepressed activities olesem ure2 mutants under nitrogen
repressing conditions suggest there is anotheeiprdthat complements the function of
Ure2 protein (Coffman et al., 1994). It is beescdvered that the major regulator
Gcen4, which is involved in mediating the gene egpien under amino acid starvation
conditions is also involved in nitrogen cataboligpression by directly inhibiting the
function of GIn3 under nitrogen repressing condisigNatarajan et al., 2001; Sosa et al.,

2003).

In summary, the nitrogen catabolite represgiors. cerevisiae has some similarities
with nitrogen metabolite repression A nidulans and N. crassa as they all have
positively acting transcription activators that tan a highly conserved GATA DNA
binding domain. However, in these three specibsyret are differences in the
regulatory mechanisms; the biggest of which is ttiet negative regulator Ure2
prevents the entry into the nucleus of the positagulator GIn3 irf. cerevisiae but this

does not appear to be the casé.inidulans andN. crassa (Wong et al.m 2007; Xiao et

al., 1995).

1.8 Carbon catabolite repression (CCR) and its

integration with nitrogen metabolite repression

A. nidulans can utilise most organic carbon sources for growmttiuding glucose,
glycerol, methanol, acetate and sucrose. For eadbon source there is a specific
catabolic pathway for utilisation, and the genesoeing the necessary enzymes and

permeases are themselves regulated at the levehrdgcription by the interplay of
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positive and negative control proteins. For exanphequt gene cluster is required
for the utilisation of quinate as a carbon sourc€he qut cluster comprises three
structural genesqutB (dehydrogenase)gutC (dehydratase),qutE (catabolic type

lll-dehydroquinase); two regulatory gengstA (positive regulator) andutR (negative

regulator) andyutD (permease)qutG andqutH (unknown function) (Grant et al., 1988;
Lamb et al., 1992). In the presence of quinate,tthnscription levels of all these 8
genes are stimulated by the activator QutA andhhee enzymes (QutB, QutC, QUutE)
convert quinate to protocatechuate (PAC) (Lambl.etl896; Park, 2004). Another
example in the utilisation of ethanol, structurahgsalcA andaldA encoding alcohol

dehydrogenase | (ADHI) and aldehyde dehydrogenakBld) are under the control of

the pathway-specific activatoal¢R) (Felenbok, 1991; Pateman et al., 1983).

In a manner analogous to the nitrogen source satet¢here are also preferred carbon
sources for utilisation i\. nidulans. Glucose and related sugars are preferred carbon
sources and their presence in mixture with noneprefl sources inhibits the
transcription of genes encoding the permeases ammynmes necessary for the
catabolism of the non-preferred carbon sourcesr éxample, in the presence of
glucose and ethanol or glucose and quinate, thiewags for utilising ethanol and
quinate remain inactive. This process is callexb@a catabolite repression (CCR).
The phenomenon of carbon catabolite repression iesiplhat there is a signal
transduction pathway that operates at a genomiel l&v override pathway-specific

controls.

Some nutrients can be utilised as both carbon #&naan source, for example proline
and acetamide. Th@n cluster involved in the pathway for proline uigon consists

of 5 genes,prnA-D (prnA, pathway-specific transcriptional regulatory gepenB,
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proline permease gengrnC, L-A'-pyrooline-5-carboxylate dehydrogenase gemaD,
proline oxidase gene) amanX (Gavrias, 1992; Jones et al.,, 1981). Ammonium or
glucose alone reduces transcriptiongof genes, but for full repression a mixture of
repressing nitrogen and carbon sources must beergrd$avrias, 1992). This
observation shows that the controls of nitrogen almglite repression and carbon
catabolite repression are integrated. Strainsyicgyran areA loss-of-function allele
(areA” mutants) are unable to utilise proline as a nérogource in the presence of a
repressing carbon source (e.g. glucose) but cdiseutproline in the presence of a
non-repressing carbon source (Arst and Cove, 197Bjis phenotype was exploited to
select mutants altered in carbon catabolite rejmess anareA” mutant strain growing
on medium containing proline as nitrogen source glidose as carbon source (Arst
and Cove, 1973). This selection facilitated thelason of carbon catabolite

repression derepressed mutants desigreaead.

After thecreA gene had been identified, three further geaes, creC andcreD were
specified to get involved in the control of carbcatabolite repression (Hynes, 1977;
Hynes and Kelly, 1977; Kelly, 1980). Molecular byséss showed that thereA gene
encoded a DNA binding protein that had a £Mss, zinc finger that binds to a
5-(G/C)(AIT)GG(G/A)G-3' sequence (Dowzer and Kellg991; Kulmberg et al.,
1993). The CreA protein works as a general negatepressor regulating carbon
catabolic pathways subject to carbon cataboliteressgpon. For example, in the
presence of glucose, the CreA protein binds toptteenoters of the specific positive
regulatory genealcR and the structural genedcA and aldA in the pathways for
utilising ethanol (Lockington et al., 1987; Mathieand Felenbok, 1994). The
regulation on CreA is not clearly understood, hosvewt is known that autoregulation

of creA transcription is not required for CreA-mediate@raession and that large scale
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degradation or regulated cellular localisation amailarly not required (Roy et al.,
2008). Analysis otreB andcreC mutants showed that in the presence of glucose, th
expressions of enzymes for the utilisation of etthaand acetamide were derepressed.
Furthermore, these mutants have greatly reduceaditest of enzymes for utilising
D-quinate and L-proline compared to the wild typeais when they are used as sole
carbon sources (Hynes and Kelly, 1977). The CreB protein contains 6
deubiquitination homology domains and is a memlfea @eubiquitinating protease
family (Lockington and Kelly, 2001). The CreA peat is proposed to be a substrate
for CreB to form a binding complex vivo which suggests the CreA may undergo the
deubiquitination regulation (Niyom, 2008). TheeC gene encodes a protein
composed of a proline-rich region, a putative naiclecalisation region and five WD40
repeats (Todd et al., 2000). It has been showed @reB and CreC form a
deubiquitination complexin vivo to modify or stabilise ubiquitinated proteins
(Lockington and Kelly, 2002). The observation ofeD34 mutant showed it
suppressed the phenotypescdC and creB mutants. Thus, CreD was characterised
as a repressor working in the ubiquitination relgtboth to CreB and CreC (Boase and

Kelly, 2004).

Further molecular analysis of thpen cluster identified a positiveis-acting element

(designated ADA) within the divergemirnD-prnB promoter. The CreA protein is
proposed to repress the activity of the ADA elem@bbnzalez et al.,, 1997). The
presence of this element explains whyaa@A loss-of-function mutant is able to utilise
proline as a nitrogen source in the absence ofpeessing carbon source. This is
because under carbon repressing conditions the @reiin will inhibit the positive

action of the ADA element; therefore none of the genes will be transcribed. Under

carbon non-repressing conditions the positivelyngcADA element will function and
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facilitate transcription of thern cluster even though a functional AreA protein is

lacking.

In some experiments it is important to be able ¢ocatdiple genes normally subject to
control by nitrogen metabolite repression from tleisel of regulation. For example,
experiments described later in this thesis requinedexpression of thanrA gene to be
decoupled from nitrogen metabolite repression dmsl was achieved by placing the
nmrA gene under the control of the quinate inducigiéE promoter. ThequtE
promoter in wild type strains is inducible by thegence of quinate and is also subject
to carbon catabolite repression which controlstthascription of thequtE gene that
encodes a type lll-dehydroquinase. Therefore,sti@ption of nmrA gene from the
gutE promoter can be switched on or off by the useitifee quinate or glucose as

carbon source without regard to the nitrogen source

1.9 Regulation by proteolysis

Site-specific proteolysis causing the degradatiocoatrol proteins has been recognised
as an important posttranslational regulation meisinan It is been extensively
investigated in many cells and organisms. In theelpe stress response krcoli,
the signal transduction pathway is composed of atepiytic cascade for the
degradation of RseA (a membrane-spanning @fdictor) and this degradation releases
the oF factor from the inhibitory complex with RseA. Thifacilitates RNA
polymerase to transcribe downstream genes for ipreggmthesis (Chaba et al., 2007).
The homeodomain-interacting protein kinase 2 (HIPKRregulator conserved from
flies to human, mediates degradation of other pwstenvolved in cell growth,

development and apoptosis. HIPK2 is itself degilatg the ubiquitin-proteasome
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system (UPS) (Sombroek and Hofmann, 2009). Theadetion of the negatively
acting Aux/IAA protein by an ubiquitin-protein liga, releases free ARFs (auxin
response factor) for gene transcription in auxgnailing through all plants (Rogg and
Bartel, 2001). The examples described above shmaw proteolytic processing of
proteins involved in a wide array of metabolic amelvelopmental pathways is an

important and widespread method of regulation.

Proteins enriched in proline (P), glutamic acid, (Egrine (S) and threonine (T), so
called PEST proteins are targets for proteolysisc({ilteiner and Rogers, 1996). One
example inA. nidulans is the CreB protein involved in carbon metabofiépression
which has four PEST sequence acting as proteodgjnal targets (Lockington and
Kelly, 2001; Niyom, 2008). There are other progsein A. nidulans containing one or
multiple PEST regions. Ro0SA, a negative regulatbrsexual development was
reported to have two putative PEST sequences (¥iert al., 2005). VeA protein
(coded by velvet geneeA) which has one PEST sequence is involved in sexual
development, regulation of secondary metabolismligihd response (Kato et al., 2003;

Kim et al., 2002; Purschwitz et al., 2008).

A well understood example of proteolytic processmgrovided by the activation of an
A. nidulans transcription activator in response to a changhénambient pH. PacC is
a pH-dependent zinc finger containing regulatoruneml in wild type strains for

activating alkaline-expressed genes suclkpa&, an isopenicillin N synthase gene and
inhibiting acid-expressed genes such as gabAsaminobutyrate (GABA) permease
gene (Espeso and Arst, 2000; Espeso and Pena®@; ESpeso et al., 1997). The full
length of PacC is 72 kDa and undergoes a two-stefeqysis in response to alkaline

ambient pH. The first proteolytic event removesdranbitory C-terminal domain that
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renders the protein sensitive to a second proteatytent that yields the active protein

(Diez et al., 2002; Hervas-Aguilar et al., 2007ar¥hs-Aguilar et al., 2007b).

In summary, proteolysis as a regulation controlgiste common through living
organisms and while most of them involved in theponse of exogenously supplied

stimuli, there are others form part of normal pesgs in cell cycle progression.

1.10 Aims of the study

In A. nidulans, the involvement and interplay between AreA and rAmn the

regulation of nitrogen metabolite repression hasnbpreviously investigated. The
regulation of AreA has been shown to involve mudtifayers: transcription initiation,
autoregulation, mRNA stability and posttranslationenodulation by direct
protein-protein interactions. The functions oftbtite AreA and NmrA proteins have
been extensively studied and mechanism of activatbdé pathways of utilising

non-preferred nitrogen sources have been well chenised.

At the time the research reported in this thesis Wagun there was no information
available regarding thie vivo effects of NmrA overproduction or the possibleerof

proteolysis in the regulation of nitrogen metatefiépression. The aims of the project
were therefore to characterise thevivo effects of the overproduction of NmrA and to

investigate the possible role of proteolysis imagen metabolite repression.
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Chapter 2 Material and Methods

2.1 Chemicals and sources

All chemicals and reagents were supplied by BDHessotherwise stated, and were of
AnalaR or equally high purity. Growth media wasplied by Difco. Agarose
TOPO TA Cloning kit, Uera andenzcheck Protease assay kit were obtained from
Invitrogen. Plasmid purification kits were purcedsfrom Qiagen. Origaflf 2
competent cell set was from Novagen. Pfullral Fusion HS DNA Polymerase
was obtained from STRATAGENE. NAD ampicillin, Coomassie Brilliant Blue
R250, bovine serum albumin, dithiothreitol (DTT}hyenediamininetetraacetic acid
(EDTA), vitamins were all supplied by Sigma. Ntetlulose and filter paper discs
were supplied by Whatman and Bio-Rad provided ioigtpads. Full range Rainbow
Molecular Weight Markers and Hyperfim ECL were abed from Amersham

Biosciences.
2.2 Media and supplementation

2.2.1 LuriaBroth (LB)

Tryptone 10g
Yeast extract 59
NaCl 109
dHO to 1 litre

Adding 1.5 % (w/v) agar for Luria broth agar (LAgfore autoclaving.

2.2.2 Antibiotic solutions

Antibiotic Stock concentration Final concentration
Ampicillin 50 mg mgl* (in dH,0) 100pg mgt*
Chloramphenical 70 mg mig(in ethanol) 35g mglt
Tetracycline 12.5 mg mgin ethanol) 12.5g mgi*

Streptomycin 12.5 mg mgfin ethanol) 5Qug mgl”

34



2.2.3 A. nidulans Minimal Media (AMM)

A.nidulans minimal media (AMM) was prepared as the methodcdesd by
Pontecorvo (Pontecorvo et al., 1953), and modifigdRoberts (Roberts, 1963). 10 x
AMM stock was diluted 10 times with @B, by adding 1.8% (w/v) agar for solid media
preparation. After the media had been autoclatet] MgSQ, sterilised stock was
added at a final concentration of 5 mM. Other appate supplements and nitrogen and

carbon sources were added, too.

2.2.4 AMM stock salts (10 x)

KCI 529l
KH,PO, 15.2g1
*FeSQ7H,0 10 mgt*
*ZNSQOye7H,0 88mgt
*CuSQy5H,0 4mgt
*MnSO424H,0 1.5mgt
*NaB,0710H,0 1mgt
*(NH 4)sM070,4210H,0 0.5mgt

*These salts were kept as a 1000 x stock, with L0'rased to make up the 10 x AMM
stock salts. The pH of the 10 x AMM was adjuste@hii 6.5 by using 5 M NaOH.

2.2.5 Nitrogen sour ces

Nitrogen source Stock solution Final concentration
Ammonium tartrate 1M 10 mM

Sodium nitrate 1M 10 mM

Proline 1M 10 mM
Hypothanxine 1M 5 mM

2.2.6 Carbon sources

Carbon source Stock solution Final concentration
Glucose 40% (wiv) 0.4% (wlv)
Glycerol 50% (wiv) 0.4% (wlv)

Quinic acid 20% (wiv) 0.5% (w/v)
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The quinic acid solution was made from free acid adjusted to pH 6.5 using 5 M

NaOH before autoclaving.

2.2.7 Media supplements

Supplement Stock solution Final concentration
Pyrodoxine 0.5 mg rii 0.5ug mi?
Para-amino benzoic acid 1 mgl 1 pug mrt

2.3 Buffers and solutions

2.3.1 DNA manipulation and analysis

Trisacetate-EDTA (TAE) electrophoresis buffer (50 x stock)

2 M Tris base

1 M sodium acetate

50 mM EDTA

The solution was adjusted to pH 8.2 with acetidaci

Agarose gel loading buffer (10 x stock)

Bromophenol blue 0.25% (w/v)
Xylene cyanol FF 0.25% (w/v)
Ficoll (type 400) 25% (wi/v)

Acetate solution

NaAc 24.61 g
EDTA 0.37¢
dH,O to 1 litre

The solution was adjusted to pH 7.0 with acetidasiored at €.

2.3.2 E.coli transfor mation buffers

1M pH 6.5 MOPS (10 x stock)

MOPS 20.94 g
dH.0 to 100 ml
pH was adjusted to 6.5 with 5 M NaOH. Filter diged and stored at -20.
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Calcium Chloride 0.5 M (10 x stock)
CaCb 7.35¢

dH,O to 100 ml
Autoclaved and and stored at 20

pH 6.5 MOPS (1 x)

CaCbh (10 x) 1ml
pH 6.5 MOPS (10 x) 1mi
deO 8 ml

2.3.3 PCR reaction solution (50 ul)

Template DNA (100 ng) il of 100 ngul™ stock
10 x buffer 5l

PfuUltra™ I Fusion HS DNA Polymerasalj 1pl

Primers (0.2:M each) ul + 1 pl of 20 uM stock
dNTPs (1 mM) ful of 10 mM stock
dHO 36 pl

2.3.4 Protein solubility and purification buffers
Buffer 1 0.1 M Tris HCI pH 7.5, 1 mM DTT buffer
Buffer 2 50 mM potassium phosphate pH 7.2, 1 mM DPIS0 mM NacCl buffer

Buffer 3 50 mM potassium phosphate, pH 7.2, 1 mM'DOC5 M NacCl buffer
Buffer 4 50 mM potassium phosphate, pH 7.2, 1mM lfer

2.3.5 SDS-polyacrylamide gel electrophoresis buffers

Running buffer (4 x stocks)

Tris 12.19g
SDS 409
Glycine 57.6¢g
H>0 to 1 litre

pH adjusted to 8.12 with HCI.

Separating gel buffer A (2 x stock)

Tris 90.6 g
SDS 20g
H>0 to 1 litre

pH adjusted to 8.8 with HCI, and subsequently statefC.
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Stacking gel buffer B (2 x stock)

Tris 30.24 ¢
SDS 20g
H,0 to 1 litre

pH adjusted to 6.8 with HCI, and subsequently statefC.

L oading buffer (2 x stock)

Stacking gel buffer (2 x) 50 ml
SDS 49
Glycerol 20 ml
1 % Bromophenol blue 1ml
2-mercaptoethanol 5 mi
H>0 to 1 litre

Ammonium persulphate (40 mg ml™)
Ammonium persulphate 04g

H,0 to 10 ml
Prepared freshly on the day

Separating gel (volumesfor 23 ml)

Acrylamide (40 % including bis 19:1)

10 % 5.6 ml

15% 8.4 mi
Separating gel buffer (2 x) 11.4 mi

H,0 to 22.4 ml

The solution was de-aerated before the followingeveeided
40 mg m* Ammonium persulphate 0.6 ml
TEMED 20pl

Stacking gel (for 10 ml)

Stacking gel buffer (2 x) 5 ml
Acrylamide (40 % including bis 19:1) 1.3 ml

H20 3.6ml

The solution was de-aerated before the followingeveeided
40 mg m* Ammonium persulphate 0.25 ml

TEMED 24l
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Coomassie Blue staining solution

Coomassie Brilliant Blue R250 0.4% (wi/v)
Methanol 45% (viv)
Glacial acetic acid 10% (v/v)
H-0 to 1 litre

De-staining solution

Methanol 10% (v/v)
Glacial acetic acid 14% (v/v)
H-0 to 1 litre

2.3.6 Western blotting buffers

Transfer buffer

25 mM Tris 6.06 g
192 mM Glycine 28.82¢
20% Methanol 400 ml
0.1% SDS (w/v) 20
H.0 to 2 litres
PBS

80 mM NaHPQO, 57.59
20 mM NaHPOy 1489
100 mM NacCl 5.84 ¢
H.O to 5 litres
2.3.7 Lowry assay buffers

Solution A

CuSQ 0.05¢
Potassium tartrate 0.1g
dHO to 100 ml
Solution B

NaxCOs 29
NaOH 04g¢g

dH.O to 80 ml
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Genetic and microbiological techniques

2.4. Gene cloning

Gene cloning is a commonly used technique thatc&lyi consists of several steps:
Amplification of DNA sequence of interests by thelymerase chain reaction.
Insertion of the isolated gene in a vector. Trarmmhtion of the plasmid into host cells.

Selection of the transformed cells.

2.4.1 Oligonucleotide primer design

The primers were designed by the Primer 3 softwact. The primers for PCR
amplification were based on the sequence upstreandawvnstream of the desired open
reading frame (ORF). For a fragment larger tha@010@p, primers based on the
coding sequence of the ORF were also needed for B&fencing. There are basic
principles for primer design: 1) The primer lengghnormally between 20-25 bp for
higher specificity and for the indusion of restinct enzyme sites; 2) The GC contents
are in the range of 40-60 % for optimum PCR effice 3) Primers are not
self-complementary or complementary to other prénerthe reaction mixture; 4) The

Tm of primers should be similar and aim in the regid85C and 70C.

For amplifying the ORF sequence of AN2366.2, preneere designed as follows:

PCR primers: 5’ - gct ata taa gga gtc aat tct - 3’
5’ — gct tgc ata tat tgg aac tgg - 3’
Sequencing primers: 5’ — acc atg ata agg gcg gca - 3’

5’ — atg gct gcc agg gcg att - 3’
5’ —1tgc cgc cct tat cat ggt - 3’
5’ —aat cgc cct ggc agc cat - 3’

40



2.4.2 Polymerase chain reaction (PCR)

The polymerase chain reaction (PCR) is a technigunplify a parent DNA sequence
across several orders of magnitude, generatingsémals of copies of this identical
DNA sequence (Mullis et al., 1994). The repeateztrhal cycles consisted of DNA

melting, primer and polymerase binding and DNA ssupe elongation.

PCR reaction procedurefor amplifying the ORF sequence of AN2366.2

Initiation stage 94°C for 4 minutes
55C for 3 minutes
72°C for 2 minutes

Repeated cycles (35 cycles) 94°C for 3 minutes
55C for 3 minutes
72°C for 2 minutes

Termination stage 94°C for 4 minutes
55C for 3 minutes
72°C for 5 minutes
4°C for 4 hours

2.4.3 Agarose gel electrophoresis

All gels (0.8% (w/v) agarose) were poured into beealed at each end with autoclave
tape and the wells formed by insertion of a Perspmmb. The Tris-acetate EDTA

(TAE) agarose was melted in a microwave oven aed ttooled down to 56 before

pouring. The gels were immersed in 1 x TAE bufifean electrophoresis tank. The
electrophoresis was carried out at 100 V for 45smahroom temperature for efficient
separation. The gel was then stained in 10 myetiidium bromide for 15 mins and
visualised under long wavelength ultraviolet (Ught provided by a transluminator.

The image of the gel was generated using a Mithubisleo Copy Processor.
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2.4.4 Purification of PCR products

The PCR products were prepared by modified Fregueéze DNA isolation technique
(Tautz and Renz, 1983). The gel bands of inteaist agarose gel electrophoresis
were excised and transferred into a 25 ml tube.e idlume of 20 ml acetate solution
was added into the tube for incubation at room tmampre for 40 mins. The gel
section was then transferred into a 0.5 ml tubeipusly punctured with a 21-gauge
needle and plugged with siliconised glass wool,clvhas then inserted into a 1.5 ml
tube before freezing at -8 for minimum of 30 mins. The eluate from the 1.5ml
tube was collected from each of 3 centrifugati@pstof 12000 x g at room temperature
for 10 mins in a bench top microfuge and pooled imew 1.5 ml tube. A half volume
of Phenol/chloroform/iso-amylalcohol (25:24:1) wadded into the tube and mixed
thoroughly and centrifuged again at 10,000 x ¢bfonins before carefully removing the
top phase into a fresh tube. After the addition0df5 volumes of 5 M potassium
acetate and 2.2 volumes of pre-cooled 95% ethatoted at -2@), the mixture was
stored at -2@ overnight. The supernatant was discarded aftetribiggation at
10,000 x g for 30 mins and the pellet was washet pie-cooled 70% ethanol (stored
at -20C) to remove any remaining salts. The pellet wasdddown at 4% for 30

mins and redissolved in dB. The efficiency of the recovery of the DNA was

checked by agrose gel electrophoresis.

2.4.5 Construction of plasmids

The construction of plasmid for DNA sequencingasdxd on the protocol of Agarose
TOPO TA Cloning kit (Invitrogen). The TOPO cloningaction mixture was

described as following:
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PCR product (500 ng) i@ of 0.25ug pl™ stock

Salt solution (1.2 M NaCl, 0.06 M Mgg}l 1l

dH,O 2l

TOPO vector Jul

The mixture was incubated at room temperature forniins before prior to its
transformation intoE.coli HB 101 cells. The plasmids were isolated by QIAGE

Plasmid Midi Kit from the transferred cells for limving gene sequencing.

2.5 Transformation of E.coli

Chemically “one-shot” competerE. coli strains were purchased from biological
companies (see section 2.29). The transformatimtepure was based on the
suggested protocols within the commercial transédiom kits. The amounts ofi2 of
plasmids were added into i0freshly thawed competent cells andd(pH 6.5 MOPS
(morpholinopropanesulfonic acid) buffer plus 0.0504Cb. The mixture was placed

on ice for 30 mins before “heat shock” at@2water bath for 30 secs. After 500
Luria broth (LB) was added, the mixture was incedaat 37C water bath for 1 h.

The majority of the supernatant (4Q0 from the centrifugation of 12,000 x g for 2
mins was removed and the resuspended solution neaglg plated on Luria agar plates

with selective antibiotics and grown at'@7for single colonies.

2.6 Isolation of plasmid DNA from E.coli

The plasmid was transformed into chemically compekecoli HB101 cells. After
growing on selective Luria Broth agar plates at_3bvernight, a scraping of colonies
were used to inoculate 200 ml Luria Broth supple®@nwith the appropriate

antibiotics. After 7 hours growth at 160rpm, ‘@7 the cells were harvested by
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centrifugation at 8000 x g for 10 mins. PlasmidMNas isolated from the cell pellet

by QIAGEN Plasmid Midi Kit.

2.7 Bulk growth of E.coli cultures growth in liquid media

Single colonies were picked individually by steritoothpicks and used to inoculate 10
ml LB media with selective antibiotics and grownaatiesired temperature overnight
without shaking. The 10 ml culture were then idated into 500 ml LB media

containing antibiotics and grown at 160rpm,’@%r 30°C up to 15 hours until an

attenuance of approximately 0.6-0.8. At this pa@tombinant protein production
was induced by the addition of an appropriate iedand allowed to proceed for 5-15
hours depending on the growth conditions. Aftex thduction efficiency had been
checked by SDS-PAGE electrophoresis of boiled celd pellets were harvested by

repeated centrifugations of 12,000 x g, 6 mins'@t 4nd stored at -20.

2.8 Maintenance of A. nidulans strains

Working stocks of strains @&. nidulans were maintained on AMM plates supplemented
with nitrogen source, carbon source and appropnéizmins and stored at'@.

Before use, the genotypes of the strains were @uklok appropriate growth tests.

2.9 Preparation of conidial spore suspensions

A sterilised loop was immersed in Tween saline {®%Qv/v)) and then used to collect
conidia from plates oA. nidulans by gently sliding the loop across the surfacehef t
mycelia. After suspending in 1Q0 Tween saline, conidia were spread on the surface
of fresh plates using a sterile glass spreadeiranudbated at 3T for approximately 72
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hours. Conidia were then harvested by floodingdhdace of the plate with 10 ml
Tween saline and rubbing gently with a sterilisespdsable Pasteur pipette. After
centrifuged at 8000 x g for 5 mins, the supernatead removed and the conidia were

resuspended into fresh Tween saline and storedato4 6-8 weeks. The attenuance

at 550 nm of a 10-fold dilution of the conidial peasions was measured and used to
estimate the spore concentration from a standajohggenerated from spore suspension

of known concentration.

2.10 Mycelial growth in liquid media

The amounts of 2 x £Gspores were grown in 200 ml AMM liquid media in_.2ong
baffled flasks with 10 mM ammonium/nitrate, 0.4%/\(vcarbon source as well as

other necessary supplements at 180rpniC 3for 18-19 hours to generate healthy

mycelia. The mycelia were then transferred intv meedia with no nitrogen source
for 4 hours starvation to induce protease produagioor to harvest. Using the same
growth conditions, spores were grown with 2.5 mMnl, 10 mM, 20 mM or 40 mM
ammonium/nitrate to investigate the effect of mggn source concentration on the
production of proteases. Spores were also groviln 40 mM ammonium under the
nitrogen sufficient condition to guarantee the aloss of proteases and then starved of
nitrogen for different times by subsequent incudratin nitrogen free media. To test
the effect of carbon starvation on protease pradungcthe concentration of glucose for
growth was reduced from 0.4% (w/v) to 0.1% (w/v).Harvested mycelia were dried
by absorbing extra liquid with tissue and wrappedfail, flash frozen with liquid

nitrogen before storage at -80
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Biochemical techniques

Edman sequencing, MALDI-TOF Mass spectrometry amles protein LC-MS were
performed in Pinnacle lab, Institute of Cell and Ibbular Biosciences, Newcastle

University, United Kingdom.

2.11 SDS-polyacrylamide gel electrophoresis

Protein samples mixed with an equal volume of lngdiuffer were denatured at ‘@5

for 6 mins. Samples were electrophoresed at 3®\gpl for approximately 30 mins
until the loading dye at the bottom of the gel. otBins were made visualised by

staining with Coomassie Blue R250.

2.12 Testing the solubility of overproduced recombinant

proteins

To determine if the overproduced recombinant pnsteiere soluble, cell pellets from 1
ml of inducedE. coli cultures were resuspended in 1 ml of each buffee (section
2.3.4). The cell suspensions were disrupted byl bursts (6 x 15 secs) of
sonication (amplitude h) in an ice/ water mix. After centrifugation of 000 x g for
10 mins at room temperature, the soluble fractweee transferred to fresh tubes and
the insoluble materials was resuspended in [ 30fH,O. Both soluble and insoluble
fractions were analysed by SDS-PAGE electrophotesiacilitate the determination of

the recombinant protein solubility.
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2.13 Preparation of cell free extracts of A.nidulans

Cell free extracts were obtained from 0.5 g of émzanycelium (more mycelia were
required for protease purification as stated oubllowing chapters), by grinding to a
fine powder in a mortar pre-cooled with liquid ogen. The powder was then
resuspended in 2 ml extraction buffer (0.1 M TriGtpH 7.5, 1 mM DTT), and gently
shaken on ice for a minimum of 60 mins. Cellulagbs was removed by
centrifugation at 10,000 x g for 10 mins x 2 & 4n 1.5 ml centrifuge tubes, the
supernatant was carefully transferred to freshdwe flash frozen in liquid nitrogen,

and stored at -80 until required for subsequent assays.

Large amounts of cell free extracts were obtainedlifging the same procedure. In
this case up to 100 g of ground mycelia were stime ice for 60 mins in volumes up to
500 ml extraction buffer. The soluble fraction wasovered by filtering the stirred
mycelial suspension through muslin cloth and subsetly centrifuging the filtered

suspension at 10,000 x g for 42 mins ‘at.4

2.14 Determination of protein concentration (Lowry

Assay)

Protein concentrations were determined using thiaadeof Lowry (Lowry et al., 1951).
The volume of 1 ml of solution mixture (1 A: 4 Baw added per protein sample to be
quantified. Typically, samples were measured iplidate with 5ul and 10ul of each
diluted to 200ul with de-ionised water in order to confirm dosgeledency. A series

of BSA standards (0-20@g mi™*) were used to produce a standard curve. After 15

mins incubation at room temperature, 1000f freshly diluted acid solution of Folin
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Ciocalteu’s phenol reagent (adding 1.3 volumes ol IHCI) was added and the
samples were incubated at room temperature for iB8. m Protein concentration was

determined at 495 nm against a protein free blank.

2.15 Proteolysis assay

This assay was used to detect the presence ofagesten cell freé\. nidulans extracts
using recombinant NmrA as the substrate. After pinetein concentration been
determined by Lowry assay, (g cell free extracts were incubated withu@ NmrA
protein (0.4ug pl™) at a final volume of 1@l in 50 mM potassium phosphate, pH 7.2, 1
mM DTT buffer at 25C for 30 mins and the proteolysis products were analysed
SDS-PAGE using 10% or 15% separating gels. Toyaaathromatographically
separated protease activities, dlOfractions were incubated with &g NmrA (0.4ug

ul™y at 25C for 30 mins at a final volume of 18. Extended incubation up to 6 hours

was necessary to investigate the inherent resistainldmrA to extensive proteolysis.

2.16 Casein Assay for proteolysis

This procedure was based on protocol of E6@&3&Check Protease Assay kit
(Invitrogen). All the regents were stored at ©20and prepared on ice for the assay

while the measurements were carried at room teryera The stock solution of the
BODIPY FL casein was prepared at the concentratfohO mg mf* by adding 0.2 ml
PBS directly to the vial containing 0.2 mg lyopsdd substrate and stored in the dark.
To check for dose dependencyudp and 10ug of each sample were tested individually
with 10 ul stock solution of casein, at a final volume ofnl with 50 mM potassium

phosphate, pH 7.2, 1 mM DTT buffer for dose depange After thorough mixing,
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the change in fluorescence was read by Varian &lifjuorescence Spectrophotometer.
One unit of protease activity was defined as ar8acence change of 100 units per
minute. The programme was set up as 505/513 rewadfation/emission maxima and
collected readings every minute from O to 10 minReactions were considered to be
dose-dependent if the error in the rates of chamgbe two concentrations of protease

tested was less than 15%.

2.17 Protein purification

The protein purification was performed by a combora of low pressure
chromatography and FPLC. The basic procedure idlow solution containing
proteins on different chromatographic columns. fd@dnt proteins interact with
different column matrix or have different bindinffimity and thus can be separated by
the different time of passing through the columreloted from the column by different

conditions.

2.17.1 | solation of proteases PNM 1A and PNM 1B

The amounts of 25 g of frozen mycelia grown at’37n minimal media containing 10

mM ammonium and subsequently transferred to nitvdgee media for 4 hours, was
ground to a fine powder in liquid nitrogen for céilee extraction. The cell free
extracts were filtered through a 0.4M Whatman Filter and chromatographed on a 5
ml HiTrap DEAE FF column in conjunction with an AKRTEXxplorer chromatography
station (GE Healthcare). A 20 column volume 0.@4¥ NaCl gradient in Buffer 1
was used to elute bound proteins in 2 ml fractiafisr a 20 column volume wash.
The column flow through and wash was collected & #®l fractions.

Protease-containing fractions were identified bgteolysis assay with NmrA protein
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and SDS-PAGE electrophoresis. Appropriate pooidaning the proteases PNM1A
and PNM1B were air-pressured or using vivaspin eotrator to concentrate 50-fold
and further chromatographed on a Superdex 200 HRO1€lumn (GE Healthcare)
eluted in Buffer 2 and collected 0.5 ml fraction®fter identification by proteolysis
assay and SDS-PAGE electrophoresis, fractions comggPNM1A and PNM1B were

pooled individually and stored at -20 for further experiments.

Trichloroacetic acid (TCA) precipitation was usedcationally for further protein
concentration when the volumes of the protein gmhstwere too small for air-pressure
concentration or vivaspin concentration: After 0\@3umes of 100% (w/v) TCA had
been added, the protein solution was incubatedCafat 10 mins. The protein pellets
from the subsequent centrifugation of 10,000 x glf® mins were then washed with
fresh acetone repeatedly for 3 times. The findlef®e were air-dried and then

dissolved into protein buffers for further experimse

2.17.2 Purification of AreA Zf fragment

E. coli strain BL21 Al containing plasmid pMUT146 was grown LB media
containing 100ug mg* ampicillin at 30C until an attenuance at 550 nm of 0.8. At
this point the cultures were made up to 0.2% (wfapinose and incubated for a further
5 hours at which point the cells were harvesteddntrifugation at 10,000 x g for 10
mins. The amounts of 25 g of cells were resuspn&00 ml Buffer 4 containing 1
mM benzamidine. After sonication (amplitude {@)5for 20 mins, the cell free extracts
were prepared by centrifugation of 10,000 x g farmins at 4. An immobilised
metal chelating Sepharose column that had beemetiarith zinc binding capability

was equilibrated with Buffer 4 for soluble proteinisding. The column was washed
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with 500 ml Buffer 4, followed by elution with a®3.0 M imidazole gradient and 5 ml
fractions collection. The AreA-containing fract®mwere identified by SDS-PAGE
and pooled appropriately. This pool of proteinatamed some precipitate which was
removed by centrifugation of 10,000 x g for 15 mats4C. The supernatant was
subsequently dialysed overnight against 3 x 5 Lf@ud, filtered through a 0.4pM

filter and stored at -8Q.

2.17.3 Purification of Nmr A protein

The NmrA protein was prepared as described prelidqischols et al., 2001). E. coli
strain BL21 DE3 containing plasmid pTR121 was grawhB media with addition of
0.1 mg m@ ampicillin at 30C until an attenuance at 550 nm of 0.8, following-hour
induction with 0.2 mg mt IPTG before harvest. The amounts of 25 g of cebise
resuspended in 500 ml Buffer 4 containing 1 mM laemgine. After sonication
(amplitude 15u) for 20 mins, the cell free extracts were prepdrgatentrifugation of
10,000 x g for 42 mins at’@. The soluble proteins were separated by the DEAE
Sephacel column with elution of 0.0-1.0 M NaCl gesd in Buffer 4 by collecting 10
ml fractions. NmrA-containing fractions were idiéied by SDS-PAGE and pooled
for subsequent ammonium sulphate (AmBi@actionation. AmSQ@was slowly added

to the collected pool until the final concentratimas 50% (w/v) saturation and, after
thoroughly stirring on ice for further 30 mins, thmellets were harvested by
centrifugation of 10,000 x g, for 42 mins é€4 The pellets were then redissolvéad
200 ml Buffer 4 containing 1 M AmSQand applied to a phenyl Sepharose column
equilibrated in Buffer 4 containing 1 M AmQO Following a 500 ml wash with

Buffer 4 containing 1 M AmS@pthe proteins were eluted by 1 L Buffer 4 with rzefar
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gradient of 1.0-0.0 M AmSgcollecting 10 ml fractions. Appropriate fractions
identified by SDS-PAGE were pooled appropriateld dmlysed overnight against 3 x
5 L Buffer 4. The dialysed protein was then applie a hydroxyapatite column
equilibrated in Buffer 4. Following a wash with®énl of Buffer 4 the column flow
through was analysed by SDS-PAGE and appropriateANtantaining fractions were

pooled, filtered through a 0.48M filter and stored at -80.

2.17.4 Purification of NM 1B+C term of Nmr A protein

The proteolytic NM1B+C term was generated by digestull length NmrA with
purified PNM1B in the presence of 0.5 mM NADn Buffer 4 at 25C .

Approximately 100 mg of recombinant NmrA was digelstvith 4 ml purified PNM1B
(active pool collected from fractions after Superd@elumn) at 28 for 1-2 hours in

the presence of 0.5 mM NAD The extent of proteolysis was monitored by
SDS-PAGE and when no less than 95% NmrA had beevected into NM1B, further
digestion was inhibited by the addition of benzanmedo final concentration of 10 mM.
The proteolysis products were then loaded on to [@ARI 10.100 GL FPLC column.
Subsequently the MONO Q column was washed withl@ao volumes of Buffer 4 to
remove the benzamidine, and the digested NmrA wparated from the PNM1B by
elution with a 20 column volume 0.0-1.0 M NaCl gead at the rate of 3 ml mirand
collected 2 ml fractions. After suitable fractiomad been pooled, NaCl was removed
by dialysis against Buffer 4 and typically yieldepproximately 25 mg of the
proteolytic fragment of NM1B+C. Proteins werediid through a 0.4%pM filter and

stored at &~ for further experiments.
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2.18 Protein measurements

Measurements of the optical densities of proteireweade using a Shimadzu 1601
double beam UV visible range spectrophotometer.esé&lvalues were expressed in
terms of absorbance at wavelength of 280 nm detearom a scan of 240-400 nm.
Protein concentrations were subsequently deternfioed their theoretical calculated
molecular absorption coefficients calculated byWeetor NTI Suite of programmes

(Informax, Inc.).

2.19 Urea gradient protein refolding

In order to solubilise the insoluble recombinaritpins, 6.0 M urea was added to the
sonication buffer (50 mM potassium phosphate pHY.8)M DTT). This resulted in
unfolding of the recombinant protein and refoldimgs attempted by the slow removal

of the urea by dialysis.

The amounts of 50 g cells overproducing the recoantii protein of interest were
thoroughly sonicated (amplitude 1o in 1L Buffer 4 for 20 mins. After the
centrifugation of 10,000 x g for 42 mins at4the supernatant was discarded. The
pellet was washed twice in Buffer 4 and then resndpd into 200 ml Buffer 4 with 6
M urea. With high concentration of urea, the inbb¢ protein is unfolded thus
transferred into soluble portion. Following a seta@entrifugation step at 10,000 x g
for 42 mins at ", the unfolded protein containing supernatant wakysed into 5 L of
Buffer 4 in which the concentration of urea wasuestl from 6.0-0.0 M in 0.5 M

reduction per step. Each dialysis step took atl@&ad hours. After the final dialysis
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step, the solution was passed through a 0.45 pter &ihd increasing loadings of the

soluble protein analysed by SDS-PAGE using a 108ars¢ing gel.

2.20 Western blotting

The method of western blotting involves the transfieproteins from the SDS-PAGE
gel to nitrocellulose, which can then be probedhvantibodies specific to particular

amino acid sequences (Burnette, 1981).

Following SDS-PAGE, the separating gel was equtiéd by immersion in 2 x 100 ml

pre-chilled transfer buffer at'@ for 30 mins. Two sheets of Bio-RAD extra thick

blotting paper were placed in transfer buffer fériiins. One filter pad was placed on
the anode plate of the Geneflow transblotter semiitler cell. A wet filter paper, the
nitrocellulose membrane, SDS-PAGE gel and a sepoeck of wet filter paper were
sequentially placed to form a sandwich. Air bubhlere excluded by rolling a glass
rod across the sandwich, and then the cathode plasethen placed on top. The
proteins were blotted onto the nitrocellulose byning 15 V through the sandwich for

70 mins.

After blotting, the nitrocellulose membrane wascpldin 20 ml blocking buffer (PBS +
0.1% (v/iv) Tween 20 + 10% (w/v) skimmed milk) amgtubated for 2 hours at room
temperature on an orbital shaker or 16 hours stgnslill at 4C. This resulted in all

non-specific binding sites of the antibody beingdiled with irrelevant proteins. The
nitrocellulose membrane was then washed 3 timds 2@tml wash buffer (PBS + 0.5%

(v/v) Tween 20) to remove residual traces of tleekihg buffer.
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The western blot was probed in 2 stages: firstrimubating the membrane with an
unlabelled primary antibody specific to the targebtein, for 1 hour at room
temperature on an orbital shaker. The primarybadi was diluted in 10 ml PBS +
0.1% (v/v) Tween 20 + 5% (w/v) skimmed milk. Nopesifically bound antibody
was then washed off by 100 ml wash buffer for 1%anfor three times at room
temperature. Then, the HRP labelled secondarpa@ahi was diluted in 8 ml PBS +
0.1% (v/v) Tween 20+ 5% (w/v) skimmed milk, andubated with the membrane for 1
hour at room temperature on an orbital shaker. rémbrane was then washed three

times with 100 ml wash buffer for 15 mins at roe@mperature.

The antigen-antibody-antibody complexes on theooélulose membrane were then
detected by ECL Western blotting detection analggstem (GE Healthcare). After
the extra solution was drained from the membrangidspe, it was placed on Saran
Wrap with the protein side up. Equal volumes dedeon solution 1 and 2 were used
for a final volume of 4 ml mixture required to cobe membrane. After incubation
for 1 min at room temperature, the extra detectieagent was removed from the
membrane by tissue. The membrane was then wrappedeen two sheets of
cellulose acetate and the air bubbles smoothed dute wrapped blot was then placed
protein side up in an X-ray film cassette. ThetbMas developed after 3 mins

exposure time.

2.21 Antibodies

The anti-NmrA antibody and anti-Type Il-dehydrocases antibody, gifts from
Professor Hawkins, was raised from rabbits underdsird protocols (Harlow and Lane,

1988) and purified and affinity tested in advandehfison, 2008). The anti-NmrA
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antibody was used at 1:1600 dilutions and the H&delled secondary antibody was
used at 1:2000 dilutions. The anti-Type ll-dehypioases antibody was used at

1.6400 dilutions and the HRP labelled secondaripady was used at 1:1000 dilutions.

2.22 Edman sequencing

Proteins separated by SDS-PAGE gels were electtetll¢150 mA for 60 mins) onto
PVDF membranes with 10 mM CAPS, pH 11.0 buffer [@lyexlyamino—1-
propanesulphonic acid) containing 10% (v/v) methan®embranes were then stained
with Coomassie Blue R250 and the bands were exémsdd-terminal Edaman protein
sequencing using an LF3000 sequencer (Beckman)torfaied Edman sequencing

was carried by Joe Gray in the Pinnacle proteofaiosty.

2.23 Protein extraction for mass spectrometry

De-stained gel bands were diced into small pieabsyt 1 mrf) and placed in a 0.2 ml
tube. A solution consisting of 50% (v/v) hexaflo&z-propanol (HFIP), 20% (v/v)
formic acid (aq) was added to cover the gel sli@sund 50ul). Extraction was
performed for 2 hours at room temperature befoeesiipernatant was removed to a
clean 0.2 ml tube and reduced to lldn vacuo before being subjected to LC/ MS or
MALDI analysis. These procedures were carried loyptJoe Gray in the Pinnacle

proteomics facility.

2.24 MALDI-TOF Mass spectrometry

MALDI-TOF analysis was performed using a Voyager-BER MALDI-TOF mass
spectrometer (Biosystems). The instrument wasabgerin linear mode for whole

protein analysis and in reflectron mode for peptitigests. Monoisotopic peptide
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mass fingerprints were generated and average protasses (MW) assigned using
Data Explorer software (Biosystems). For wholetg@ro mass measurements four
sequential 0.5ul aliquots of intact protein extract were dried @ra target plate
pre-spotted with 1ul of sinapinic acid matrix solution (10 mg ™in 50% (v/v)
acetonitrile, 0.1% (v/v) trifluoroacetic acid (#. The tryptic digest data was analysed
by two independent means, Mascot identity databaaeching and BLAST homology
searching ofde novo generated sequences in conjunction with the pnogdaNovoX.
The de novo sequencing of peptides was attempted from theifMBSspectra without
prior reference to any database. The output &f pinocess was manually inspected
and the best 25-30 peptide MS/MS sequences weracted to a list for BLAST
homology searching in both directions using the sSvidrot database. These

procedures were carried out by Joe Gray in thedeiemroteomics facility.

2.25 Whole protein LC/MS

The 10ul protein extract was diluted to %0 using 0.1% (v/v) formic acid (aq) and the
acidified protein solution loaded onto a home-madap column (approximate
dimensions: 2 mm long x 1 mm diameter) packed @itl8 sorbent (3 M Empore, 60 A
pore, 12u particle size). Loading was performed using tyrenge pump of the mass
spectrometer at 10l min®. The loaded trap column was then flushed with 00
0.1% (v/v) formic acid to remove non-bound materiaFor elextrospray protein
analysis the trap was switched in-line with thewflef an HPLC (Agilent 1100)
pumping at 10Qul min™ and flow-split to produce a trap column flow of ;:lein‘l.
Buffer A contained 0.1% (v/v) formic acid (aq) andffer B was acetonitrile with 0.1%
(v/v) formic acid. A linear elution gradient frod?o to 64% of buffer B in 22 mins

was used to elute the bound protein from the Crag.t The flow from the column
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was coupled to an “lon Max” ion source (ThermoHiec} and sprayed directly into an
LTQ-FT mass spectrometer (ThermoElectron). LC/Mffadvas collected using the
FTMS analyser in full scan and normal mass rangdenat a resolution of 200,000 (at
m/z = 400). The mass spectrometer collected data §cans over the mass ranger
m/z = 300-2000. Mass spectrum plots and speceabmolution were generated
using the QualBrowser program (ThermoElectron).otétn spectra were deconvoluted
to determine the average molecular mass of theiprassuming “averagine” (0.2678%
sulphur) composition. These procedures were choug by Joe Gray in the Pinnacle

proteomics facility.
Biophysical techniques

2.26 Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry is a non-destruetiand non-invasive (label-free)
technique that can be used to give a direct meadute Ky and additionally provides
information on the enthalpyAf) and stoichiometry (n) of ligand binding (Freetal.,
1990). Inthese ITC experiments one protein sofuis placed in a reaction vessel and
a second protein is titrated in from a syringe sthdonstantly stirring the mixture.
Any heat absorbed (endothermic reaction) or retbgexothermic reaction) when
ligand binds to the protein is measured directlgtandard Gibbs free energyy) and
entropy AS,) of ligand binding are subsequently calculatedmfrohe following

equations:

AGo=-RT. Ln K, = +RT. Ln Kb=AH -T. A&
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ITC experiments were performed at ‘@5using a high precision VP-ITC system

(Microcal). Proteins were dialysed into 50 mM ssiam phosphate pH 7.2, 1 mM
DTT, and the concentrations of the reagents useterinjector and cell are shown in
the legends of Fig 6.9 and Fig 6.10. The heatvedbfollowing each 1@l injection
was obtained from the integral of the calorimesignal. The heat due to the binding
reaction was obtained as the difference between hibat of reaction and the
corresponding heat of dilution. Analysis of dataswperformed by Microcal Origin

software.

2.27 Circular dichroism (CD) spectroscopy

The Circular dichroism (CD) is the difference ire thbsorption of left-handed circularly

polarised light (L-CPL) and right-handed circulaplglarised light (R-CPL).
Circular dichroism AA(A) = A(A)LcpL — A(Mrcp, Wherel is the wavelength

The Circular dichroism spectroscopy is used to mmeathe CD of molecules over a
range of wavelengths, commonly for the investigatad the secondary structure of

proteins (Rodger and Norden, 1997).

The far-UV CD spectrum of NM1B+C term was recordedm an average of 5
accumulative scans at room temperature from 25485 nm using a Jasco J-810
spectropolarimeter and cuvettes with a 0.01 mm pegth. Samples of NM1B+C
term were used at concentration of approximately .M in 50 mM potassium

phosphate pH 7.2, 1 mM DTT.
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2.28 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a teajue for direct measurement of heat
changes in biomolecules during temperature increasiecrease (Watson et al., 1964).
The protein molecules in solution are in equiliomilbetween the native (folded)

conformation and its denatured (unfolded) statehe DSC measures the enthalpy|

of protein unfolding due to heat denaturation. Thigher the thermal transition

midpoint, when 50% of the protein molecules areolddd, the more stable the
molecules. The change in heat capacAZg) for denaturation is primarily due to

changes in hydration of side chains that were Humethe native state, but become

solvent exposed in the denatured state.

The DSC experiments were performed using MicrodalDSC instruments from 25
to 70C at the rate of 90 per hour. Proteins were dialysed into 50 mM p&itas

phosphate pH 7.2, 1 mM DTT buffer at a concentratad 20 uM. The DSC
experiments were repreated with addition of 3 mMINAunder the same identical
conditions. Analysis was performed using the neo-state model with the Microcal

Origin software.
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2.29 Strain and plasmids used

Strainsused in thiswork

E. coli strain

Genotype

Source or reference

HB101

F-, thi-1, hsdS20 (g'mg), SupE44,
recAl3, ara- 14,leuB6, proA2, lacY1,
galK2, rpsL20 (stf), xyl-5, mtl-1

Promega

BL21-Al

F-, ompT, hsdS (rg’mg’), galdcm,
areB:: TTRNAP-tetA

Invitrogen

BL21 (DE3)

F-, ompT, hsdS (rs'mg),
(DE3J)

galdcm

Novagen

BL21-Codon*-RIL

E.coli B F-, ompT, hsdS (s'mg),
dcm+, Tetr, gal, A(DE3), endA,
Hte[argU proL Camr],fareU ileY leuwW
Strep/Specr]

Stratagene

BL21 (DE3) pLysS

F-, ompT, hsdS (rs'mg),
gal M(DE3), pLysS, Crh

decm,

Promega

Origami 2

A(ara-leu)7697 AlacX74,AphoA, Pwu
Il, phoR, araD139,ahpC, ale, galK,
rpsL, F[lac” lacl? pro], gor522:
Tn10, trxB (Stf¥, Tef)

Novagen

Origami 2 (DES3)

A(ara-leu)7697 AlacX74,AphoA, Pwu
Il, phoR, araD139,ahpC, ale, galK,
rpsL, F[lac® lacl® pro] (DE3),
gor522::Tn10, trxB (St Tef)

Novagen

TOP10

F- mcrA,  A(mrr-hsdRMS-mcrBC),
®80acZAM15, AlacX74, recAl,
araD139,A(ara-leu)7697,galU, galK,
rpsL (StrY), endAl, nupG

Invitrogen

A. nidulans strain Genotype Sour ce of reference

R153 wa3 pyroA4d (Roberts, 1963)

R21 ya2 pabaAl (Roberts, 1963)

NKRB3-2 AareA ya2 pyroAd Provided by Davis M.
riboB2:: ribo”

MHB8935 AnnmrAya2 pyroA4 bleoR | Provided by Davis M.
lacZ amdS’

JK 2050 bio™ ribo” Provided by Kinghorn J.

AJC100 paba Provided by Kinghorn J.
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Plasmids used in thiswork

Plasmid

Description

Sourceor reference

pILJI16

pUCS8 derivative carrying
theA. nidulans argB gene

(Johnston et al., 1985)

pTR121

Recombinant pTrc 99a
containing a cDNA copy
of the entire
protein-coding region of
thennrA gene fromA.
nidulans strain R 153.

(Cocklin, 2001)

pMUT 146

pPET3 with the coding

region ofareA for residues
662-727 followed by 6 His
tag inserted

Blue Heron

pNUFC344

pUC18 carrying thé\.
nidulans argB gene and
nmrA gene constructed
between thgutE promoter
and terminator

(Dodds, 2000)

pMUT 242

pPET3 with the coding
region ofnmrA for
residues 1-283 inserted

Blue Heron

pMUT 248

pPET3 with the coding
region of AN2366.2 for
residues 1-249 inserted

Blue Heron

pMUT 249

pPET3 with the coding
region of AN2366.2 for
residues 20-249 inserted

Blue Heron

pCR4-TOPO

Plasmid vector has a sing
3’ thymidint (T) for PCR

products cloning

lénvitrogen
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Chapter 3 NmrA overproduction is
correlated with an inhibited growth
phenotype

3.1 Introduction

As described in Chapter 1, the signal transducti@thway mediating nitrogen
metabolite repression is complex and operates girau range of mechanisms that
include the control of transcription and post-ttatisnal modulation. For example,
the production ofireA-specific mMRNA is partly under the control of theeA protein
and the stability of thareA-specific message is dependent on the nitrogeunsstdtthe
growth medium. The 12 C-terminal residues of Arpstein are essential for its
transcriptional activation function, and the stiéypibf areA-specific mMRNA is mediated
through its 3’-untranslated region. The half-ldEareA-mRNA is approximately six
times longer in mycelium grown under nitrogen deesping conditions (that is utilising
the secondary nitrogen sources such as nitrate) tepressing conditions (that is
utilising preferred nitrogen source ammonium) (Pédtal., 1996). AreA was the first
GATA factor discovered to be directly involved immromatin remodelling, and its
binding to the essential GATA site 5’ of linketiA andniaD genes is responsible for

drastic nucleosomal rearrangements (Muro-Pastalr,e1999).

The transcription activating function of AreA isgtdranslationally modulated through
an interaction with the repressor protein NmrA. weger, the molecular mechanism
whereby NmrA exerts its repressing function on Ar@As unclear at the time this

research started.In vitro andin vivo work showed that th&lmrA homologue inN.
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crassa, Nmrl, specifically bound to two distinct regioofsthe AreA homologue Nit2 to
prevent the binding of Nit2 to DNA. Full length Ninprotein was fused to the GAL4
DNA-binding domain and the entire Nit2 protein wased to the GAL4 activation
domain (Xiao et al., 1995). Expression of thesestwicts in yeast activated
B-galactosidase production indicating that Nmrl atP were interactingin vivo.
These experiments were extended by screening feractions between Nmrl and
fragments of Nit2. Only fragments of Nit2 begingiat the zinc finger and extending
to the C-terminus showed a strong positive resulthis assay, however, the data
implied that the extreme C-terminal region of Niking the zinc finger region) could
interact with Nmrl. These results were subsequemé&cked byn vitro experiments
in which various segments of Nit2 were tested feraction with fragments of Nmr1.
In this analysis the GST- or His 6-fusions of theginents of Nmrl and Nit2 were used
in conjunction with glutathione-agarose to screampirotein-protein interactions. The
results of these experiments were consistent \Wwethyeast two-hybrid experiments and
confirmed that the zinc finger region of Nit2 wasolved in the interaction with Nmr1.
However, the interaction between Nmrl and the ex¢r€-terminal region of Nit2 was
not detected in these experiments. N-terminallfetdd Nmrl-GST fusions and
fragments of Nit2 containing the zinc finger regiovere purified and used in
combination in electrophoretic mobility shift assafEMSA). In these EMSA the
fragments of Nmrl appeared to prevent the bindifigthe Nit2 fragments to
GATA-containing DNA. These results contrasted wigisults obtained witin vitro
experiments using the NmrA and AreA proteins frofn nidulans. In these
experiments full length non-fusion NmrA was used@amjunction with an N-terminally
His 6-tagged fragment of AreA that started at time finger region and extended to the

C-terminus. The interaction between these protaim$ a GATA-containing double
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stranded oligonucleotide were analysed by Isothktiration calorimetry (ITC) and
fluorescence polarisation (FP) experiments. TH&&eand FP experiments showed
that the zinc finger-containing C-terminal fragmehtreA bound to full length NmrA
with a 1:1 stoichiometry, thereby implying a sindgending site. Furthermore, the
C-terminal AreA fragment was able to bind to the T®containing motif in the
presence of an excess of NmrA (Lamb et al., 200Fhese results indicate that NmrA
may not exert its repressing function by directtgyenting AreA binding to DNA, but

in an indirect way, such as regulating AreA’s enirtp the nucleus.

Given these contrasting conclusions from the tws & experiments, the effect of
overproducing the NmrA proteinn vivo was investigated. The transcription
stimulating function of AreA is predicted to be ibibed by overproduction of Nmrin
vivo thereby causing a phenotype similar to that ofagef\ deletion strain. This is
because elevated levels of NmrA are predicted &p the pool of AreA in the

transcriptionally inactive binary complex.
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3.2 Growth phenotype of wild type and NmrA
over-producing transformants in the presence of the

preferred nitrogen source ammonium

In order to test the hypothesis that NmrA bindingAreA inhibits AreA activation,
NmrA over-producing transformants were constructethe wild typenmrA gene was
placed under the control of the quinate-inducigi#E promoter and terminator and
subcloned into a plasmid harbouring @rgB gene, the final plasmid was designated
PNUFC344 and the details of its construction haenbdescribed previously (Johnson,
2008). Two NmrA wild type strains AJC100 and JKQOSvere chosen for
transformation to check for any effects of diffeses between genetic backgrounds.
Empty plasmid plLJ16, which lacks timerA gene but carries thexgB gene was used
to generate control transformants. The advantdgeraducing transformants using
pPNUFC344 is that it allows over-expression of tleehologousinrA in a controlled
manner that is independent of the signals mediatitigpgen metabolite repression.
The disadvantage of using this plasmid is thatsfiamants are generated by random
integration into the host genome; raising the pmkiyi that integration into genes
controlling nitrogen metabolite repression may eccitHowever, as transcription of the
heterologousinrA gene can be effectively switched off by growingtbe catabolite
repressing carbon source glucose, suitable transfiis can be identified by their
wild-type nitrogen metabolite repression growthpmasse when growing on secondary

nitrogen sources in the presence of glucose.

Transformants were selected for their ability tovgron AMM plates lacking arginine
and using glucose as carbon source and ammoniumiteEgen source. After

purification from single spores, the growth phepety of transformants on AMM
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supplemented with glucose and the secondary nitrggerce nitrate were determined.
This work was previously carried by Christopher ikdn as part of his PhD thesis
(Johnson, 2008). From all the transformants tested that showed a wild-type

phenotype when growing on primary or secondarypgén sources with glucose as the

carbon source were chosen for further analysis.

The ten transformants, two controls from both sgdi.e. transformed with plLJ16), a
nmrA deletion strain and aareA deletion strain (NKRB3-2) were tested for their
growth phenotypes on AMM supplemented with différearbon source combinations.
The carbon source combinations used were glucdsengdy catabolite repressing;
transcription from thegutE minimal in the absence of quinate), glucose andate
(strongly catabolite repressing, transcription frifraqutE promoter maximal), glycerol
(less strongly catabolite repressing; transcriptrom thequtE promoter minimal in the
absence of quinate), glycerol and quinate (lesengly catabolite respressing,
transcription from thgutE promoter maximal) and quinate (transcription frilvaqutE

promoter maximal).

Spores were grown at 37 for 48 hours before scoring the phenotypes. When

ammonium was used as nitrogen source, all transfiotsnhad a phenotype similar to
the controls whether using glycerol, glucose ongte or two in combination as carbon
source. Typical results are shown in FigL3. These observations demonstrate that
these transformants are suitable for further amalg$ their growth phenotypes on
secondary nitrogen sources in the presence of guarad how this correlates with the

relative level NmrA overproduction.
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Fig 3. 1. Growth testswith 10 mM ammonium as the nitrogen sour ce.

Both glycerol and glucose were used at a final eotration of 0.4% (w/v). Quinate was used at a
final concentration of 0.1% (w/v). The carbon s@murcombinations are: glucose (strongly
catabolite repressing; transcription from tpe¢E minimal in the absence of quinate), glucose and
quinate (strongly catabolite repressing, transicnipfrom the qutE promoter maximal), glycerol
(less strongly catabolite repressing; transcripfrom thequtE promoter minimal in the absence of
quinate), glycerol and quinate (less strongly aalith respressing, transcription from tlgetE
promoter maximal) and quinate (transcription frame gutE promoter maximal). A = AJC100
control, B = AJC100 transformant 21, C = AJC10@s$farmant 20, D = AJC100 transformant 16, E
= nmrAA, F = AJC100 transformant 7, G = AJC100 transforin®h H = areX\, | = JK2050
transformant 7, J = JK2050 transformant 8, K = B®0ansformant 6, L = JK2050 transformant 10,
M = JK2050 transformant 12, N = JK2050 control.
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3.3 Growth phenotype of wild type and NmrA
over-producing transformants in the presence of

non-preferred nitrogen sources

The ability of transfomants and controls to grow ANM supplemented with the
secondary nitrogen sources nitrate or hypoxantimnehe presence of the carbon
sources described above was assessed and typscdisrare shown in Fig 3.2 and
Fig 3.3. As AreA is crucial to pathways for utiig non-preferred nitrogen sources,
the areA deletion strain failed to grow on any of the metkated. Growth of the
transformants was indistinguishable from that oldviype controls on plates lacking
qguinate. When growing with glucose or glycerolcasbon source transcription from
the qutE promoter will be minimal, whereas transcriptionnfr this promoter will be
maximal when growing with quinic acid as the sobrbon source. When using
guinate as carbon source, most transformants shomredited growth phenotypes
similar to that of theareA deletion strain, presumably as a result of ovenpctdn of
the heterologousmrA from thequtE promoter been activated. As thetE promoter
IS subject to carbon catabolite repression, theellesf heterologousnmrA gene
expression will remain low when using glucose anhate in combination and will be
at intermediate levels with glycerol and quinateambination. These varying levels
of transcription are predicted to produce concomitearying levels of NmrA that will
affect the growth phenotype. For example, AJCl@Mhsformant 16 and JK2050
transformant 7 in Fig 3.2 show an extreme inhibitggdwth phenotype producing a
minimal non-conidia colony when using quinate asbea source. The growth

phenotype is slightly less inhibited in the platéhwguinate and glycerol and much less

69



inhibited in the plate with quinate and glucosedewnced by the increased colony radius

and production of conidia.

These growth phenotypes support the hypothesisibasgenetic data that NmrA acts
as a repressain vivo. However, this interpretation requires that trensformants
showing the quinate-dependent growth inhibited phgre on secondary nitrogen

sources also have quinate-dependent elevated leividisirA.
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Glycerol / Nitrate / Quinate Glucose / Nitrate / Quinate

Fig 3. 2. Growth testswith 10 mM nitrate asthe nitrogen sour ce.

Both glycerol and glucose were used at a final eatration of 0.4% (w/v). Quinate was used at a
final concentration of 0.1% (w/v). The carbon s@murcombinations are: glucose (strongly
catabolite repressing; transcription from tpe¢E minimal in the absence of quinate), glucose and
quinate (strongly catabolite repressing, transicnipfrom the qutE promoter maximal), glycerol
(less strongly catabolite repressing; transcripfrom thequtE promoter minimal in the absence of
quinate), glycerol and quinate (less strongly aalith respressing, transcription from tlgetE
promoter maximal) and quinate (transcription frame gutE promoter maximal). A = AJC100
control, B = AJC100 transformant 21, C = AJC10@s$farmant 20, D = AJC100 transformant 16, E
= nmrAA, F = AJC100 transformant 7, G = AJC100 transforin®h H = areX\, | = JK2050
transformant 7, J = JK2050 transformant 8, K = B®0ansformant 6, L = JK2050 transformant 10,
M = JK2050 transformant 12, N = JK2050 control.
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Glycerol / Nitrate / Quinate Glucose / Nitrate / Quinate

Fig 3. 3: Growth testswith 1 mM hypoxanthine as the nitrogen sour ce.

Both glycerol and glucose were used at a final eatration of 0.4% (w/v). Quinate was used at a
final concentration of 0.1% (w/v). The carbon s@ucombinations are: glucose (strongly catabolite
repressing; transcription from thtE minimal in the absence of quinate), glucose anidage
(strongly catabolite repressing, transcription frdhe qutE promoter maximal), glycerol (less
strongly catabolite repressing; transcription fréme qutE promoter minimal in the absence of
quinate), glycerol and quinate (less strongly aalith respressing, transcription from tlgetE
promoter maximal) and quinate (transcription frdme qutE promoter maximal). A = AJC100
control, B = AJC100 transformant 21, C = AJC10Mhsfarmant 20, D = AJC100 transformant 16,
E= nmrAA, F = AJC 100 transformant 7, G = AJC100 transfarn®d, H= areX\, | = JK2050
transformant 7, J = JK2050 transformant 8, K = B®0ansformant 6, L = JK2050 transformant 10,
M = JK2050 transformant 12, N = JK2050 control.
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3.4 Increased levels of NmrA are correlated with an
inhibited growth phenotype on non-preferred nitrogen

sources

An NmrA-specific rabbit polyclonal antibody has yi@uisly been purified and used to
probe cell free extracts of wild-type and transfantstrains for their relative levels of
NmrA (Johnson, 2008). The relative levels of Nnpr&sent in cell free extracts of the
transformants and control strains grown in the gmes and absence of quinate were
determined by western blotting. Spores of wildetypontrol and potential NmrA

overproduction transformants were grown aiC37or 18-19 hours, using 0.4% (w/v)

glucose as carbon source and 10 mM ammonium asgeitr source to get healthy
mycelia. After washing with AMM lacking sources adrbon or nitrogen, the mycelia
were transferred into fresh media containing 10 mMtate, 0.1% (w/v) quinate
(inducing conditions), or 10 mM nitrate, 0.4% (wilucose (non-inducing conditions)
and grown for further 5 hours. Cell-free extragtsre prepared from harvested
mycelia using an extraction buffer (see Methoda} thcked the addition of a protease
inhibitor cocktail. These cell free extracts wersged for detecting NmrA expression
by western blotting. As a control to check formpte-dependent expression from the
endogenousgutE promoter, duplicate blots were probed with a ralbbitibody raised
against thequtE-encoded type ll-dehydroquinase Ahidulans. Probing for the type
[I-dehydroquinase also facilitated an assessmerth@fefficiency of protein transfer

during the blotting process.

To normalise loadings, Lowry assays were carrigdoauwcell free extracts to determine

their protein concentrations. A total of 50 pgobtein was loaded per well, alongside
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full range Rainbow Molecular Weight Markers witlmalecular weight range of 10-250
kDa. Western blotting analysis was carried outl@scribed in Methods using rabbit
anti-NmrA and anti-type Il dehydroquinase polyclbaatibodies (gifts from Alastair

Hawkins).

Typical western blots probed with rabbit antibodiagsed against NmrA or the type
[I-dehydroquinase are shown in Fig 3.4, where treé extracts from transformants
AJC100-16 (D in Fig 3.2) (strongly inhibited growphenotype with quinate as carbon
source) and AJC100-7 (F In Fig 3.2) (wild-type pbtgpe with quinate as carbon
source) are analysed alongside a wild-type comtir@in and ammrA deletion strain.
Cell extracts were prepared from mycelia grown wrabaditions where transcription
from thequtE promoter was minimal (glucose as carbon sourceadimal (quinate as
carbon source and probed for the presence of NmiAthe type ll-dehydroquinase
encoded by the genautE. Inspection of Fig 3.4 shows that the type
[I-dehydroquinase was present in all strains gromith quinate as carbon source,
thereby demonstrating that transcription from theE promoterin vivo had been
successfully stimulated. Fig 3.4 also shows thnathie duplicate blot probed with
anti-NmrA antibodies no NmrA could be detected he wild-type control aneshmrA
deletion strains implying that the levels of NmrA the wild-type are very low.
Similarly no immunoreactive species were seen ilh ftee extracts derived from
transformant AJC100-7 implying similar low level§ ImrA in vivo. However, a
series of strongly immunoreactive species were sedahe cell-free extracts derived
from transformant AJC100-16 (strong growth inhibitphenotype with quinate as
carbon source). The highest molecular weight (MdA)d migrates just above the 35
kDa marker consistent with the immunoreactive protbeing NmrA (predicted

molecular weight of 38.9 kDa). These observatishew that the growth inhibited
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phenotype of transformant AJC100-16 is correlateth wn vivo over-production of

NmrA.
M AIC100-16  AIC100-7 AIC100-contral  nmrd o
+ + + +

S0kDa ———=
35kDa ———» \\'nu'-‘x

s
25k0a ————»
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15KD8 ——1—»
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DHQase - -

Fig 3. 4: Western blotting of NmrA (upper panel) and type-11 DHQase (lower panel) of cell

free extracts prepared from NmrA over producing transfor mants under quinate inducing and

non inducing conditions.

Spores were grown at 87 for 18-19 hours, using 0.4% (w/v) glucose as carbaurce and 10 mM
ammonium as nitrogen source to get healthy mycelféter washing with AMM lacking sources of
carbon or nitrogen, the mycelia were transferraéd fresh media containing 10 mM nitrate, 0.1%
(w/v) quinate (inducing conditions), or 10 mM niea0.4% (w/v) glucose (non-inducing conditions)
and grown for a further 5 hours. M = Markers, sfanmant AJC100-16 (D in Fig 3.2),
transformant AJC100-7 (F in Fig 3.2), AJC100 cohtrarAA. +: quinate. -: no quinate. The

position of NmrA is indicated.
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The check for any differences that the genetic pamtknd may make on the extent of
quinate-dependent NmrA overproduction, two JK20&Mhgtformants (JK2050-10 and
-12) that displayed a quinate-dependent growthbitdd phenotype on secondary
nitrogen sources were analysed by western blotysisal As shown in Fig 3.5,
replicate cultures of transformants AJC100-16, B®02 and JK2050-10 were grown
in liquid minimal medium with either quinate or ghse as the as the carbon source.
Cell free extracts screened for the expressiorl EEEdmMrA by western blotting showed
that all three transformants showed substantiadajaitdependent over-produced NmrA.
This quinate-dependent NmrA overproduction coresdatwell with the quinate
dependent inhibited growth phenotype on seconddrggen sources. These results
suggest that the different genetic backgrounds alohave an observable effect on

NmrA overproductionn vivo and consequently on the growth phenotype.
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Fig 3. 5: Western blotting of NmrA (upper panel) and type-11 DHQase (lower panel) of cell

free extracts prepared from NmrA over producing transfor mants under quinate inducing and

non inducing conditions.

Spores were grown at 7 for 18-19 hours, using 0.4% (w/v) glucose as carbaurce and 10 mM
ammonium as nitrogen source to get healthy mycelféter washing with AMM lacking sources of
carbon or nitrogen, the mycelia were transferréd fresh media containing 10 mM nitrate, 0.1%
(w/v) quinate (inducing conditions) or 10 mM niga0.4% (w/v) glucose (non-inducing conditions)
and grown for a further 5 hours. M = Markergnsformant AJC100-16 (D in Fig 3.2),
transformant JK2050-12 (M in Fig 3.2), transformdk2050-10 (L in Fig 3.2). +: quinate. -: no
quinate. The position of NmrA is indicated.
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Chapter 4 NmrA issubject to proteolysis

4.1 A. nidulans produces a proteolytic activity that

digests NmrA into discrete fragments

An examination of Fig 3.4 and Fig 3.5 in chaptesh®ws that in cell free extracts of all
growth inhibited transformants the overproduced Anwas present as multiple
immnuoreactive bands that formed a reproducibletepat However, control
experiments analysing the type-ll DHQase showedevidence of quinate-inducible
multiple immunoreactive bands. These multiple Nmm#Anunoreactive bands could
be caused by a variety of reasons that includel@nub with producing or translating
full length nmrA-specific mRNA or proteolytic degradation of fulerigth NmrA
degradation. If the latter explanation is the ogathe multiple bands are produced this

would imply that NmrA has some sites that are hygesitive to proteolysis.

To initiate an analysis of the sensitivity of Nmté proteolysis, the wild-type strain
R21 was assayed for the presence of proteases psiifted NmrA as the substrate.
For thesein vitro investigation, R21 spores were initially grown wi0.4% (w/v)

glucose and 10 mM ammonium at‘@7for 18-19 hours to produce healthy mycelium

that was subsequently washed with AMM lacking carksnd nitrogen sources.
Following the wash, the mycelium was transferreid imew media containing 10 mM
nitrate, 0.4% (w/v) glucose (non-inducing condispand 10 mM nitrate, 0.1% (w/v)
guinate (inducing conditions). The purpose of gdine two carbon sources was to
determine if the mycelium produced the proteolwiitivity in response to the presence
of quinate. As the endogenous level of wild typarN in the cell free extracts was

too low for detection, purified NmrA protein (60 pgr well) was used as the substrate.
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Purified NmrA was incubated at 25 with the corresponding cell free extracts in the

presence and absence of a proteases inhibitoratb® ng per well). 12 pl samples
were withdrawn from the digestion mixtures at inés of 0, 15 mins, 30 mins, 45 mins,
60 mins, 90 mins, 120 mins and 180 mins and pretegparated by SDS-PAGE in

preparation for western blot analysis.

Typical western blotting results (Fig 4.1 and Fig)4show thatn vitro the degradation
of NmrA occurs when mixed with cell free extractaxgycelium grown in the presence
of quinate or glucose. Furthermore, the proteolydiegradation of NmrA was
inhibited by the addition of a protease inhibitaocktail. The type-ll DHQase
remained stable during incubation. These obsemsitshow that the production of the
proteolytic activity inA. nidulans mycelium is not quinate dependent. The majority o
NmrA protein was digested into two major smallegiments within 15 mins, implying

that NmrA has sites that are hypersensitive ttiesence of the proteolytic activity.
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Fig4. 1: Western blotting of Nmr A and type || DHQase incubated with cell extractsfrom

mycelia grown with quinate as the carbon source.

Upper panel: purified NmrA incubated with cell edts (no protease inhibitors). Middle panel:
purified NmrA incubated with cell extracts (proteamhibitors added). Lower panel: type-lIl

DHQase incubated with cell extracts (no proteadsbitors). M = Markers, Lanes 1-8 =

incubation for 0, 15 mins, 30 mins, 45 mins, 60 $N@®0 mins, 120 mins, 180 mins. The position
of NmrA is indicated.
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Nt

DHQase A — S S —————

Fig 4. 2: Western blotting of NmrA and type || DHQaseincubated with cell extractsfrom

mycelia grown with glucose as the carbon source.

Upper panel: purified NmrA incubated with cell edts (no protease inhibitors). Middle panel:
purified NmrA incubated with cell extracts (proteasinhibitors added). Lower panel: type-I|
DHQase incubated with cell extracts (no proteadsbitors). M = Markers, Lanes 1-8 =

incubation for 0, 15 mins, 30 mins, 45 mins, 60 sN@®0 mins, 120 mins, 180 mins. The position
of NmrA is indicated.
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4.2 Proteolysis assay development

The western blot assay used to detect the proieay®NmrA proved to be variable and
of limited use in comparing the relative levelspobteolytic activity in independently
prepared cell free extracts. To alleviate thisbpgm the level of NmrA in the assay
was increased from 60 ng to 2 pg so that the dayegtroducts of NmrA could be
visualised after separation by SDS-PAGE and stgifon protein with Coomassie Blue
R250. A typical acrylamide gel showing Coomassaéngd protein is shown in Fig

4.3. In this example multiple samples of 2 ug fieotiNmrA were incubated at 25

with 1 ug each of cell free extracts in 50 mM pstas phosphate buffer, pH 7.2 at a
final volume of 10 pl for time periods in the rang@ mins to 300 mins. This method

proved to be highly reproducible and was usedliawceeding proteolysis assays.

45KD

=]
WY —

N ——————

M 0 30mins B0mins 120mins 180mins 240mins 300mins

Fig 4. 3: NmrA proteolysisassay for cell free extracts of wild type R21.

The sample is the same as that shown in Fig 4.2iapdepared from the mycelium grown with
glucose as the carbon source. uglof cell free extracts were incubated at2%ith 2 ug purified
NmrA in 50 mM phosphate buffer, pH 7.2 at finalwole of 10ul for each sample running on the
gel. Time periods are ranged from 0, 30 mins, 6&n120 mins, 180 mins, 240 mins to 300 mins.
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4.3 pH changes are not correlated with protease

production

In order to determine the factor(s) affecting pase production withirA. nidulans

mycelium, several potential parameters were consitle It was unknown if protease
production was constitutive or if it was stimulated response to some metabolic
signal(s). Such signals could include the natdr¢he nitrogen source (primary or
secondary nitrogen source) or the concentrationthef nitrogen source. When
mycelium is actively growing the concentration aflwon and nitrogen sources will fall
and in a liquid fermentation the pH of the growthdium is likely to change as a result
of excretion of waste products and depletion ofdyu$alts during growth. Therefore
it was considered necessary to investigate if ataw for carbon source or nitrogen

source or pH change could act as the metaboli@Kg)rfor protease production.

The possible involvement of pH was investigatetiahy by determining the extent of
any pH changes associated with growth under thedatd conditions described in
methods. The amounts of 2 x®1§pores were initially grown at 37 in 200 ml
medium with 0.4% (w/v) glucose and 10 mM ammoniwmi9 hours. The pH of the
standard liquid AMM used in these experiments & @nd the pH at the end of the
19-hour fermentation at 37 was measured in replicate cultures. The results a
summarised in Table 4.1, inspection of which shtves the pH of the growth medium
changes from 6.6 to an average value of 8.16 4fiehours growth at 3¢ and the
average pH change is around 1.56. The effectisfgH change was investigated by
growing mycelium in standard medium at pH 6.6, émeh transferring 50% of the

mycelium into new medium at pH 6.6 and 50% intortiedium with its pH adjusted to
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correspond to the pH of the original growth mediatrthe end of the initial 19 hour
growth period. After the initial 19 hours growthet mycelia were washed with and
then transferred into the corresponding new medarma further 5 hours growth. This
experiment was carried out 5 times and in two caseadditional growth condition, at
pH 4.5, was included to eliminate the diffrencetMeen alkaline pH and acid pH (the
mycelia were equally divided and transferred imticeé new media with different pHs).
Cell free extracts prepared from the mycelia haeaafter final pH measurement were
assayed for the production of proteases using NawAhe substrate (see Table 4.1).
In all five data sets, no proteolytic activity wapparent in the mycelia that were
transferred into media that had their pH adjustechatch that at the end of the 19 hour
initial growth period. This observation impliesaththe gradual pH change of the
media caused by mycelia growth does not stimulaigepse production. The two sets
of cell free extracts showing proteolytic activityere derived form mycelia that had
been subject to an average pH shock of 1.6 unikkis raises the possibility that
sudden pH change associated with transfer to nediumemay stimulate protease
production. However, the highest pH change at W#d from se 3 which had no
apparent proteolytic activity. Additionally, afté® hours growth mycelia that been

transferred into media of widely differing pH frofn5 to 8.3 (as shown in 563 and
@), showed no apparent protease activity. In sumnthgse data show that that

exposure to gradual or sudden pH change is nofciassd with the production of

proteases.
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Averag

Set @® @ ® @ ®
e

Starting pH 6.6 6.6 6.6 6.6 6.6 6.6
pH after 19 hours 8.28 7.9 8.34 8.11 8.16 8.16
pH change after

1.68 1.3 1.74 1.51 1.56 1.56
19 hours
pH of new media 6.6 8.28 6.6 7.9 6.6 8.34 6.6 8/114.5 6.6 8.16 4.5
Final pH 6.14 7.1 6.18 6.9 6.08 701 6.13 7.09 4]96.08 7.07 5.03

N

Final pH change 0.46 1.1§ 0.4 1.0 0.52 123 0{47.021 0.45| 0.52 1.09 0.53

Proteolysis + - - - - - - _ _ n i N

Table4. 1: pH measurement of media of before beginning and after of growth mycelial growth.

Spores were grown at 3T for 19 hours and then transferred into media Biédint pH for a further 5 hours. Cell free extsaafter final growth were
screened by the NmrA proteolysis assay. +: pretaavity detected. -: protease activity not degd.
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4.4 Nitrogen limitation stimulates maximal protease

production

To determine if the nature (primary, secondary eutral) or the concentration of
nitrogen source in the growth medium affected @sg¢eproduction, ammonium, nitrate,
hypoxanthine and proline were screened in liquidiiom@ growth tests. R21 spores

were grown in AMM with 0.4% (w/v) glucose and 10 m&énmonium at 3T for

18-19 hours to produce mycelia. After washing wAMM lacking sources of

nitrogen and carbon, mycelia were transferred mea media containing 0.4% (w/v)
glucose as carbon source, and either 10 mM ammonildnmM nitrate, 10 mM

hypoxanthine or 10 mM proline as individual nitragsources for a further 5 hours
growth. Cell free extracts from all the harvestaycelia were then screened in the
NmrA proteolysis assay, and the results are shawihig 4.4. Inspection of Fig 4.4
shows that transfer of mycelia grown on ammoniuto iinesh medium containing a
primary nitrogen source (ammonium), a secondaryogén sources (nitrate, or
hypoxanthine) or a neutral nitrogen source (prgliak resulted in the production of
proteolytic activity. The presence of the protéighyactivity in all conditions implies

that production of the proteases is not dependerthe nature of the nitrogen source.
However, these experiments do not rule out the ipiiss that the mechanical

disruption associated with harvesting and transigrthe mycelia to fresh medium may
be the signal for protease production. To inveséighis possibility R21 spores were

grown at 37C for 19 hours in media with 10 mM ammonium or nigras nitrogen

sourceand then washed with and transferred into new edgriv media for a further 5

hours growth. Cell free extracts were preparednfieamples harvested before and

85



after transferring to fresh equivalent media aneeted for proteolytic activity. As
shown in Fig 4.5, proteolytic activity was presenall mycelium screened, confirming
the results in Fig 4.5 and showed that the proteobctivity was present in cell free
extracts prepared from mycelium before its transbenew medium. Except in the
unlikely event that protease production is instaetais, these observations imply that

the proteolytic activity was present in the mycediafter the initial 19 hours growth.

45KDa

29KDa

M Ammonium Nitrate Hypoxanthine Proline

Fig 4. 4: NmrA proteolysisassay for cell free extracts of mycelia after grown with ammonium
transferred into media with different nitrogen sour ces.
Mycelia (R21) were grown utilising 0.4% (w/v) gl and 10 mM ammonium for 19 hours at

37°C before transferring into new media with 10 mM amimen/ nitrate/ hypoxanthine/ proline for
a further 5 hours growth. g of cell free extracts were incubated with@purified NmrA protein
at 25C for 30 mins. The positions of 29 kDa and 45kDakmes are indicated.

N
2 e M

Fig 4. 5: NmrA proteolysisassay for cell free extracts of mycelia utilisng ammonium or nitrate

as nitrogen sour ce both before and after transferring.
Mycelia were grown utilising 0.4% (w/v) glucose ah@ mM ammonium/nitrate for 19 hours at

37°C before transferring into new equivalent media dofurther 5 hours growth. AH: mycelia
utilising ammonium before transferring. A: mycelitilising ammonium after transferring. NH:
mycelia utilising nitrate before transferring. Mycelia utilising nitrate after transferring. pdy of
cell free extracts were incubated withug purified NmrA protein at 28 for 30 mins. The
positions of 29 kDa and 45 kDa markers are inditate
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To test the hypothesis that nitrogen insufficiemagly be the signal that stimulates
proteolytic activity, R21 spores were grown atG37or 18-19 hours in minimal media

containing 5 mM, 10 mM, 20 mM or 40 mM ammoniumnitrate as nitrogen source,
and 0.4% (w/v) glucose was used as carbon souwkter this growth period cell free
extracts were screened for the production of pigtieoactivity using NmrA as the

substrate.

The extent of proteolysis varied as shown in Fif. 4.The protease activity was
consistently stimulated by growth in lower concatitm of nitrogen and consistently
absent in mycelia grown in high (40 mM) concentiasi of nitrogen. To further test
this apparent correlation, cell free extracts ofcelyym grown in minimal medium
containing 2.5 mM, 5 mM, 10 mM, 20 mM or 40 mM anmon were screened for
proteolytic activity using NmrA as the substrat&even data sets were analysed this
way and the data are summarised in Table 4.2. ettgm of Table 4.2 shows that in
all cases the production of proteases detectabte WmrA as the substrate was

associated with growth in the lower concentratiohsitrogen.
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M Smé 10mk 20mM 40mbd M St 10mibd - 20mi - 40miv
45KDa
45KDa a—- - - -
i — 29KDa v
2akDa
arimonium nitrate

Fig 4. 6: Proteolysis assay of the cell free extracts from mycelia growing with different
concentration of nitrogen sour ce.

Spores of wild type strain R21 were grown with 0.4%'v) glucose as carbon source and
ammonium tartrate/ sodium nitrate as nitrogen ssirat 5 mM, 10 mM, 20 mM and 40 mM
concentration. Mycelia were harvested after 19figuowth at 3 and 1ug of cell free extracts
were incubated with gg purified NmrA protein at 28 for 30 mins. The positions of 29 kDa and
45 kDa markers are indicated.

Nitrogen
2.5 mM 5mM 10 mM 20 mM 40 mM

source
Set
©) + + + + - Ammonium
® + + + + - Ammonium
©) + + + + - Ammonium
@ + + - - - Ammonium
® + - - - - Ammonium
® + - - - - Ammonium
@ + + - - - Nitrate

Table4. 2: Proteolysis assay for mycelia grown with different concentrations of nitrogen

source.

Spores of wild type strain R21were grown with 0.4Whv) glucose at 37C for 19 hours before
harvest, using 2.5 mM, 5 mM, 10 mM, 20 mM and 40 @&imonium or nitrate as nitrogen source.
1 ug cell free extracts were incubated witlu@ purified NmrA protein at 25C for 30 mins. +:
positive in NmrA digestion. - : negative in NmrAgeistion.
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These observations imply that the signal for pgearoduction is present in nitrogen
limiting conditions. To test this hypothesis difgccell free extracts were prepared

from mycelium grown at 37 for 19 hours in minimal medium with 40 mM

ammonium as nitrogen source and then transferre@intb incubated for 5 hours in
minimal medium lacking nitrogen. The results agtbxperiment are shown in Fig 4.7
where it can be seen that proteolytic activity rdyopresent in cell free extracts of
mycelium that have been starved of nitrogen. TDiiservation is consistent with the
interpretation that the signal for the productidrin@ proteases detected using NmrA as

the substrate is growth in nitrogen limiting oragen starvation conditions.

I Starved Sufficiency  Starved Sufficiency
45KDa
- ——
20KDa
Ammonium Mitrate T,

Fig 4. 7: Proteolysis assay of the cell free extracts from mycelia growing under nitrogen

sufficiency and nitrogen starvation conditions.

Spores of wild type strain R21 were grown with 0.4%v) glucose as carbon source and
ammonium / nitrate as nitrogen sources at 40 mido@en sufficiency conditions). Mycelia were
then transferred into minimal medium lacking nitag(nitrogen starved conditions) nitrogen
starvation condition for another 5 hours beforevbstr. 1ug cell free extracts were incubated with
2 ug purified NmrA protein at 2& for 30 mins. Purified NmrA was used as undigesimatrol.
The positions of 29 kDa and 45 kDa markers arecatdd.
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4.5 Protease production is independent of the carbon

source

The data in the preceding section show that exposunitrogen limiting conditions is
the likely cause of the production of proteasesaetd when using NmrA as the
substrate. Exposure to nitrogen limiting condisia@an come about by exhausting the
nitrogen supply due to mycelial growth, howevetthit is the case then it is likely that
the supply of carbon will also become limiting. Test the possibility that carbon
limitation may also influence the production of {gases detectable using NmrA as the
substrate, mycelium was grown under a range ofocadmd nitrogen regimes. R21

spores were grown at &7 for 18-19 hours under four conditions: Both carlzord

nitrogen limitation (0.1% (w/v) glucose, 2.5 mM amnium) ; carbon limitation (0.1%
(w/v) glucose, 40 mM ammonium); nitrogen limitatigd.4% (w/v) glucose, 2.5 mM
ammonium) and carbon and nitrogen sufficiency cios (0.4% (w/v) glucose, 40
mM ammonium). Cell free mycelial extracts wereagesl for protease production
using NmrA as the substrate and the results anersimoFig 4.8. Inspection of Fig 4.8
shows that under conditions of glucose limitationl @itrogen sufficiency the protease
assay was negative whereas under the control eomslibf glucose sufficiency and
nitrogen limitation the protease assay was positivEhese observations imply that
carbon limitation is not influencing the productiohproteases detectable using NmrA

as the substrate.
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45KDa
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0.1% 0.1% 0.4% 0.4% -
M 2.5mM 40mM 2.5mM 40mM {1

Fig 4. 8: Proteolysisassay for combination conditions of carbon and nitrogen limitations.
Spores of wild type strain R21 were grown with 0.084v) glucose, 2.5 mM ammonium; 0.1% (w/v)
glucose, 40 mM ammonium; 0.4% (w/v) glucose, 2.5 aritmonium; 0.4% (w/v) glucose, 40 mM

ammonium at 3T for 19 hours before harvest. pg Cell free extracts were incubated with@

purified NmrA protein at 2% for 30 mins. Purified NmrA was used as undigestatrol. The
positions of 29 kDa and 45 kDa markers are inditate
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4.6 Kinetics of protease production

In order to help characterise the induction kireet€ protease production, a casein assay
was adopted in addition to the assay using NmrAhassubstrate for measuring the
protease activity. The commercially available E®&@&hzCheck Protease Assay kit
was used for the fluorescent assay as the casémstrate is commonly used as a
non-specific protease substrate. The purpose ioigubhe casein substrate was to
facilitate a more sensitive and quantitative meaafrprotease activity. The casein
assay was set up as followsu$ and 10ug amounts of protein from cell free extracts
were incubated with 10g of the casein substrate in 50 mM phosphate huyifér7.2 at

a final volume of 1 ml at room temperature 2D Fluorescent readings were taken

every minute up to ten minutes and one unit of gasé¢ activity was defined as a

fluorescence change of 100 units per minute.

At first, in order to see how the sensitivity ofstltasein assay compared to the NmrA
proteolysis assay, 1Qg of protein from cell free extracts prepared fromycelium
grown in 2.5 mM ammonium/ nitrate (nitrogen limitat condition) and 40 mM
ammonium/ nitrate (nitrogen sufficiency conditiongre analysed in both proteolysis
assays. The NmrA proteolysis results were the sasndose shown in Fig 4.7, with
proteolysis present at low concentration of ammimnand absent at high concentration
of ammonium. The casein assay results in Fig dovsa similar pattern with protease
activity present in cell free extracts of myceliugnown in low concentrations of
ammonium and protease activity absent in myceliurowg at high ammonium
concentrations. One unit (U) of the protease dgtivas defined as 100 fluorescence

units (FUs) in one minute. The protease activitycell extracts from the mycelia
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grown with 2.5 mM ammonium was 12 U thgnd the protease activity of cell extracts
from the mycelia grown with 2.5 mM nitrate was @8ng*. A comparison of Fig 4.8
and Fig 4.9 shows that the casein assay and thé\iased proteolysis assays were

very similar and complemented each other in asgdginthe presence of proteases.

—u— {dug GA 2. 5m
—e— 10ug GA 40mM
200 i— 10ug GN. 2.5mM
—w— 10ug GH 40mM ,/F

- s
1i|!- / s
/,
-

L /

Fluorescence units (FUs)

Time Min)

Fig 4. 9: Casein assay for samples under nitrogen limitation condition and nitrogen sufficiency
condition.

Spores of wild type strain R21 were grown at 0.4%v) glucose (G), 2.5 mM ammonium (A)/
nitrate (N) or 40 mM ammonium/ nitrate at‘@7for 19 hours before harvest. X scale: Time
changes (min). Y scale: florescence unit changey (
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To further investigate the kinetics of proteasedpition in response to nitrogen
starvation, R21 spores were grown atC37or 18-19 hours in media with 0.4% (w/v)

glucose and 40 mM ammonium and, following a wadih witrogen free medium, were

transferred into nitrogen free medium and replicaikures incubated for 2 hours, 4
hours, 6 hours, 8 hours, 10 hours, 16 hours arftbRds. Cell free extracts of mycelia
from these cultures were tested in both the Nmrdeldaproteolysis assay and in the

casein assay. The experiment was carried outifives and the data are summarised

in Table 4.3.
Activity \ Time
Umg

Set Oh 2h 4 h 6h 8h 10h 16 h 24|h
@® 0 0 10.4 9.0 11.9 11.3 N/A 12.0
@ 0 0 0 2.5 6.4 74| N/A| 83
® 0 0 0 6.6 7.9 6.1 6.0 8.4
@ 0 0 0 7.3 8.5 5.5 5.5 6.0
® 0 0 7.5 8.5 8.8 10.2 9.4 9.6

Table4. 3: Casein assay for protease activities under nitrogen starvation conditions.

Spores of wild type strain R21 were grown with 0.4%v) glucose and 40 mM ammonium at@7
for 19 hours and then washed and transferred iewo media utilising 0.4% (w/v) glucose with no
nitrogen source, starved for 0, 2 hours, 4 houhgs, 8 hours, 10 hours, 16 hours, 24 hours éefor
harvest.
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Fig 4.10 and Fig 4.11 show the data from &t and are a typical of all the

experiments. Inspection of Fig 4.10 and Tablesh8ws several features of interest.
First, the NmrA-based protease assay appearsnwbe sensitive than the casein assay
as it detects protease activity in cultures stareécditrogen for two hours. This
contrasts to the casein assay which fails to dgt@etease activity at two hours in any of
the five repeat experiments. These observatiordyirthat either the NmrA-based
proteolysis assay is more sensitive than the cdsesed assay, or that a succession of
proteases is being produced and that the caseiatiacting as substrate for them all.
Second, the fluorescent assay demonstrates thabpeolevels between cultures follow
a similar trend of increasing activity with time evealed by the NmrA-based assay.
However the trend is somewhat variable and poiotother factors that may be
influencing the observed result. These factord witlude variations within the
microenvironment within each of the 2 L flasks uded each growth experiment.
Although a common stock of medium was used througlamy one set of mycelial
growths, factors such as differences in the exaebaffling introduced into the flasks to
aid aeration and differences in the extent to wihiehgrowing mycelium can colonise
the side of the flask during growth will all havifeets on the rate of growth and access
to the nitrogen in the growth medium. To try anithimise these effects, the same set
of flasks, with the same baffling pattern, was usedughout the experiments described

above.

In summary the data described above show thatribghuption of proteases in response
to nitrogen starvation begins within two hours ahdt the NmrA has sites that are

hypersensitive to digestion.
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0 M 2h 4h 6h 8h 10h 16h 24h

Fig 4. 10: NmrA proteolysis assay with cell free extracts of wild type R21 prepared from

mycelia exposed to nitrogen starvation conditionsfor different times.

Spores of wild type strain R21 were grown at 0.48) glucose and 40 mM ammonium at'G7
for 19 hours before washed and transferred into mewia without nitrogen sources for 0, 2 hours, 4
hours, 6 hours, 8 hours, 10 hours, 16 hours arfth@ds before harvest.

R21 nitrogen starved for 6 hours
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Fig 4. 11: Protease activity of R21 cell free extracts of mycelium exposed to nitrogen starvation
condition for different times.
Spores of wild type strain R21 were grown in 0.4} glucose and 40 mM ammonium at'G7
for 19 hours before washing and transferring to nedia without nitrogen sources for 0, 2 hours, 4
hours, 6 hours, 8 hours, 10 hours, 16 hours ando2#s before harvest (s&) from Table 4.3).
Upper panel: Casein assay of the cell free extrsigs/ed for 6 hours. Lower panel: protease
activity of cell free extracts starved from 0 houpsto 24 hours. The protease activity is detéetab
after staved for 6 hours.
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Chapter 5 A. nidulans hasthree

NmrA-hyper sensitive protease activities

5.1 Chromatographic separation of proteases from

cell-free extracts of wild-type A. nidulans

In order to purify and characterise the proteaseslyced in response to nitrogen
starvation, the proteins present in cell free etsraf nitrogen starved mycelia were
subjected to ion exchange chromatography as descinibMethods. Fractions eluted
by salt gradient from the DEAE column were assayethe NmrA-based proteolysis
assay and typical results are shown in Fig 5.1spduotion of Fig 5.1 shows that this
procedure demonstrated the presence of two sepgvabks of protease activity. One
peak of activity, designated PNM1A, washed throtighcolumn without binding while
the other, designated PNM1B, bound to the colunuhwaas eluted by around 0.5 M
NaCl. Inspection of Fig 5.1 and Fig 5.2 shows thath protease peaks produced
major proteolysis fragments that were similar bistidct sizes that correspond to the
fragments seen when non-chromatographed samplessaged (as shown in Fig 4.3).
The major fragment produced by PNM1A was designdtiddlA and the major

fragment produced by PNM1B was designated NM1B §1g.
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Wash-through NaCl gradient elution
I [ |
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Fig 5. 1: The separation of proteolytic activities by chromatography on a5 ml Hi Trap DEAE

FF column.

10l of each fraction were screened in the NmrA-bgseteolysis assay. Fractions A2-A6 are the
10 ml wash through fractions. Fractions A7-Eltaee2 ml fractions eluted by the 0.0-1.0 M NaCl
gradient. Fragment Nm1A was washed off the coldimsh and fragment Nm1B was eluted off

around 0.5 M NaCl. The positions of 29 kDa ankBa markers are indicated.

45KDa
| — C— -
cu— - Eem——

29KDa
Cell free

M extracts PNM1A PNM1B NmrA

Fig 5. 2. NmrA-based proteolysis assay with crude and chromatogr aphically separated cell

free extracts containing PNM 1A and PNM 1B.

1 ug of crude cell free extracts of R 21 and [@lOvolumes of fractions containing PNM1A and
PNM1B (fractions A3 and D1from Fig 5.1) followingHAE FF chromatography were incubated
with 2 pg purified NmrA at 28 for 30 mins, respectively. Purified NmrA was used as an
undigested control. The positions of 29 kDa and@& markers are indicated.
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5.2 ldentification of two proteases by LC-MS

In order to further purify and try to identify theNM1A and PNM1B, fractions
containing each protease were further separat&&lpgrdex column. Eluted fractions
were screened in the NmrA-based proteolysis agsdaetive fractions concentrated by
either TCA precipitation or Vivaspin centrifugal rezentration (see Methods). After
the concentration step, the protein content ofsdmaples was examined by running on
both 10% and 15% SDS-PAGE gel. Samples contaiRINyY11A showed multiple
weakly staining bands (see Fig 5.3), and these warised from the gel using a scalpel
blade in preparation for identification by peptiti@ss spectrometry and LC-MS. The
results of this analysis are shown in Table 5.4pa&ction of which shows that of the six
proteins identified only one (Q5BGU2_EMENI, Massabre= 219 in MSDB database)
was a protease (Fig 5.4). The protease identifiad a subtilase serine protease of
predicted MW of 89.8 kDa, encoded by the gene ANO23 However, the estimated
MW of the protein in the SDS-PAGE gel is betweerkP@& and 45 kDa, which do not
match with the MW of the protein encoded by theeg&iN0238.2. Subtilase proteins
are known to be processed from a larger inactivenfonto a smaller active form
therefore the difference in measured and predib®d does not necessarily cause a
problem with the accurate identification of thiotin (Siezen and Leunissen, 1997).
This procedure was repeated two times and in eas the only protease was identified
as subtilase. However, the MW difference is a aatlgat must be borne in mind when

interpreting the data.
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Fig 5. 3: SDS-PAGE gel eectrophoresis of PNM 1A containing fractionsfrom Super dex

column.

Left: fraction running on a 15% SDS-PAGE gel.
Bands labelled as PNM1A1, PNM1A2, PNM1A3, PNM1AANPLAS, PNM1A6 were excised for

LC-MS.
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Num Name Result Reference

Hypothetical protein:
PMS1)  PNMIB Q5BAR4_EMENI|  Trypsin-like protease
MW = 25434 Da

Hypothetical protein:
PMS2| PNM1Bp2 Q5BAR4_EMENI Trypsin-like protease
MW = 25434 Da

NADP(+)-dependent
PMS3 PNM1A1 Q7Z8L1_EMENI | glycerol dehydrogenase
MW = 36958 Da

Hypothetical protein
PMS4|  PNM1A2 Q5BGU2_EMENI subtilase protease
MW = 89800 Da

Superroxide dismutase
PMS5 PNM1A3 SODC-EMENI [Cu-Zn]
MW = 15847 Da

Proline isomerase

PMS6 PNM1A4 Q5ASX5_EMENI
MW = 17787 Da

Chitinase

PMS7 PNM1AS5 Q92222_EMENI
MW = 44178 Da

Zn-binding protein

PMS8 PNM1AG Q5AUWG6_EMENI
MW = 35950 Da

Tableb. 1: Peptide mass spectrometry and LCM S-M Sresultsfor identification of PNM 1A and
PNM1B.
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//;j TRIX

Search title
MS data file

Significant hits:

lscizvez/ Mascot Search Results
User : Joe
Email joe.gray@ncl.ac.uk

: ARH_PN1A2 0104.raw, all scans
: X:\data\Off-Line\28 03_08\ARH_PN1A2 0104.raw

Database : MSDB 20060831 (3239079 sequences; 1079594700 residues)
Taxonomy : Other Fungi (157698 sequences)
Timestamp 1 Apr 2008 at 15:15:38 GMT

Q5BGU2_EMENI Hypothetical protein.- Emericella nidulans (Aspergillus nidulans) .
QlEFQ8 9ASCO Subtilase protease (Fragment).- Phoma sp. YMF1.0744.

Probability Based Mowse Score

lons score is -10*Log(P), where P is the probability that the observed match is a random event.
Individual ions scores > 25 indicate identity or extensive homology (p<0.05)
Protein scores are derived from ions scores as a non-probabilistic basis for ranking protein hits.

Mo of Hitz

e e o e o e

T T T

i it

=

s 3 e
Frchars | 10 el Miasse Sees

Peptide Summary Report

FormatAs | [Peptide Summary

=

Help

Significance threshold p< |0.05

Show pop-ups @ Suppress pop-ups

Standard scoring ® MudPIT scoring ¢ Ions score cut-off |0

Max. number of hits 30

Show sub-sets

Sort unassigned | Decreasing Score ~ Require bold red ™

Select All Select None Search Selected [ Error tolerant Archive Report
2 Q5BGU2 EMENI Mass: 89800 Score: 219 Queries matched: 21

Hypothetical protein.- Emericella nidulans

(Aspergillus nidulans).

[T Check to include this hit in error tolerant search or archive report

Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide

v 161 442.74 883.47 883.47 -0.00 0 20 0.33 1 K.NAPWGLAR.I

2 176 464.25 926.49 926.49 0.00 0 23 0.23 1 R.LTFGTFNK.Y

(2 127 464 .25 926.49 926.49 0.00 0 (21) 0.36 1 R.LTFGTFNK.Y

2 192 475.22 948.43 948.43 0.00 0 26 93 1 R.AYFSNYGK.C

2 193 475.22 948.43 948.43 0.00 0 (21) 0.29 1 R.AYFSNYGK.C

2 194 475.22 948.43 948.43 0.00 0 (18) 0.68 1 R.AYFSNYGK.C

Ir2 195 475.23 948.44 948.43 0.00 0 (20) 0.49 1 R.AYFSNYGK.C

i 279 539.27 1076.53 1076.53 -0.00 0 (49) 0.00086 1 K.GSVANMSLGGGK.S

2 280 539.27 1076.53 1076.53 -0.00 0 (45) 0.0023 1 K.GSVANMSLGGGK.S

v 281 539.27 1076.53 1076.53 -0.00 0 (45) 0.0023 1 K.GSVANMSLGGGK.S

v 539.27 1076.53 1076.53 0.00 o) (45) 0.0022 1 K.GSVANMSLGGGK.S

v 8 539.27 1076.53 1076.53 0.00 0 (42) 0.0043 1 K.GSVANMSLGGGK.S

2 284 539.27 1076.53 1076.53 0.00 0 (43) 0.0033 1 K.GSVANMSLGGGK.S

2 285 539.27 1076.53 1076.53 0.00 0 (47) 0.0014 1 K.GSVANMSLGGGK.S

~ 39 547.26 1092.51 1092.52 -0.01 0 (56) 0.00014 1 K.GSVANMSLGGGK.S + Oxidation (M)
v 290 547.27 1092.52 1092.52 0.00 ) 64 1.8e-005 1 K.GSVANMSLGGGK.S + Oxidation (M)
~ 2%1 547.27 1092.52 1092.52 0.00 0 (47) 0.0011 1 K.GSVANMSLGGGK.S + Oxidation (M)
~ 399 645.34 1288.66 1288.66 -0.00 0 86 1.4e-007 1 K.AVTVGASTLADER.A

I 400 645.34 1288.66 1288.66 -0.00 0 (83) 3.3e-007 1 K.AVTVGASTLADER.A

2 401 645.34 1288.66 1288.66 0.00 0 (86) 1.5e-007 1 K.AVTVGASTLADER.A

~ 402 645.34 1288.66 1288.66 0.00 0 (86) 1.5e-007 1 K.AVTVGASTLADER.A

Fig 5. 4: Mascot identity searching analysis of PNM 1A.

The MASCOT score for Q5BUG2_EMENI is 219 and scayesater than 25 are significant at the
95% confidence limit. The MASCOT score is — 10*L(R), where P is the probability that the
observed match is a random event. The bar charegepts the significance of the recognised
protein. The top scoring peptide matches for frecgsum are shown in red.
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Unlike the situation with PNM1A, there was onlyiagte strongly staining band in the
sample containing PNM1B. The peptides generatemypyic digest were analysed by
two independent means, Mascot identity databasectsag and BLAST homology
searching. The Mascot analysis (Fig 5.5) showatigbveral digest peptides matched
significantly with the hypothetical protein Q5BARBMENI from A. nidulans (Mascot
score = 252; threshold score = 25; probability o&rrdom match = 1 in 1% using the
MSDB database). An independent analysis methatyubie program DeNovoX was
also used to attempt to sequence the peptde®mvo from MS/MS spectra. This is
without prior reference to any databases. Thelteesid this analysis were manually
inspected and the best 25-30 peptide MS/MS seqaeneee extracted to a list for
BLAST homology searching in both directions. Thseults of the BLAST search (Fig
5. 6) showed that the only significant matching prot&om searching the entire
Swiss_Prot database identified the same hypothettzpuence as with Mascot. This
match also provided extra sequence coverage whilaggadded confidence in the
protein identification by an independent means mdlysis. Q5BAR4_EMENI is a
hypothetical protein that belongs to the Tryp SRyp€in-like serine proteases)
superfamily and is encoded by the gene AN2366.2is @nalysis was carried by Dr

Joe Gray in the Newcastle University Pinnacle figcibr Biological MS.
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User
Email

Search title
MS data file
Database
Taxonomy
Times tamp
Protein hits

Nunber of Hits

Joe
joe.gray@ncl.
AH_XZPN'MIB_O7
X:\data\Of£f-L:
MSDB 20060831
Other Fungi (
7 Mar 2008 at
QSBAR4_EMENI
Q6FJB5 CANGA
Q6FJH2 CANGA
Q4IEH2 GIBZE
Q6CQB0_KLULA
Q2GPP7_CHAGB
Q2PEPO_9HYPO
Q6E6A3_ANTLO
Q5B678_ EMENT
Q6CYV3_YARLI
Q2HHY1 CHAGB
Q6CDD1_YARLI
Q6FJAS CANGA
QS5KCE1l_CRYNE
Q6BIJ6_DEBHA
QE6FRRB_CANGA
24PI16_USTMA
QB8SRK6_ENCCU
Q1DK65_ COCIM
QA4PFW8_USTMA
Q2U2I1 ASPOR
Q2TZX1 ASPOR
Q4I12A8 GIBZE
2URB4_ASPOR
Q41723 GIBZE
042751 _ASPFL
Q2USUS_ASPOR
Q5B1G9 EMENI
Q6C2X4 YARLI
Q2U4L6_ASPOR

Probability Based Mowse Score

*/ Mascot Search Results

ac.uk

03.raw, all scans

ine\07_03_O08\AH_XZPNMIB_0703.raw

(3239079 sequences; 1079594700 residues)

157698 sequences)

15:32:28 GMT

Hypothetical protein.- Emericella nidulans (Aspergillus nidulans).

Similarities with sp|P38970 Saccharomyces cerevisiae YJL165c ser/thr protein kinase.- Candida glabr
Candida glabrata strain CBS138 chromosome M complete sequence.- Candida glabrata (Yeast) (Torulopsi
Hypothetical protein.- Gibberella zeae (Fusarium graminearum) .

Kluyveromyces lactis strain NRRL Y-1140 chromosome D of strain NRRL Y- 1140 of Kluyveromyces lactis
Hypothetical protein.- Chaetomium globosum CBS 148.51.

NADPH oxidase.- Epichloe festucae.

265 proteasome regulatory subunit Tl.- Antonospora locustae (Nosema locustae).

Hypothetical protein.- Emericella nidulans (Aspergillus nidulans) .

Similarity.- Yarrowia lipolytica (Candida lipolytica).

Hypothetical protein.- Chaetomium globosum CBS 148.51.

Similarities with DEHAOF12342g Debaryomyces hansenii.- Yarrowia lipolytica (Candida lipolytica)
Similar to spl|P47095 Saccharomyces cerevisiae YJRO24c.- Candida glabrata (Yeast) (Torulopsis glabra
Hypothetical protein.- Cryptococcus neoformans (Filobasidiella neoformans) .

Similar to CAS5007|IPF12579 Candida albicans IPF12579 putative phospholipase A2.- Debaryomyces hanse
Similar to splQ06010 Saccharomyces cerevisiae YLR389c STE23.- Candida glabrata (Yeast) (Torulopsis
Predicted protein.- Ustilago maydis (Smut fungus).

RAD50-LTKE DNA REPAIR PROTEIN.- Encephalito:
Hypothetical protein.- Coccidioides immitis RS.

on cuniculi.

Hypothetical protein.- Ustilage maydis (Smut fungus) .
Predicted NTPase.- Aspergillus oryzae.

Cytochrome P450 CYP3/CYPS/CYP6/CYP9 subfamilies.- Aspergillus oryzae
Hypothetical protein.- Gibberella zeae (Fusarium graminearum)
Mismatch repair ATPase MSH4.- Aspergillus oryzae.

Hypothetical p
Beta-tubulin (Fragment).- Aspergillus flavus
NAD-dependent aldehyde dehydrogenases.- A

rotein. - Gibberella zeae (Fusarium graminearum) .

ergillus oryzae.

Hypothetical protein.- Emericella nidulans (Aspergillus nidulans).
Yarrowia lipolytica chromosome F of strain CLIB122 of Yarrowia lipolytica.- Yarrowia lipolytica (Ca

Predicted protein.- Aspergillus oryzae.

lons score is -10*Log(P), where P is the probability that the observed match is a random event
Individual ions scores > 25 indicate identity or extensive homology (p<0.05).
Protein scores are derived from ions scores as a non-probabilistic basis for ranking protein hits.

Format As

SelectAll_|

Peptide Summary Report

200

Probabitity Besed Mowse Soore

[Peptide Summary Help
Significance threshold p< [0.05 Max. number of hits |30
Standard scoring ¢ MudPIT scoring @ Ions score or expect cut-off |0 Show sub-sets |0

Show pop-ups © Sup

ppress pop-ups ©  Sort unassigned | Decreasing Score ~| Require bold red ™

Select None | Search Selected ] I~ Error tolerant Archive Report

) 1 Q5BAR4

Query

157

I A B e B B e B s s B B e B |

Observed Mr (expt)

510.77 1019.53  1019.53 -2.23
510.77 1019.53 1019.53 -0.2
510.77  1019.53 1019.53 [}
767.87 1533.72 1533.73 -1.96
767.87 1533.72 1533.73 -1.48
767.87 1533.72 1533.73 -1.48
767.87 1533.72 1533.73 -1.25
767.87 1533.72 1533.73 -1.25
767.87 1533.72 1533.73 -1.01
767.87 1533.72 1533.73 -0.93
767.87 1533.72 1533.73 -0.93
767.87 1533.72 1533.73 -0.45
767.87  1533.72 1533.73 -0.37
684.66 2050.97 2050.97 -2.41

ENT Mass: 25434 Score: 252 Queries matched: 16  emPAI: 0.45
Hypothetical protein.- Emericella nidulans (Aspergillus nidulans)
[ Check to include this h

t in error tolerant search or archive report

Mr(calc) ppm Miss Score Expect Rank Peptide

510.77 1019.53 1019.53 -2.23 © (30) 0.064 & R.DFIQQVTGL. -

o 30 0.061 1 R.DFIQQVTGL.-

o (29) 0.06 1 R.DFIQQVTGL.-

o (29) 0.09 1 R.DFIQQVTGL.-

o (30) 0.043 1  R.AGYPGVYSSPAYFR.D

o (31) 0.037 1  R.AGYPGVYSSPAYFR.D

s} (25) 0.13 1 R.AGYPGVYSSPAYFR.D

o (34) 0.021 1 R.AGYPGVYSSPAYFR.D

0 69 6.4e-006 1 R.AGYPGVYSSPAYFR.D

o (63) 2.1e-005 1 R.AGYPGVYSSPAYFR.D

o (35) 0.013 1  R.AGYPGVYSSPAYFR.D

o (58) 8.2e-005 1 R.AGYPGVYSSPAYFR.D

o (57) 9.2e-005 1 R.AGYPGVYSSPAYFR.D

o (31) 0.039 1 R.AGYPGVYSSPAYFR.D

o (25) 0.13 1  K.YVVTAGHCTDGASASSLSIR.A + Carbamidomethyl (C)
[} 33 0.021 1 K.YVVTAGHCTDGASASSLSIR.A + Carbamidomethyl (C)

684.66 2050.97 2050.97 -0.46

Fig 5. 5: Mascot identity database searching analysis of PNM 1B.

The MASCOT score for Q5BAR4_EMENI is 252; threshelwbre = 25; probability of a random
The MASCOT score is — 10*Log (P), where P is fhebability that the
The bar charesents the significance of the recognised

match

observed match is a random event.

protein.

1in 102

The top scoring peptide matches for trecsum are shown in red.
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BLASTP2 Result
of'® —1_Eork Croup's Adwvanced BLASTZ Zearch Service at EMEL.
back to BLASTE
BLASTP z OMP-Washll [16-Dec—-1333] [irixé-rl0k-LE4 Z3:35:48 l&-Dec-1535]
Copyright (C) 1996-199%3 Washington University, S2aint Louis, Missouri US4,
All Pights Reserwved.
Beference: 1. Gish, W. {(1335-13993) http: //blast_twustl_edu
2. Bhewvcherko A, Sumyaew 5, Loboda A, Shewchenko A, Bork P,
Ens W, Standing KG. (2001), Anal Chem 73(9),1317-Z6:
Charting the proteomes of organisms with unsecpaenced genomes
by MALDI-cuadrupole time-of-flight mass spectrometry and
BLAST homology searching
Adbstract
Query= quUery Sequence
(61ld letters)
Database: nrdb—-9E5%
Z,078,558 sequences; 527,105,588 total letters.
Searching. .. _10. . _Z0__._30_.__.40____ 50____60____70_...80____.390.._.100% done
Color Key: red = positive hit; green = borderline hit; black = negative resultc
Summary: Get the sskected sequences Resat ]
High Total
Sequences producing High-scoring Segmernt Pairs: Score Score
Jitrembl [AACDOIOOOO0ZS|AACDOIOOON3S 17 product: "hypotheti. . . ri-% z58 ¥
Frzptrenbl [Q7RTYE | Q7RTYE Marapsin Z precursor. ff-sptrembl. . . sz 1ool
Jisptrembl | Q47 | QEdX7E Hypothetical protein. ff-sptrembl. . &7 ﬂf‘
Fitrewbl |AACTOLE24220 |AACTOLES4220 2 product: "umknown'; ... g1 g1l
FrEptrewbl | QT7MUNL | Q7MON]1 Hypothetical protein. ff:sptrembl. . &1 @i—
Fipirenly|SF9485|279485 GTP-binding protein o-ral — Pacif... 51 s1l™
Giet the selected sequences Reset |
Query sequence and locally-aligned H5Ps from database sequences
a 1z0 Z60 220 EZO
| | | I |e14
qUELY  Sequence |

4 % trembl |AACDOI0000E | 2 S i MR i

itk rembl | Q7RTYE | Q7 | o o

o L rembl | QE4X7E6 | Q6 | _

S o Lrewmbl |BACTOLIEZ4Z22 | o

A rembl | QFMITNL | Q7 | -

# % pironly|SF940C5|8F9 | _

Aignments:

2 = trewbl |AACDOLIO00003S |AACDOLODOO3S 17 product: "hypothetical protein':
Aspergillus nidulsns FGEEC A4 chromosome WIT ANcontigl. 33, whole
genome shotgun Seguences.

Length = E43
Total Score: 268
o 50 100 150 zoo
| | | | | |E43
trembl | AACDOLIOOOO3S |A |
Local hits (HEF=) | R s
Score = 76 (35.4 bits)
Identities = 10712 (83%), Positiwes = 10712 (83%)

Fig 5. 6: BLAST homology sear ching analysis of PNM 1B.

The significant match is Q5BAR4_EMENI, score = 368he top scoring protein

spectrum is shown in red.
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BLAST searches of non-redundant protein databasesaled that Q5BAR4 is most
closely similar to serine protases in Diptera (4%¥ntity and 67% similarity to
Anopheles gambiae) but no matches to fungal homologues were ideuatifn the top
100 hits. A more selective BLAST search of fungahomes in the NCBI database
revealed potential homologues in only four spedidternaria brassicicola (42%
identity, 61%similarity), Phaeosphaeria nodorum (44% identity, 59% similarity),
Pyrenophora tritici-repentis (42% identity, 55% similarity),Botryotinia fuckeliana
(35% identity, 48% similarity) andirichoderma reesei (34% identify, 47% similarity).
There are also shorter sequence region matchels, asuéusarium oxysporum (55%
identity, 65% similarity from amino acids 148-24&jibberella zeae (53% identity,
64% similarity for from amino acids 148-243), amNkctria haematococca (50%
identity, 64% similarity for from amino acids 1483 for a 96 amino acids region.
Only 3 Aspergillus species have potential homologues and the highatth is found in
Aspergillus flavus (32% identity, 49% similarity). There appearsno homologue
in Neurospora crassa. This BLAST result shows that Q5BAR4 (PNM1B) istn

universally conserved in fungi.

In summary, the most likely candidate protein foNMPLA is the subtilase
Q5BGU2_EMENI encoded by the gene AN0238.2, and rtiest likely candidate

protein for PNM1B is Q5BAR4_EMENI encoded by AN2366
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5.3 Benzamidine sensitivity of PNM1A and PNM1B

As PNM1B was predicted to be a trypsin-like proggdsovine trypsin was assayed in
the NmrA-based proteolysis assay in parallel withified PNM1B (protease active
fractions from Superdex column). The amounts ofd0of fractions containing

PNM1B eluted from a Superdex column and Ou@lbovine trypsin were incubated

with 2 ug NmrA at 25C for 30 min. Inspection of Fig 5.7 shows that bevinypsin

generates similar proteolytic fragments to thosmdpced by PNM1B thereby adding

strength to the interpretation that PNM1B is a $iggike protease.

v | ———
i~
M PNM1B Bovine NmrA
Trypsin

Fig 5. 7. NmrA proteolysisassay for PNM 1B and bovinetrypsin.

10 ul of a single PNM1B containing fraction followingHAE FF and Superdex chromatography
and 0.01ug bovine trypsin were incubated withug purified NmrA at 28° for 30 mins. Purified
NmrA was used as a non-digested control. The ipasitof 29 kDa and 45 kDa markers are
indicated.
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The activity of serine proteases is typically inted by benzamidine, and as both
PNM1A and PNMI1B are predicted to be serine protgadbeir sensitivity to

benzamidine was tested. PNM1A and PNM1B were iat at room temperature
with 10 mM and 1 mM benzamidine, respectively, I8rmins before incubation with 2
ug NmrA.  The final concentration of benzamidinghe PNM1A digest was 6.7 mM

and for PNM1B was 0.67 mM. Samples lacking benzaraitvere incubated in parallel
as controls. The results in Fig 5.8 show thatvagtiof PNM1B was completely

inhibited by 0.67 mM benzamidine and that PNM1A wesensitive to the presence of
6.7 mM benzamidine. It is unusual for serine pasés to be insensitive to
benzamidine; therefore this information and thefedénce in the estimated and
predicted MW of PNM1A taken together do not perantunambiguous assignment of

the identity of PNM1A.

45KDa
-
29KDa 29KDa
+ = + =
M PNM1A M PNM1E

Fig 5. 8: Benzamidine sensitivity testsfor PNM 1A and PNM 1B.

Benzamidine was pre-incubated at room temperatrré5 mins at a concentration of 10 mM with
10 ul volumes of fractions containing PNM1A or at a centration of 1 mM with 1@l volumes of
fractions containing PNM1B purified by DEAE FF aSiiperddex chromatography. This was
followed by incubation with Z2ig NmrA at 25C for 30 mins in a final volume of 1pl, giving a
final concentration of benzamidine 6.7 mM for PNMBAd 0.67 mM for PNM1B. + = with
benzamidine pre-incubation. - = no benzamidineipecabation. The positions of 29 kDa and 45
kDa markers are indicated.
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5.4 The existence of a third protease-PNM1C

When crude cell free extracts were assayed in theANbased proteolysis assay in the
presence of 1 mM benzamidine (see Fig 5.9) theephglic product NM1B still
appeared to be generated. This apparent produstibiM1B could have been due to
the benzamidine only partially inhibiting PNM1B ot could be that a third
benzamidine-insensitive protease was producing eduyst indistinguishable by

SDS-PAGE from NM1B.

45KDa
29KDa
= =
M Cell free extracts NmrA

Fig 5. 9: NmrA proteolysisassay of strain R21 crude cell free extractsin the presence and

absence of benzamidine.

Benzamidine was pre-incubated at room temperaturgs minutes at a concentration of 1 mM with
cell free extract. g of these cell free extracts were then incubatitd 2yug NmrA at 25C for

30 mins at the same benzamidine concentratiorfimabvolume of 10ul. + = with benzamidine.

- = no benzamidine. Purified NmrA was used asradigested control. The positions of 29 kDa
and 45 kDa markers are indicated.
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To distinguish between these two possibilitieseazamidine titration experiment was
carried out. The amount of fig of cell-free extracts were pre-incubated with
benzamidine in the concentration range 0.05 mM to\2 at room temperature for 15

minutes, followed by the incubation withy® NmrA at 25C for 30 mins at the same

benzamidine concentrations. A parallel sampleitachenzamidine was used as a
control for comparison. The results presented ig 510 show that 0.5 mM

benzamidine is sufficient to inhibit PNM1B activignd that there is no reduction in
protease activity at concentrations of benzamidoie0.1 mM or less. These

observations support the interpretation tAahidulans produces a third, benzamidine
insensitive protease activity in response to nérogtarvation. On the basis of these
observations a minimum of 0.5 mM benzamidine wadeddo protease assays when

the inhibition of PNM1B activity was required.

45KDa

—
29KDa
M 2mM TmM 0.5mM  0.1mM 0.05mM - NmrA

Fig 5. 10: NmrA proteolysisassay of strain R21 crude cell free extractswith different

concentration of benzamidine.

Cell free extracts were pre-incubated with 0.05 md4l mM, 0.5 mM, 1 mM and 2 mM
benzamidine at room temperature for 15 minsug bf these cell free extracts were then incubated
with 2 ug NmrA at 25C for 30 mins at the same corresponding benzamidimeentration in a
final volume of 10ul, respectively. A parallel incubation with no lzamidine was used as a
control. - = no benzamidine present; + = bendara present.  Purified NmrA was used as
a non-digested control.  The positions of 29 kbBd 45 kDa markers are indicated.
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To further and more directly to prove the existentea third protease, the elution
profile generated from the chromatographic sepamatn a Hi Trap DEAE FF column
of the proteins in a cell free extract (see sechid) was screened in the NmrA-based
assay in the presence and absence of 1 mM benz&midiWhen the two profiles are
compared (see Fig 5.11), a third peak of proteeseity, designated PNM1C, which is
not benzamidine sensitive is evident. The elumdrPNM1C overlaps the leading
edge of the PNM1B peak. The previous analysisdb&rmined the identity PNM1B
used fractions from the central and trailing edfjhe protease peak eluting from the Hi

Trap DEAE FF column and were therefore free of PlIM1
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- Benzamdine pre-incubation

Wash-through NaCl gradient elution
| [
45KDa

©g
—“----—#w
.- | —
@0 Lo

M X1 X2 X3 X4 A1 A3 A5 A7 A9 A11 M B1 B3 B5 B7 B9 B11
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e e e . ) e G

NaCl gradient elution

I
45KDa

\‘- [P ———

—— el

C5 c7 M c9 c1 D1 D3 D5 D7 D9

+ Benzamdine pre-incubation

Wash-through NaCl gradient elution
[ 1 [ |
45KDa 45KDa
-— — D - — - E——

e e—
. g— — \ Sy we—— -

M X1 X2 X3 X4 Al A3 A5 A7 A9 A1 M B1 B3 B5 B7 B9 B11  C1 c3

NaCl gradient elution
[ 1
45KDa

p— —-----‘

WPz

C5 c7 M c9 c11 D1 D3 D5 D7 D9

Fig 5. 11: Comparison of the proteolytic activities of wild type R21 in the presence and absence

of 1 mM benzamidine after separation by chromatography on a5 ml Hi Trap DEAE FF

column.

1 ml volumes from individual fractions were madeéhM mM benzamidine and incubated at room
temperature for 15 mins. 10 of these benzamidine treated fractions anquilbfom equivalent
benzamidine-free fractions were incubated witu® NmrA in a final volume of 154l (final
benzamidine concentration = 0.67 mM). FractionsXdlare the 10 ml wash-through fractions.
Fractions A1-D9 are the 2 ml fractions eluted by €h0-1.0 M NaCl gradient. The positions of 29
kDa and 45 kDa markers are indicated.
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5.5 Production of PNM1C is undetectable in an areA

deletion strain

PNM1A, PNM1B and PNM1C are produced in responseiitmgen limitation or
starvation and NmrA has sites that are hypersessitdo these proteases - these
observations raise the possibility that PNM1A, PNBiAnd PNM1C may be involved
in the post-translational regulation of NmrA adiyvi As the transcription activating
protein AreA is a known target for NmrA bindingwtas of interest to know if the
production of any of the three proteases was utitercontrol of AreA. To test this
hypothesis the induction of PNM1A, PNM1B and PNMd@s investigated in a strain
deleted for theareA gene. Crude cell free extracts of nitrogen sthmgcelia from
both wide type strain R21 arateA deletion strain NKRB3-2, were screened in the
NmrA-based proteolysis assay in the presence asehab of benzamidine as shown in
Fig 5.12. Digestion of NmrA by crude cell free raxts reveals the presence of all
PNM1A, PNM1B and PNM1C and digestion in the pregesicbenzamidine reveals the
presence of PNM1A and PNM1C. As PNM1C and PNM1Begate major digestion
products of around 32 kDa that are indistinguishaby SDS-PAGE analysis, the
presence of PNM1C can only be observed when thetgaf PNM1B is inhibited by
benzamidine. As the major product of PNM1A is bsétate for PNM1B, in crude cell
free extracts that have a high activity of PNM1R #ctivity of PNM1A is masked.
Inspection of Fig 5.12 shows that that all threetgaises could be detected in the wild
type R21 strain but that no PNM1C activity coulddstected in thareA deletion strain.
These observations show that in order to produtectible levels of PNM1C activity a
wild-type areA gene is necessary.
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45KDa

20KDa
= + = +

M R21 aareA NmrA

Fig 5. 12: Nmr A proteolysisassay of crude extracts of wild-type R21 and areA deletion strain
(NKRB3-2) in the presence and absence of benzamidine.

Benzamidine was pre-incubated at room temperaturd3 mins at a concentration of 1 mM with
cell free extracts. lug of these cell free extracts and the untreatedllphrones were then
incubated with 2ug NmrA at 25C for 30 mins at the same benzamidine concentratioa final
volume of 10ul, respectively. + = with benzamidine pre-incubati - = no benzamidine
pre-incubation. Purified NmrA was used as undigestntrol. The positions of 29 kDa and 45
kDa markers are indicated.
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To test this interpretation more rigorously, cruckl free extracts derived from a
nitrogen starvedireA deletion strain (NKRB3-2) were chromatographicaparated

on a 5 ml Hi Trap DEAE FF column and eluted fracticscreened in the NmrA-based
proteolysis assay in the presence and absence mMlbenzamidine described in
section 5.4 and the results of this analysis am@wvehin Fig 5.13. Inspection of
Fig 5.13 shows that in the absence of benzamidwe, peaks, corresponding to
PNM1A and PNM1B can be seen but that in the presericbhenzamidine a single
activity corresponding to PNM1A is apparent. Thesgservations confirm that
PNM1C is not detectable by the sensitive NmrA-baseateolysis assay and implies

strongly that the production of PNM1C is under ¢batrol of AreA.

115



- Benzamidine
Wash-through NaCl gradient elution
[ 1 [ 1

45KDa 45KDa

e G e— g

29KDa

15 8l 23 2 a &1 & & 4 L i M 81 B3 85 87 B9 811 c1 c3

NaCl gradient elution

45KDa

29KDa

cs5 cr M co ci1 D1 ©3) c5 cr c9

+ Benzamidine
Wash-through NaCl gradient elution
I—L‘ i ! —

45KDa
LA — - e

— — — —

45KDa

29KDa 29KDa

M X1 X2 X3 X4 Al A3 As A7 A9 Al1 M B1 B3 BS B7 B9 B11 c1 c3

NaCl gradient elution
[ T

45KDa ’

— — —— — ———

29KDa

cs c7 M co c D1 D3 [ o7 D9

Fig 5. 13: Comparison of the proteolytic activities of areA deletion strain (NKRB3-2) in the
presence and absence of 1 mM benzamidine after separation by chromatography on a5 ml Hi

Trap DEAE FF column.

1 ml volumes from individual fractions were madehMmM benzamidine and incubated at room
temperature for 15 mins. 10 of these benzamidine treated fractions andl Idm equivalent

benzamidine-free fractions were incubated witu@ NmrA in a final volume of 154 (final
benzamidine concentration = 0.67 mM). FractionsX4dlare the 10 ml wash through fractions.
Fractions A1-D9 are the 2 ml fractions eluted by €h0-1.0 M NaCl gradient. The positions of 29

kDa and 45 kDa markers are indicated.
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5.6 The induction profiles for the proteases PNMI1A,
PNM1B and PNM1C differ in their response to nitrogen

starvation

In order to investigate the temporal induction MINPLA, PNM1B and PNM1C in
response to nitrogen starvation, wild type R21 epavere grown at 3¢ for 19 hours

in liquid minimal medium under nitrogen sufficiecdbnditions (0.4%w/v glucose, 40
mM ammonium). Following a wash with nitrogen-freenimal media, the mycelia
were transferred into new media lacking nitrogearse and incubated for further time
periods of 0, 2 hours, 4 hours, 6 hours, 8 howhdurs, 16 hours and 24 hours before
harvesting. Cell free extracts were prepared ftenharvested mycelia and screened
by the NmrA-based proteolysis assay in the presandeabsence of 1 mM benzamidine.
The results of this analysis are shown in Fig 5wHere it can be seen that PNM1B
activity is present in cultures starved of nitroden2 or more hours, whereas PNM1A
and PNM1C are only apparent in cultures starvecdiwbgen for 6 or more hours.
Furthermore,the assay carried out in the presence of benzaenigiows that the
amount of the products of digestion by PNM1A andvAIC remain relatively constant
from 6 hours starvation onwards. These observatiomply that that when PNM1A
and PNM1C are produced their concentration quiokiches a plateau. However, the
virtual disappearance of NmrA in general in asgagking benzamidine implies that the

concentration of PNM1B continues to rise over thendur starvation period.
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Fig 5. 14: Nmr A-based proteolysis assay of cell free extracts prepared from wild-type R21

mycelium starved of nitrogen for varioustimesin the presence and the absence of

benzamidine.

Mycelia were grown at 3Z for 19 hours in liquid minimal medium containingt® (w/v) glucose
and 40 mM ammonium before washing in nitrogen-fnéaimal medium and transfer into new
nitrogen-free and incubation for a further 0, 2 ftsp4 hours, 6 hours, 8 hours, 10 hours, 16 hours
and 24 hours. Benzamidine was pre-incubated ah teonperature for 15 mins at a concentration
of 1 mM with cell free extracts. (ig of these cell free extracts and the untreateallphones were
then incubated with 2g NmrA at 25C for 30 mins at the same benzamidine concentratioa i
final volume of 1Qul, respectively. The positions of 29 kDa and 4%kbarkers are indicated.
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It is important to note that when proteases PNMRNM1B and PNM1C were isolated
in bulk for study, they were purified from myceliutliat has been starved of nitrogen
for 4 hours. Given the observation described apibveay seem unusual that all three
enzymes were present in mycelium after incubatmonitrogen-free medium for only 4
hours. The explanation for this apparent anomalythat mycelia grown for
purification of all 3 enzymes was grown for 18-1&ubs in medium containing 10 mM
ammonium compared to the 40 mM ammonium used iexperiments reported in this
section. Growth for 18-19 hours in 10 mM ammoniwiil deplete the nitrogen
source to a level that initiates production of fhreteases before the mycelium is
transferred to nitrogen free medium. Growth inmB®l ammonium for 18-19 hours
does not lower the concentration of the nitrogamr@®to a level that initiates protease
production prior to the switch point to nitrogerdr medium as there are no protease

activities at this point.

5.7 Synthesis of a gene encoding the protein Q5BAR4
(PNM1B)

PNM1B had been identified as protein Q5BAR4_EMEAIcoded by gene AN2366.2.
Based on the published data in the Protein datk daniProtKB/ TrEMBL database),
the complete open reading frame (ORF) sequenceN@BA6.2 was synthesised by the
company Blue Heron. This nucleotide sequence vpdisnsed for expression i&.
coli and was subcloned into tHe coli expression vector pET3a vid-del and
3-BamHL1 sites to yield the plasmid pMUT248. The piete synthesised sequence

and corresponding protein sequence are shown iB6.Ef
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Gene sequence (AN2366.2)

Nde 1
catatgaaaacggcagttaaaactacagcecttcttagettactctcgacageaatggecgataaageaattgtgggtggegac

gacgcggaaattactgaatatccatatcaaattgetetgttatctggeggetecctgatttgtggcgggtctattattagtagtaaat
atgtcgtaactgegggtcattgtacagacggegcetagegetagcetcattatccatcegtgcaggttetacttatcatgataaagge
ggcaccgtggtagatgttgaagecattaccgtacatccagaatataatgctaacaccgtagataatgatatttctattttggaactg
gcggaagaattacaatttggegacggtattaaagegattgatttgccgagttcatccteattaccaagegaaggaaccattggta
ctgcaactggatggggtactctcacagaaggtggtaacgtaagtccgaatttacaatacgtcgaagtceccagttgtatcgaaat
cccaatgttcttcagactacageggtttcaatgaaattacagcatcaatgttttgcgecggggaagaggaaggtggtaaagatg
gttgtcaaggcgattcaggeggtccatttgcagecagacggcegtcettaattggtattacttettggggtaacggcetgtgcacgtge

BamH1
aggttatcc g ggtgtttattcatc gcc ggcctattttcgc gatttcattcaacaagttacaggtttataaggatcc

Protein sequence (QSBAR4 EMENI)

MKTAVKTTALLSLLSTAMADKAIVGGDDAEITEYPYQIALLSGGSLICGGSIISS
KYVVTAGHCTDGASASSLSIRAGSTYHDKGGTVVDVEAITVHPEYNANTVDND
[SILELAEELQFGDGIKAIDLPSSSSLPSEGTIGTATGWGALTEGGNVSPNLQYVE
VPVVSKSQCSSDYSGFNEITASMFCAGEEEGGKDGCQGDSGGPFAADGVLIGIT

SWGNGCARAGYPGVYSSPAYFRDFIQQVTGL

Fig 5. 15: The synthesised sequence of AN2366.2 and protein sequence of Q5BAR4_EMENI.
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However, many trypsin-like proteases are synthdseseinactive precursor zymogens
that are cleaved during limited proteolysis to gateetheir active forms. To determine
if Q5BAR4_EMENI was likely to be processed in a #ammanner, its amino acid

sequence was analysed by the program SignalP 3le results of this analysis are
shown in Fig 5.16 and show that there is a 99.78&batility that amino acids 1-19
form a signal sequence and that there is a maxigiaavage site probability of 92.9%
between amino acids 19 and 20. Based on this sisalg gene encoding an
N-terminally deleted form of PNM1B was synthesised subcloned into the pET3a to
yield plasmid pMUT249. The nucleotide sequencepMUT249 is identical to

pMUT248 except that it lacks thé&dons 2-19.
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SignalP 3.0 Server - prediction results

Technical University of Denmark

Using neural networks (NN) and hidden Markov models (HMM) trained on eukaryotes

>Sequence

SignalP-NN result:

SignalP-NN prediction C(euk networks>: Sequence

1.8 | g
v
e.s | .
e.6 | I .
£ |
3
S e.a | -
e.2 | ) |
P RS
MKTAVKTTALLSLLSTAMADKAIVGGD DAEITEYPYQIALLSGGSLICGGSIISSKYVVTAGHCTDGAS
B 10 20 D) a0 se o )

Position

#
>Sequence length = 70
# Measure Position Value Cutoff signal peptide?
max. C 20 o.8s55 0.32 YES
max. Y 20 0.820 0.33 YES
max. S 6 0.951 0.87 YES
mean S 1-=19 o.s88s 0.48 YES
D 1i-19 o.852 0.43 YES
# Most likely cleavage site between pos. 19 and 20: AMA-DK

SignalP-HMM result:

SignalP-HMM prediction (euk models>: Sequence

T T T T T T
prob.

prob.

Score

00 | \\\\L____~

MKTAVKTTALLSLLSTAMADKAIVGGDDAEITEYPYQIALLSGGSLICGGSIISSKYVVTAGHCTDGAS
e 1@ 20 ze ao se ) ze
Position

# Qaca

>Seguence

Prediction: Signal peptide

Signal peptide probability: 0.997

Signal anchor probability: 0.000

Max cleavage site probability: 0.92S% between pos. 18 and 20

Fig 5. 16: Prediction of signal peptide cleavage site of Q5BAR4_EMENI by SignalP 3.0 Server.
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Plasmids pMUT248 and pMUT249 were transformed theE.coli expression strains
BL21 DE3, BL21 Al, BL21 Codohand BL21 pLysS and screened for recombinant
protein production as described in Methods. Typitzda are shown in Fig 5.17 and
demonstrate that substantial recombinant proteadymtion was achieved for both full
length and N-terminally truncated PNM1B. Recomhinarotein solubility was tested
in three buffers as described in Methods and typizda are shown in Fig 5.18.
Inspection of Fig 5.18 shows under all conditicestéd the full length and N-terminally

truncated PNM1B recombinant proteins were insoluble

pMUT248 Al DE3 pLysS Codon+
. £ [ -— [ =
GoKDa P B e B GagDa "q BY oo B S S B : EQPe.
. ___,_____;;_. 45KDa ' ”45KD§—”FE 45KDa
E  wu S U 40 ~a — — — — —
i e - . - . -_—-— -
zeKDai_ .”-”- ! ! mma!.'.' - 29KDa —_—
-. - 8 -8 B ¥
- T ——
LU — 237 56 B M aisee COT M3 458
PMUT249 Al DE3 pLysS Codon+
66KD: - - 86KD: T esko - | r 66KD:
2 = 1
A R B B - - 45KD: = i 45KD: e e
- — - e -
oaes 2 A 2 1) son, T - . - ... - e -, hd
M C 1 283 4 5 C M 1 2 3 4 DRG] c 1 M. .2, 3 348 5 6 S RRe2a w3 M 4 5t

Fig 5. 17: Recombinant protein production of pMUT248/ pMUT?249 in E. coli expression
strains BL21DE3, BL21 Al, BL21 Codon® and BL 21 pLysS.
Transformant colonies were grown in 2ml liquid LBedie (100 pg il Ampicillin for all strains,

35 ug mtt Chloramphenicol for pLysS and Codastrains only) at 30 for 7 hours before 5-hour
protein induction by addin§.2 mg mt* IPTG for DE3, pLysS, Coddrstrains and 0.04%
(w/v) arabinose for Al strain For each expression strain, 5-6 transformant cetonvere
chosen screening for recombinant protein producsisrdescribed in Methods. Boilded samples
were run on 10% SDS-PAGE gels. Non-transformedesgion colonies were used as negative
controls (C). Positions of 66 kDa, 45 kDa and P@ knarkers are indicated.
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pMUT248 Al DE3 pLysS Codon+
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Fig 5. 18: Solubility test for recombinant proteins of pMUT 248/ pMUT 249 in E.coli expression
strains BL21DE3, BL21 Al, BL21 Codon” and BL 21 pLysS.

For each expression strain, 2 recombinant protedyztive transformant colonies were chosen for
checking the protein solubility (see Methods). |@ellets from each strain were resuspended and
sonicated into two buffersD 0.1 M Tris-Cl, pH 7.5, 1 mM DTT buffer2 50 mM potassium
phosphate, pH 7.2, 1 mM DTT buffer. After sonioatithe supernatant from the centrifugation
represents soluble protion while the cell pelltresents insoluble portion. S: soluble portion. I:
insoluble portion. Positions of 66 kDa, 45 kDa &%&kDa markers are indicated.
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To try and obviate this problem, it was decidedtripo and solubilise the insoluble
protein in buffer containing 6.0 M urea and to ¢ refolding by slow removal of the
urea by dialysis. Transformant cells BL21 DE3 wplasmind pMUT249 were used
for the production of recombinant protein. Afteeturea-gradient protein refolding as
described in Methods, the solubility of overprodiligeotein was analysed by SDS
PAGE using a 10% acrylamide gel (see Fig 5.19)spéwation of Fig 5.19 shows that
the most abundant protein was the N-terminally tdele®PNM1B. 0.1ul and 0.5pl
volumes of this solubilised protein were screermfoteolytic activity using NmrA as

the substrate, but no protease activity could beotied.

= e
BEKDS 1 BKDa
=8
% =8 R

——

~oraalf emm -

Mo 01 05 1 ewosdgemelig M 01 05 NmA C Trypsin
= _ - e .

Fig 5. 19: Solubility and activity test of recombinant protein after urearefolding.

Left: increasing loadings (0.1 ul, 0.5 pl, 1 pluR 4 pl, 6 pl) of refolded recombinant protein
electrophoresed on 10% SDS-PAGE gel. Right: Nmmbdtgwlysis test for the refolded
recombinant protein. 0.1 pl and 0.5 ul of solutiare incubated with 2 g NmrA at 25 for 30
mins. NmrA was used as non-digested control. .C:u0 refolded protein solution was used as
background control. Trypsin: NmrA-based proteaysf 0.01 pg bovine trypsin was used as
positive control. NmrA: recombinant NmrA proteiorfundigested control. 0.1: Incubation
products of 0.1ul refold solution with NmrA protein0.5: incubation products of 0.5ul refold
solution with NmrA protein. Positions of 66 kD& KWDa and 29 kDa markers are indicated.
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The absence of protease activity could have beert@lone of several reasons. First,
the protein may have been mis-identified in LC-Mf®wever, the probability of a
random match to the data described previously iis 10 * making the likelihood of
incorrect identification very remote. Second, gegjuence reported in the database
may be incorrect thereby leading to the synthefsssroutant and inactive protein. The
gene AN2366.2 was PCR amplified from the wild tgbein R153 genomic DNA and
sub cloned into the vector pCR4-TOPO (Invitrogemging the manufacturers
recommended conditions. The forward and reversB P@mers used were of the
sequence: '5 gct ata taa gga gtc aat tét-8hd 5 gct tgc ata tat tgg aac tgg-3
respectively and are derived from the promoter &hdon-translated region. The
cloned sequence was subjected to DNA sequencingtlandranslated amino acid
sequence matched that encoded by the synthesisp@n®®. These observations
imply that the refolded protein had a wild type amiacid sequence. The third
possibility is that the final pool of soluble prstemay not have folded correctly and
therefore remained proteolytically inactive. Onesgible cause of incorrect folding
may be due to an inability to form required disudjghbridges. Bovine trypsin digests
NmrA in a manner indistinguishable from PNM1B asdgad by SDS-PAGE
electrophoresis, and PNM1B show 39% amino acidtigewith the bovine enzyme
(see Fig 5.20). To fold into an enzymatically aetform the bovine enzyme has to
make six disulphide bridges, and inspection of - shows that the cysteine residues
necessary for this are conserved in the PNM1B sexgue It is likely therefore that the
reason the refolded PNM1B is proteolytically inaetis because it lacks the necessary

disulphide bridges.
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Query= tr:Q5BARd EMENI [Q5BAR4] Sublame: Full=Putatiwve uncharacterized

protein;
Length=249

Score
Sequences producing significant aligrnments: (Bits)
1cl|B65625  =p|PO0TAD|TRY1 BOVIN Cationic trypsin 05=Bosz taurus... 166
ALTGNMENTS

»1cl|56525 =p|PO0TE0|TRY1 BOVIN Cationic trypsin 05=Hosz taurus PE=1 5¥=3
Length=246

Tdentities = 98/260 (39%), Positives = 139/250 (55%), Gaps = 187260 (7%}
Query & VETTALLSLLSTAMA——— DEATVGGDDAETITEYPTQIALL SGGEL MGG SIISSETVY

+KT  L+LL . ati D IWGG FTQ+HL 5G GE+I+H5+HTY
Sbict 1 METFIFLALLGAAVAFPVDDDDEIVGGT TCGANTVE T WSLNSG THE GG 5L INSQWWY

+a 5+ 4R & + + VHF YH+NT+HNDI +HL

Query &0 TJ'&GIIIEITDGASASSL SIRAG S——-TTHDEGG TVVDVEAL TVHPEYNANTVDNDISTLELAE
Sbict 60 S ————SGIQVELGEDNINVVEGNEQF ISASK SIVHP SYNSNILHND INLIRLE S

+ +I LP+3 + 5 GIT H Wi G P+ L+ +-PH5 5 RS
Sbict 116 AAELNSEVASISLPTSCA-—SAGTQCLISGWGNTESSGTSVPDVLECLEAPILSDSEEES

Query 176 DYSGFNEITAS GEEEGGEDGROGDSGEPFAMDGVLIG I TSWGIT GYPGVTSS
T G +IT+HH G EGGED BAGDSGGE G L GI SW& + PG+
QK

Sbict 174 AYPG—QITS GYLEGGEDS@AGDSCGPYVC SGELQG IVEWGS NEPGVITE

Query 117 ELQFGDGIKAIDLPSSSSLPSEGTIGTETGWGALTEGGN?SPH—LQY?E?P?YSKSQI;S

Query 236 PAYFEDFIGQ 245
+ +I4]
Sbhict 232 VCNYWSWIED 241

E
Talue

Be—46

Score = 166 bits (419), Expect = fe2—46, Method: Compositional matrix adjust.
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Fig 5. 20: Alignment of PNM 1B with Bovine trypsin.

The amino acids show 39% identity and 55% simildr#tween PNM1B and Bovine trypsin.

bars show all the conserved cysteine residuestindamuences.
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As theE. coli Origami (Novagen) expression strain can sometine#s correctly fold
proteins that require disulphide bridges, Origamarzl Origami 2 (DE3) competent
cells were transformed with pMUT248 and pMUT249 amdreened by 10%
SDS-PAGE for soluble recombinant protein productiofypical results are shown in
Fig 5.21 and Fig 5.22. Inspection of Fig 5.21 skawat in both cases there was
substantial overproduction of recombinant proteirstrain Origami 2 (DE3) but not in
the strain Origami 2. Further solubility test slsothiat there is no better solubility of
recombinant proteins in origami cells than thatormal E. coli cells (BL21 DE3).
The soluble portions from each colony had beeredefidr their proteolytic activities by

NmrA proteolysis and the results still remainedateg.
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Fig 5. 21: Recombinant protein production by pMUT 248/ pMUT 249 in E. coli expression

strains Origami 2 and Origami 2 (DE3).

Transformant colonies were grown in 2 ml liquid biedia (100 pg rift Ampicillin) at 30°C for 7
hours before 5-hour protein induction by adding@@mi* IPTG.  For each expression strain, 5-6
transformant colonies were chosen screening fasmémant protein production as described in
Methods. Boilded samples were run on 10% SDS-PAfE. Non-transformed expression
colonies were used as negative controls (C). Baosibf 66 kDa, 45 kDa and 29 kDa markers are
indicated.
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Fig 5. 22: Solubility test for recombinant proteinsof pMUT?248/ pMUT?249in E. coli

expression strains Origami 2 and Origami 2 (DE3).

For each expression strain, two recombinant prqteiiuctive transformant colonies were chosen
for checking the protein solubility (see MethodsTell pellets from each strain were resuspended
and sonicated into two buffer§D) 0.1M Tris-Cl, pH 7.5, 1mM DTT buffer2 50mM potassium
phosphate, pH 7.2, 1mM DTT buffer. After sonicatithe supernatant from the centrifugation
represents soluble protion while the cell pelltressents insoluble portion. S: soluble portion. |I:
insoluble portion. Positions of 66 kDa, 45 kDa &%&kDa markers are indicated.
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Chapter 6 The effect of proteolysison the

biological activity of NmrA

6.1 NmrA undergoes ordered proteolysis

The data presented in Chapter 5 shows #aitdulans produces three proteases in
response to nitrogen starvation and that thesee@gets have hypersensitive sites for
digestion within NmrA. These proteases are desaghe&?NM1A, PNM1B and
PNM1C and generate as their major digestion pregrateolytic fragments of around
32 kDa as judged by SDS-PAGE electrophoresis. ritbete digestion with crude cell
free extracts containing low concentrations of PMYIPNM1B and PNM1C generated
a second major proteolytic fragment of MW approxieha25 kDa that was designated
NM3. Similarly digestion of NmrA (approximatelytburs) with higher concentration
of purified PNM1A or PNM1B generated a fragmentigticiguishable from NM3 in
SDS-PAGE electrophoresis. Examples of this patrrdigestion are shown in

Fig 6.1.
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Fig 6. 1: Time coursedigestion of Nmr A by crude cell free extracts and purified PNM 1A and

PNM1B.
1 ug of crude cell free extracts (Left) and dlovolumes of fractions containing PNM1A or PNM1B

purified by Hi Trap DEAE FF and Superdex chromaapdry (Right) were incubated with (&)
purified NmrA at 25C for different time lengths as indicated on thesgelThe digestion products
were separated by SDS-PAGE using a 10 % acrylasggarating gel and the positions of 45 kDa
and 29 kDa markers are shown. The digestion ptedNd11A, NM1B, NM2, and NM3 are
shown.
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6.2 Mapping the sites of proteolytic cleavage in NmrA

The sites of proteolysis in NmrA for the productointhe fragments NM1A and NM1B
were determined by a combination of Edman sequgrand molecular weight (MW)

determination using LC-MS (see Methods).

The N-terminal amino acid sequence of each NM1A MILB and that of the stock
NmrA substrate was determined by Edman protein esegjng and in each case the
sequence AQQKKTIA was recovered. These results odstmated that (1) the
recombinant NmrA stock lacked an N-terminal metimenand (2) that each of the
digested NmrA fragments recovered started at theedd-terminus and so must have
different C-termini. Combining this information thithe MW determined by LC-MS,

allows the cleavage sites generating NM1A, NM1B BB to be identified.

Having determined that the stock of NmrA had noeNwinal methionine, its MW
measured by MALDI-TOF is 38,663.8 Da which compafasourably with the
predicted MW of 38,662.6 Da and shows that themdspant protein was not modified
in any other way. However, the MW of a sampleh& same stock of NmrA that had
been subjected to SDS-PAGE prior to LC-MS was fotmdbe 38,737.5 Da. These
measurements show that NmrA becomes covalentlyfraddvith an approximately 74
Da adduct (Table 6.1) as a result of the SDS-PAGEh® subsequent gel extraction

prior to LC-MS.

Inspection of the LC-MS analysis of the proteolyftiagments (Fig 6.2 and Fig 6.3),
NM1A and NM1B showed evidence of significant levefsoxidative microchemistry:

every two neighbour peaks representing peptidesshidnze 16 Da difference between
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each other.

non-oxidative modified peptides.
NM1B are 33,404.2 Da and 32,134.6 Da, respectiveyshown in Table 6.1.
control, the MW of bovine carbonic anhydrase |l vdgtermined by this technique to

be 29,023.7 Da. The measured value of the coltYdlshowed Dalton level accuracy

The peptides with the lowest moleculaights were assumed to the

The measured mdée weights of NM1A and

implying the same level of accuracy with the Nmme@ppde MW determinations.

Measured MW, Predicted MW| mMW- pMW | Cleavage site
(mMMW) (PMW)
NM1A 33,404.2 Da 33,330.2 Da 74 Da M306 and
(2-306) Q307
NM1B 32,134.6 Da 32,059.7 D4 74.9 Da K291 and
(2-291) G292
NM3 25252.9 Da 25178.15Da 74.8Da A230 and
(2-230) A231
NmrA from gel| 38737.5 Da 38,662.6 Da 74.9 Da
slice
NmrAin 38,663.8 Da 38,662.6 Da 1.2 Da
solution

Table6. 1: The measured and predicted MWs of NmrA and its proteolytic products.

As a

The measured MWs of NmrA lacking the N-terminal Inienine (NmrA 2-352) and the proteolytic
fragment NM1B determined before and after SDS-PA&ctrophoresis and gel extraction are
shown with the predicted MW derived from the amauoid sequence. A difference of 74.9 Da is
evident in each case. Also shown are the meaddivésd of the NmrA proteolytic products NM1A
and NM1B after gel extraction along with the préelit MWs of C-terminally deleted NmrA
possible candidate sequences.
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Fig 6. 2: Determining the MW of NM1A by LC-MS.
Upper: experimental peptide NM1A. The lowest MW 38,404.1861 Da, considered as the

measured MW of NM1A. Each neighbour peaks hav®4@lifference. Lower: contrddovine
carbonic anhydrase (hCA). MW is 29,023.6913 Da.
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Fig 6. 3: Determining the MW of NM 1B by LC-MS.

Upper: experimental peptide NM1B. The lowest MW 38134.5943 Da, considered as the
measured MW of NM1B. Each neighbour peaks hav®d@lifference. Lower: contrdovine
carbonic anhydrase (bhCA). MW is 29,023.7207 Da.
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Knowing the N-terminus of the proteolytic produdttM1A and NM1B and their
accurate MWs allowed the deduction that the cleavaig of each protease lies within
the C-terminal surface exposed non-ordered regioiNrorA (residues 281-309) as
shown in Fig 6.4. The LC-MS technique providesuaacy at the Dalton level;
however there are no predicted cleavage produsits MmrA that match the measured
MW values with this level of accuracy. Given tliaé stock of NmrA is covalently
modified as a result of SDS-PAGE and subsequentegihction for LC-MS, then
providing digestion by PNM1A or PNM1B does not reradhe site of modification, it
Is reasonable to infer that the proteolytic fragtaddM1A and NM1B will be similarly
modified. The peptides 2-291 and 2-306 differ fribra measured MWs of NM1B and
NM1A by +74.0 Da and +74.9 Da respectively, impyitinat they, like non-digested
NmrA, have been modified with an approximately 74 Bdduct as a result of
SDS-PAGE electrophoresis and gel extraction. éncidse of the NM1B fragment this
hypothesis was tested directly by repeating the M&ermination with products of
proteolysis that had not been subjected to SDS-PAIB&rophoresis. In this case the
major digestion product had a measured MW of 3ZH®a— a value that differs by
0.1 Da from the predicted MW of an NmrA fragmenhsisting of amino acids 2-291.
Therefore the most likely cleavage site to genepagetide NM1A is between amino

acids M306 and Q307, and to generate peptide NM1igiween K291 and G292.
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Fig 6. 4: Amino acid sequence and crystal structure of native NmrA protein (Monoclinic form).
Left: the amino acid sequence of NmrA protein. Tned arrows indicates two digestion sites of
PNM1A and PNM1B in the disordered loop region. HRighe crystal structure of NmrA protein.
Two yellow arrows indicate the start and end pooftshe dissordered surface loop region. The
picture of crystal structure is from protein datnk (http://www.rcsb.org/pdb/home/home).day
simple viewer.
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The NM3 fragment of approximately 25 kDa formedtbg digestion of NmrA with a
crude cell-free extract @& nidulans mycelium (therefore containing PNM1A, PNM1B
and PNM1C activities) was gel purified and LC/M$enments produced an estimated
MW of 25,252.93 Da. Use of the Edman sequencitgrdened the N-terminal amino
acid sequence as AQQKKTIA implying it was generdigdtleavage within the surface
exposed helb>a8. The measured MW of this NmrA fragment diffess37 Da from
the predicted MW generated by digestion betweedues A231 and F232. However,
it is possible that this fragment is modified by ¥ Da adduct described above, and if
74 Da is subtracted from the measured MW the diffee from the MW of a fragment
generated by digestion between residues A230 ardd A21 Da. It is likely that this
second proteolytic fragment is generated by digestetween A230 and A231.
However, this site of digestion is incompatible lwitpecificity of trypsin-like protease
such as PNM1B and is therefore likely to be dudutther digestion by PNM1A or
PNM1C. Inspection of the amino acid sequence is #iea shows that there is a
potential PNM1B cleavage site (R234/A235) 4 amioidls C-terminal to A230. Thus
in a mixture of the PNM1A, PNM1B and PNM1C, the N#&duct of PNM1B is a

substrate for PNM1A and/or PNM1C.

All attempts to extract the PNM1B-generated fragmeinom SDS-PAGE
electrophoresis at the same position as that of lgbt&rated by cell free extracts were
unsuccessful; consequently we were unable to deterthe MW of this proteolytic

fragment.

Thein vitro generated data above show that NmrA is digesteghinrdered fashion,

with rapid cleavage occurring within the C-terminahordered surface region
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generating fragments NM1A and NM1B. NMI1A is a dute for the protease
PNM1B therefore in crude cell-free extract NM1Acsnverted to NM1B. Similarly
the NM3 fragment that is generated at a slowerbgtENM1B digestion withim-helix

8 is a substrate for PNM1A and PNM1C. The furttiiggestion of NM3 by PNM1A,
PNM1B and PNM1C does not generate stable interrtesdimnplying that this fragment
is disordered and that digestion is occurring atltiple sites simultaneously.
Therefore, the proteolytic fragments NM1A and NM4jgpear to be inherently resistant
to proteolysis and require either an increase gestion time or an increase in the
concentration of protease of 10-fold or more toi@ah quantitative conversion to lower

MW fragments.

6.3 The inherent resistance of NM1A and NMI1B to
further proteolysis is enhanced by binding oxidised

dinucleotides

NmrA is a member of a structural superfamily whigicludes the short-chain
dehydrogenase/reductases.  NmrA discriminates leetwexidised and reduced
dinucleotides, binding the former much more tightgn the latter (Lamb et al., 2003),
however, the binding of oxidised dinucleotides haseffect on the ability of NmrA to
bind to the AreA zinc finger and has no effect ba structure of NmrA. In order to
identify possible biological consequences of dieatile binding, the resistance of
NmrA to proteolysis by Superdex chromatographicallyified PNM1A and PNM1B
was tested in the presence and absence of NNBDP*, NADH and NADPH over a

6-hour digestion. Fig 6.5 shows the results ofidgexperiments. Inspection of
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Fig 6.5 reveals that, although all four dinucleeidhave no obvious effect on the
digestion of full length NmrA, the presence of agatl dinucleotide NAD enhances
the inherent resistance of NM1A and NM1B to furtpbesteolysis. In the presence of
0.5 mM NAD', the digestion of NM1A and NM1B was dramaticakyluced for up to 6
hours. This effect was also seen when NADRs substituted for NADbut was
more variable and on average less pronounced. rhi@glion was afforded by the
addition of NAD (P) H. To test the hypothesis tltatvas the binding of oxidised
dinucleotides to NmrA that was responsible for teifect the experiments were
repeated with mutant NmrA that has a reduced wghitit bind NAD. The NmrA
protein encoded by plasmid pMUT170 has the chang®2G/A18G (designated
NmrAn12c/a18d and a 13-fold increase in the, Kor the binding of NAD (Lamb et al.,
2004). NmrAuzca1sc Was purified in bulk and the digestion experimergpeated
using Superdex-purified PNM1A and PNM11B - typicedults are shown in Fig 6.6.
Inspection of Fig 6.6 shows that the disappeararficBM1B from NmMrAviscs a1sc
digested by PNM1B was not substantially modulatgdhie presence of NAD This
observation supports the hypothesis that the pieeeeffect of NAD is through

binding to NmrA and NM1B rather than by bindingatod inhibiting the protease.
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Fig 6. 5: Proteolysisof NmrA by PNM 1A and PNM 1B in the presence and absence of

dinuclectides.

After Superdex chromatography |8 fractions containing PNM1A activity and pl fractions
containing PNM1B were assayed by NmrA-based prgseolhssay. The assay was carried out in
the presence and absence of 0.5 mM NADADH, NADP" or NADPH. Assays were carried at
25°C and samples were taken at 1 hour and 6 hour aiterv NmrA protein was used as a
non-digested control and the position of 29 kDa 4h#Da markers are indicated.
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Fig 6. 6: Proteolysis of wild type NmrA (left) and N12G/ A18G mutant NmrA(right) by

PNM 1A and PNM 1B at the presence/ absence of 0.5 mM NAD".

After Superdex chromatography @8 fractions containing PNM1A activity and pl fractions
containing PNM1B were assayed by NmrA-based prgseolhssay. The assay was carried out in
the presence and absence of 0.5 mM NADAssays were carried at 25and samples were taken
at 1 hour, 2 hour, 4 hour and 6 hour interval®Vild type and mutant NmrANMrAni2¢/a180
were used as a non-digested controls and the gositi29 kDa and 45 kDa markers are indicated.
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As the primary proteolytic fragment remains stahleing proteolysis in the presence of
0.5 mM NAD' and protease activity of PNM1B can be easily iithib by adding
benzamidine, the extent of proteolysis can be otlatt manually. As described in
Methods, the proteolytic products was fractiondigdONO Q column and monitored
for the presence of NM1B by SDS-PAGE using 10% Hsfth separating gels as shown
in Fig 6.7. Inspection of Fig 6.7 shows that theotgolytic fragment NM1B
co-purified with an approximately 6.6 kDa MW fragmie NM1B containing fractions
were then pooled and dialysed into 50 mM potasstosphate pH 7.2, 1 mM DTT to

remove NaCl and NADprior to further analysis.

Mass spectrometry determined the accurate MW ofstheller fragment co-purified
with NM1B as 6.625 kDa, a value identical (withirperimental error) to that of the
C-terminal fragment produced by the digestion ofrNrby PNM1B. Densitometry
measurements using PROGENESIS software (Nonlingaramics) showed that the
NM1B and the C-terminal fragment of NmrA purifiedthva 1:1 stoichiometry. These
observations indicate that when PNM1B cleaves Nwithin its C-terminal surface
exposed loop the NM1B and the C-terminal fragmentipced remain associated and

that this association is not disrupted by MONO QEP
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Fig 6. 7: SDS-PAGE analysis of PNM 1B digested NmrA.
NmrA was digested by PNM1B in the presence of OMs NAD* and chromatographically purified

on a MONO Q FPLC column.

5 ul of each fractionteduby a 0-1.0 M NaCl gradient were

analysed by SDS-PAGE using 10% and 15% separagigy §he positions of molecular weight

markers are indicated.
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The data shown in Fig 6.5 and Fig 6.6 imply tha MM1B is able to bind oxidised
dinucleotides, and this interpretation was testgdirependent microcalorimetric
techniqgues. The mixture of NM1B and the C-termifnagment of NmrA generated
by digestion with PNM1B (designated NM1B+C term)swpurified in bulk (see
Methods) and analysed by Differential Scanning @aletry (DSC) in the presence and
absence of 3 mM NAD Typical DSC results are shown in Fig 6.8, whierean be
seen that the ;J of NM1B+C term is reduced compared to that of dayested NmrA.
However, in the presence of 3 mM NAhe T, of NM1B+C term is increased relative
to the value in the absence of dinucleotides. Twherms are non-reversible,
therefore they cannot be deconvoluted to derivelibgq constants, however they do
demonstrate in a qualitative manner that NM1B+@nteetains the ability to bind to

oxidised dinucleotides.

Row Data Fragment NM1B + C term 0.0004 Raw Data Wildtype NmrA

0.0002 4
0.0002 -

%

0.0000 -

Cp(cal/°C)
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No ligand
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Ligand -0.0002 4

Ligand

-0.0004
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T T T T T

T T T T T
20 30 40 50 60 7 20 30 40 50 60 70
Temperature (°C) Temperature (°C)

Fig 6. 8: DSC analysis of NAD" binding to NmrA and NM 1B+C term.

The concentration of NM1B+C-term and NmrA is 2@, the concentration of NADis 3 mM and
the experiment was carried out in 50 mM phosphgite,7.2, 1 mM DTT buffer. The scanning
temperature range was from'250 70C at the rate of 9Q per hour.
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NM1B+C term and, as a control, NmrA were also waising Isothermal Titration
Calorimetry (ITC) for the ability to bind to NADand typical results are shown in
Table 6.2 and Fig 6.9. Table®shows that the calculated Vvalue fell below 1 in the
experiments with NM1B+C term, therefore the isoth&rcould not be accurately
deconvoluted to derive binding constants. The aeasor the low ¢ and
stoichiometry values may be that the half life bé tligand binding properties of
NM1B+C term is reduced. If, as is likely, thistise case then the necessary time
taken (72 hours) to generate, purify and use NM1B@ in ITC experiments means
that the protein solution used was a mixture ofivactand inactive molecules.
However, the ITC data do confirm directly that fied NM1B+C term retains the

ability to bind NAD" and the value of the g<(94 uM) for the binding of NAD to

NmrA is similar the previously published value (@d).
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Fig 6. 9: ITC results of C-terminal fragment associated NM 1B binding to NAD".

The concentration of NM1B+C term is 11, the concentration of NADis 2 mM and the
reaction was carried out at 25 in 50 mM potassium phosphate pH 7.2, 1 mM DTT éuff The

ITC isotherm of NAD titrated into NM1B+C term (left) and NADtitrated into buffer alone (right)
are shown for comparison..
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_ _ Ligand in Kb Average AH AS
Ligand in Cell _ n K c
syringe M) | Ko (M) 1 cal mor®) | (cal K™ mol)
2 mM 0.7 | 1.06E4
142 uM NmrA . 94 94 3.4 (0.8) 6.98 1.0
NAD™ 1 0.1y | (2.5E3)
112 uM 2 mM 0.6 | 9.50E3
. 105 4.4 (1.1) 3.65 0.6
NM1B+C term| NAD (0.1) | (1.6E3) 102
112 uM 2 mM 0.6 | 9.93E3
. 100 3.7 (1.5) 6.03 0.6
NM1B+C term| NAD (0.2) | (3.0E3)

Table 6. 2: Thermodynamic parametersfor the binding of NM 1B and NmrA to NAD" using ITC analysisat 25 °C.

The binding was measured in 50 mM potassium phasgté 7.2, 1 mM DTT buffer by ITC. Shown are théues for n, the stoichiometry of bindingpK
the apparent equilibrium dissociation constai; the observed enthalpkS, the standard entropy change for single siteifignd As thec values for
NM1B+C term fall below 1 the Kfor the binding reaction cannot be reliably detieed.
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6.4 Proteolytic digestion within its C-terminal unordered
loop abrogates the ability of NmrA to bind the AreA zinc

finger.

The all data in section 6.4 imply that C-terminelgment associated NM1B retains
sufficient binding ability to NAD, and we wished to know if the fragment mixture was
able to bind to the AreA zinc finger. It is preugly shown by ITC that NmrA binds
endothermically to the C-terminal 213 amino acilsAeA (AreAsss-s79 With a 1:1
stoichiometry and a K of approximately 0.26 M (Lamb et al., 2003).
Crystallographic studies and ITC analysis reveat thmrA specifically interacts with

the AreA Zf (residues 663-727) (Kotaka et al, 2008)

The interaction of NmrA and NM1B+C term with thee® Zf was measured by ITC.
The typical result is shown in Fig 6.10while thertodynamic parameters associated
with the interaction are summarised in Table 6.8 contrast to non-digested NmrA,
when NM1B+C term was titrated onto AreA Zf, no sfgrant heat exchanges over
baseline controls were observed, implying no imtigoa. This observation can be
rationalised by considering the crystal structurédNmrA in a complex with the AreA
Zf. The AreA Zf interacts mainly through-helices 1, 6 and 11 of NmrA in a
combination of polar and hydrophobic contacts (Katat al, 2008). Of the four
hydrogen bonds between the AreA Zf and NmrA, thremlve amino acids located
within the C-terminal 27 amino acids of NmrA. QGlage within the unordered
surface loop will break the covalent link to theeminal peptide and is therefore likely

to cause changes to its orientation relative td\NE.B fragment. Such changes could
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disrupt the potential polar contacts of the protgolfragments mixture with Areds.727

and account for their observed inability to intérac
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Fig 6. 10: ITC resultsof NmrA and C-terminal fragment associated NM 1B binding to

AreAggz.727.

The concentrations of NmrA and the C-terminal fragimassociated NM1B are 24/ and 200
uM, respectively. The concentration of Arghz,7z was 25uM. The reaction temperature was
25C.
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Ligand | Ligand in N K Kb AH AS C
in Cell syringe
(LM) (kcal molY) | (cal K* mor?)

25uM | 247 uM | 0.527 | 1.18E6 0.84 7.931 54.4 155
NmrA (4.9E5)

AreA Zf (0.569)

25uM | 247 uM | 0.534 | 1.31E6 0.76 7.311 52.5 175
NmrA

AreA Zf (6.0e5) (0.548)

Table 6. 3: Thermodynamic parametersfor the binding of NmrA to NAD" using I TC analysisat 25°C.
The binding was measured in 50 mM potassium phasgitd 7.2, 1 mM DTT buffer by ITC. Shown are théues for n, the stoichiometry of bindingpK
the apparent equilibrium dissociation constaht; the observed enthalpkS, the standard entropy change for single siteifngnd
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To test the hypothesis that NmrA and NM1B+C termehsome structural differences,
their far-UV spectra were determined and compass (Fig 6.11). Inspection of
Fig 6.11 shows that there are small differenceshen far UV spectra in the region
202-222 nm consistent with a subtle change in gtracof NM1B+C term relative to
NmrA. In ITC experiments NM1B+C-term bound NA[see Table 6.2 and Fig 6.9)
however the calculated stoichiometry of the inteoac(approximately 0.6) was lower
than the value of 1 known from structural studiesl ghe Ik could not be reliably
calculated as thec* value fell below 1 (Wiseman et al., 1989). Theason for the
aberrant stoichiometry and logvwalue is possibly due to the subtle structurainges
revealed by the far UV spectrum of the proteolyteggment mixture. These changes
may cause a reduction in the half life of its bimgliability to NAD". The necessary
time taken (72 hours) to generate, purify and dgbe C-terminal fragment associated
NM1B in ITC experiments makes it likely that theof@in solution used was a mixture
of active and inactive molecules. However, the daa do confirm directly that the

purified fragment retains the ability to bind NAD
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Fig 6. 11: Far UV circular dichroism analysisof NmrA and NM 1B+C term.

The secondary structure of NmrA and NM1B+C terma abncentration of 0.51 mg thin 50 mM
potassium phosphate pH 7.2, 1 mM DTT buffer wadbedoby far-UV CD spectroscopy. CD
spectra for each protein were recorded from 10raotative scans of protein in buffer and buffer
alone at 20C using a Jasco J-810 spectropolarimeter. The toéfseline was subtracted from the
experimental value, the data adjusted for proteimcentration and the results shown as molecular
CD units. The trace with the greatest signal &l is from non-digested NmrA (green).
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6.5 Synthesis of a gene encoding the fragment NM1B

In order to try and simplify the purification of N\NB without the C-terminal fragment a
nucleotide sequence (optimised for expressioB. icoli), encoding NmrA amino acids
1-191 was synthesised by the company Blue Herofis fucleotide sequence was
subcloned into thé&. coli expression vector pET3a vi&Mdel and 3BamH1sites to
yield the plasmid pMUT242. The complete synthekisequence and corresponding

protein sequence are shown in Fig 6.12.
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Gene sequence

Nde1
catatgatggcacagcagaaaaaaaccattgeegttgttaatgcaaccggtegtcaggeageaagectgattegtgttgeage

lagcagttggtcatcatgttcgtgcacaggttcatagectgaaaggtctgattgecagaagagetgecaggeaattecgaatgttace
ctgtttcagggtccgetgetgaataatgticcgetgatggatacecetgtttgaaggtgcacatetggectttattaataccacctete
laggctggtgatgaaattgecattggtaaagatctggcagatgecageaaaacgtgeaggceaccattcagceattatatttattctag
catgccggatcatagectgtatggtcegtggectgeagticegatgtgggeacecgaaattcacegtggaaaattatgttcgtcag
ctgggtctgccgageaccttegtttatgeccggtatttataataataattttaccagectgecgtatcegetgtttcagatggaactga
tgccggatggceacctttgaatggeatgeaccgtttgatccggatattcegetgeegtggetggatgeagaacatgatgttggtee
lggcactgctgcagatttttaaagatggtccgeagaaatggaatggteategtattgecactgacctttgaaaccctgteteceggttc
laggtttgtgcagcatttagccgtgcactgaategtegtgttacctatgttcaggttccgaaagtggagattaaagtgaatattceg
gtgggttatcgtgaacagetggaagcaattgaagttgtgtttggegaacataaagcaccgtatttticcactgecggaatttagee

BamH1
lgtccggeagecggtageccgaaataaggatee

Protein sequence

MAQQKKTIAVVNATGRQAASLIRVAAAVGHHVRAQVHSLKGLIAEELQAIPNV
TLFQGPLLNNVPLMDTLFEGAHLAFINTTSQAGDEIAIGKDLADAAKRAGTIQH
YIYSSMPDHSLYGPWPAVPMWAPKFTVENYVRQLGLPSTFVYAGIYNNNFTSL
PYPLFQMELMPDGTFEWHAPFDPDIPLPWLDAEHDVGPALLQIFKDGPQKWNG
HRIALTFETLSPVQVCAAFSRALNRRYTYVQVPKVEIKVNIPVGYRE
QLEAIEVVFGEHKAPYFPLPEFSRPAAGSPK

Fig 6. 12: The gene sequence and encoded amino acid sequence of fragment NM1B (1-191
amino acids of NmrA).
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Plasmid pMUT?242 was transformed into taeoli expression strains BL21 DE3, BL21
Al, BL21 Codori and BL21 pLysS and screened for recombinant prgiesduction as
described in Methods. As shown in Fig 6.13, sufi&h recombinant protein
production was achieved in strains BL21 Al and BIfR2¥sS for the protein fragment

NM1B both at 258C and 30C with less production in strain BL21 Codon The

solubility of the recombinant protein produced mclk E.coli expression strains was
then tested in solubility Buffer 3 and Buffer 4 €deig 6. 13). Inspection of Fig 6.13
shows that the recombinant protein is highly inbtduin each strain in both buffers.
However the data also implied that a small fractiérthe recombinant protein may be

soluble in buffer 1 in strain BL21 pLysS grown aimdiuced at 2% (see Fig 6.14).

Based on both the recombinant protein productiorestigation and solubility tests,
plasmid pMUT 242 was transformed inE coli expression strain BL21 pLysS in

preparation for bulk purification under the ‘@515C growth and induction regime.

However when 50 g of cells were sonicated in buffeand the clarified supernatant
chromatographed on a Q sepharose column no recantbMM1B protein could be
detected. Given these observations work on pagfyecombinant NM1B protein was
discontinued. The reason the NM1B fragment of Niwals insoluble may be because
the C-terminal fragment is essential for NM1B tddf@orrectly. Alternatively the

NM1B fragment may fold correctly but be highly uaiste.
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Fig 6. 13: Recombinant protein production of pMUT242 in E. coli expression strains BL21 Al,
BL21 Codon® and BL 21 pLysS.
Transformant colonies were grown in 2 ml liquid bidia (100 pg il Ampicillin for all strains,
35 pg mit Chloramphenicol for pLysS and Codostrains only) at 3@ for 7 hours or at 28
for10 hours before 5-hour protein induction by agd0d.2 mg mf IPTG for pLysS, Codonstrains
and 0.04%(w/v) arabinose for Al strain For each expression strain, 4-6 transformant cefoni

were chosen screening for recombinant protein mriiolu as described in Methods.
samples were run on 10% SDS-PAGE gels.
negative controls (C).
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Non-tramsfd expression colonies were used as
Positions of 66 kDa, 45 ldbd 29 kDa markers are indicated.
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Fig 6. 14: Solubility test for recombinant proteins of pMUT242 in E.coli expression strains

BL21DE3, BL21 Al, BL21 Codon” and BL 21 pLysS.

For each expression strain, two recombinant prgtedluctive transformant colonies were chosen
for checking the protein solubility (see methodsell pellets from each strain were resuspended
and sonicated into two buffer§) 50 mM potassium phosphate, 1 mM DTT, pH 72; 50 mM
potassium phosphate, 1 mM DTT, pH 7.2, 0.5 mM Na@lfter sonication, the supernatant from
centrifugation represents soluble portion while t&d pellts represents the insoluble portion.S:
soluble portion. I: insoluble portion. Position$ 66 kDa, 45 kDa and 29 kDa markers are
indicated.
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Chapter 7 Discussion and Future work

7.1 Final discussion

Proteolytic processing of fungal transcription éast has been reported previously.
For example, thé. nidulans zinc finger-containing transcription factor Pacargoes
two step proteolytic processing in response to lm&aambient pH. However, this
differs from the case of NmrA where proteolysis ateg the activity of a transcription
repressor, in that PacC is processed to producebithlegically active form of a
transcription activator (Hervas-Aguilar et al., Z@). Proteolytic processing of a
transcription repressor has been reported in Huraad,the possibility of regulating
transcription factors by target-specific proteatysias been suggested as a general
mechanism (Lin et al., 1995). For example, adiwatof the nuclear factok-B
(NF«-B) is modulated by its interaction with the rem@s protein kB-a, and the
activity of IkB-a is itself controlled by ubiquitination and subsequ

proteasome-mediated degradation (Brown et al., 2190%t al., 2005; Lin et al., 1995).

Depletion of NmrA under conditions of nitrogen s&tion has been reported previously
(Wong et al., 2007). In these experiments wedbésh analysis was used to monitor
the levels of NmrA over a four hour period of ngem starvation and demonstrated
almost complete loss of NmrA. The diminution i tRmrA levels over a time course
of nitrogen starvation conditions seen in the wmestblot experiments was not
associated with the formation of proteolytic proucorresponding to NM1A, NM1B

or NM3. This apparent anomaly can be explaineddnsidering the genotype of the
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A. nidulans strain used in the western blot experiment. Tingirs used contained a
recombinantnmrA gene situated at the normal locus and under thesdriptional
control of the nativexmrA promoter and the @intranslated region of thepC gene.
The recombinanbmrA gene encoded an NmrA protein that had a Flagtiagdf to its
C-terminus and the NmrA fusion protein was ideatfin western blots by the use of
anti-Flag tag antibodies. Due to the ordered plgses of NmrA, the first site to be
digested will be in the C-terminal disordered sceféoop and this will have the effect
of severing the covalent link between the N-terhiNenrA fragments and the Flag
epitope. Consequently proteolytic intermediates IMMNM1B and NM3 of NmrA
would be rendered invisible in a western blot asiglythat used an anti-Flag-tag

antibody.

The finding that the sequence of the hypotheticaltgin Q5BAR4 is not highly
conserved and only sporadically identified in BLAS8arches of closely related species
was unexpected. It may be that in this resgeatidulans is atypical and that the
ordered proteolysis of NmrA is an unusual aspedhefcontrol of nitrogen metabolite
repression confined to this species. However proBLAST searches reveal that
homologues, albeit with substantial sequence dererg, appear to be present in
Gibberella zeae andA. terreus. It is possible that in other species trypsirelénzymes
that are not revealed in BLAST searches with Q5BA&# the same function. In
this respect it is relevant to note that boving@sig has 36.5% identity with Q5BAR4
but was not identified in the top 100 proteins hits such a BLAST search.
Nonetheless bovine trypsin digests NmrA in a mammgistinguishable in SDS-PAGE

analysis from PNM1B. In vivo confirmation that PNM1B corresponds to Q5BAR4
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requires the generation and analysis of Aanidulans strain deleted for the gene
AN2366.2. Furthenn vitro proof could be provided by analysing the protaolyt

properties of purified of recombinant Q5SBAR4 enabty AN2366.2.

It has been speculated previously that NmrA mayehav additional role as a redox
sensor (Lamb et al., 2003). If the function oledax sensing ability is to form a link
between changes to cellular metabolism and theraonf transcription, one might
expect that NmrA would be more likely to have iislbgical effects modulated by
binding reduced dinucleotides (Fjeld et al., 2003)he rationale for this argument is
that it follows from the high (mM range) NAD(H) coentration and the high
NAD*/NADH ratio (500-700) (Pollak et al., 2007; Willimon et al., 1967) that
conversion of NAD to NADH will have the greatest relative effect tie NADH level
(Fjeld et al., 2003). In this respect it is im@mtt to note that the human protein
HSCARG, which belongs to the NmrA-like structuralrily, binds NADPH with a
360-fold lower K than that for NADP (Zheng et al., 2007). Given these observations,

a redox sensing role for NmrA is less likely.

Interestingly, the resistance of the N-terminalKE2a proteolytic fragments of NmrA
(NM1A/B) to further digestion is enhancedl vitro by binding oxidised dinucleotides.
However, the biological significance of this obs#ron is not clear since the initial
proteolytic cleavage event does not appear to feetatl by dinucleotide binding and is
sufficient to abrogate the ability of NmrA to binol the AreA Zf. It could be argued
therefore, that the dinucleotide binding propertédmrA have nan vivo significance

and are simply an evolutionary ‘echo’ of its menghgp of the superfamily containing

the short-chain dehydrogenase-reductases (SDRe)(ledt al., 2003). However, the
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dinucleotide binding motif GlyXXGIlyXXGly charactetic of bi-domain SDRs is
replaced by the sequence AsnXXGIlyXXAla in NmrA. dppears therefore that,
although there have been substantial evolutionbanges to the amino acid sequence;
there has been selective pressure for NmrA to rretfaeé ability to bind oxidised
dinucleotides. Most of the dinucleotide pool iside=d to be protein bound (Pollak et
al., 2007)in vivo, and this latter observation has led to the cathesdt‘estimates of the
actual substrate availability, for example, for N@)Y-mediated signalling processes
are to be viewed with caution, at least, when baspdn pyridine nucleotide
concentrations in cellular extracts’ (Pollak et, &007). As NmrA appears to be
producedn vivo under most physiological conditions, there is baious reason why it
should not form part of the cellular pool of protehat binds the majority of the
dinucleotide pooin vivo. Therefore, it is not unreasonable to infer thaignificant
proportion of thein vivo NmrA pool is likely to have bound NADunder most
physiological conditions. In a highly speculatigeenario it is possible that the
NM1B+C term protein of NmrA may have am vivo biological role distinct from the
repressing role of intact NmrA. If this were theese then in the presence of PNM1A,
PNM1B and PNM1C dinucleotide binding may incredse half life of any biological

function associated with NM1B+C-term.

This speculative scenario bears some similarity whe site-specific proteolysis of the
transcriptional coactivator HCF-1 (Kristie and §hat990). HCF-1 is cleaved within
a proteolytic processing domain (PPD) that containgtiple 20 amino acid reiterations
(Wilson et al., 2000). Cleavage within the PPDdke#o the production of a family of

100- to 180- kDa N- and C-terminal polypeptides.owdver the N- and C-terminal
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proteolytically-derived polypeptides remain assteda The HCF-1 PPD is proposed
to interact directly with other proteins includitige FHL2 protein that functions as a
transcriptional coativator/corepressor. The FHL®tgn selectively interacts with
non-cleaved HCF-1 and coactivates an HCF-1-depémemoter (Vogel and Kristie,
2006). Therefore, HCF-1 provides a good examplea ahechanism whereby the
proteolytic cleavage of a transcriptional coactivaprotein can alter its biological

activity, even though the proteolytic fragments aamassociated.

In conclusion the data lead to the proposition that dynamic interplay between the
production of NmrA and its subsequent ordered jptgsts facilitates a rapid and finely
tuned response to changes in the concentrationnahare of the nitrogen source

supporting growth.

7.2 Future work

One of the most interesting remaining questioritkagpossible biological function (s) of
NM1B+C term of NmrA. A general technique for deibeg ligands that interact with
NM1B+C term is to construct a specific affinity aoin by covalently linking
NM1B+C-term to a matrix. Potential interactingdigls can be isolated by passing
cells free extracts (derived from.nidulans subject to nitrogen starvation) over the
affinity matrix followed by elution with a salt gigéent. Proteins recovered by this
chromatographic process could then be identifieanlags spectrometry. It is also of
interest to purify PNM1A and PNM1C and to determitineir identity by mass
spectrometry. Long term goals in this area incltieebiological confirmation of the

mass spectrometry assignments through gene delstmariments and assay of purified
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of recombinant protein. Finally it is also of greaterest to determine the temporal
induction kinetics for the production of PNM1A, PNE and PNM1C particularly as

the production of PNM1C appears to be under thércbof AreA.
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