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Abstract

Under nitrogen limiting conditions in the filamentous fungus, Aspergillus nidulans,
the GATA transcription factor AreA up regulates the expression of numerous genes
involved in nitrogen metabolism, allowing the organism to grow on a wide range of
nitrogen sources. The Saccharomyces cerevisiae homologue of AreA, GLN3, also
activates nitrogen metabolising genes in response to nitrogen limitation. ared is
regulated at the level of the transcript, whereby are4 mRNA is stable during nitrogen
insufficiency, and also at the protein level through AreA interaction with its negative
regulator NmrA. GLN3 activity has been shown to be regulated at the protein level,
whereby it is translocated between the cytoplasm and the nucleus, depending on the
nitrogen source available to the organism. Exposure of S. cerevisiae to the anti-fungal
macrolide, rapamycin, causes G1 cell cycle arrest and mimics nitrogen-limiting
conditions by causing nuclear accumulation of GLN3, which in turn activates the
nitrogen starvation genes. Rapamycin (complexed with FKBP12) binds with high
affinity to the Target of Rapamycin (TOR) proteins 1 and 2. The TOR proteins
mediate the expression of the nitrogen metabolic pathway genes in budding yeast by
virtue of a phosphorylation pathway involving a URE2/GLN3 transcription complex.
Our findings have shown there to be homologues of all the yeast TOR pathway genes
(TOR1/2, FPRI, TIP41, TAP42 and SIT4) in A. nidulans (torA, fprA, tipA, tapA and
sit4). Additionally, rapamycin sensitivity in A. nidulans was demonstrated by reduced
growth rate and inhibition of conidiation. Multiple rapamycin resistant strains were
selected, the mutations for which were identified in three separate genes within the
TOR signalling pathway. These included the homologues of the S. cerevisiae genes
TORI, FPRI and TIP41. Putative protein sequences for the latter A. nidulans TOR
pathway genes were elucidated from their cDNA sequences. Disruption of the for4
rapamycin-binding domain resulted in dominant rapamycin resistance in a diploid,
which caused lethality in the haploid. Disruption of fpr4 encoding the putative
FKBP12 resulted in rapamycin resistance with normal growth on rapamycin
containing medium. The A. nidulans strains tipA5 and tipA10 both contained
mutations that disrupted the TIP41 orthologue. These mutants demonstrated both a
rapamycin resistant phenotype and an inability to utilise a number of nitrogen sources
as efficiently as the wild type. This was seen most strongly on the nitrogen source 2-
pyrrolidone. Northern blot analysis showed the utilisation genes /amA and lamB to
have significantly lower levels (~2-fold) of expression compared to the wild type.
This indicated that tipd was affecting nitrogen metabolism in 4. nidulans, possibly
via AreA. Crossing of the tipA10 mutant to a range of are4 mutants and a AnmrA
strain failed to establish any definitive interaction between fipA and areA/nmrA,
implying that any effect that TOR signalling is having on nitrogen utilisation in 4.
nidulans, may occur via an alternate mechanism.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Overview

Nitrogen is essential for the synthesis of most of the complex biological
macromolecules required by all living organisms. Consequently the majority of both
prokaryotic and eukaryotic organisms have developed elaborate control mechanisms
to allow efficient acquisition and utilisation of nitrogen. Fungi are able to utilise a
vast array of compounds as sources of nitrogen, however this metabolic versatility
requires the modulation of gene expression for the genes involved in the
assimilation of nitrogen. Such regulatory mechanisms have evolved to ensure that
specific nitrogen utilising enzymes and permeases are only present when required.

The filamentous fungus Aspergillus nidulans has characteristics that make it a
model organism for genetic and molecular studies of nitrogen metabolism
(Martinelli, 1994). The simple trophic requirements of A. nidulans combined with
its compact colonial growth morphology, has provided the ability to assess the
activity of many genes through simple growth tests. The use of genetic techniques
combined with the relative ease with which mutations can be selected has resulted
in the rapid identification of multiple structural and regulatory genes.

A. nidulans has evolved pathway specific mechanisms to ensure that the genes
encoding the necessary enzymes and permeases are only expressed in the presence
of the nitrogen source they utilise. This is achieved by the activation of pathways by
pathway specific transcription factors, induced only in the presence of the
appropriate nitrogen source. This mechanism not only ensures the regulation of

particular subsets of genes independently of each other, but also ensures the
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preferential use of particular nitrogen sources over others (reviewed by Caddick,
2004). This is a global form of regulation referred to as nitrogen metabolite
repression (Wiame et al., 1985; Caddick ef al., 1994). A form of nitrogen metabolite
regulation has been characterised in S. cerevisiae involving a TOR signalling
pathway (Beck and Hall, 1999), a mechanism that has not been previously described

in the Aspergillus species hence was the key focus of this work.

1.2 Nitrogen Metabolite Repression in A. nidulans

Nitrogen metabolite repression in A. nidulans ensures the preferential
utilisation of the favoured nitrogen sources ammonium (NH;") and L-glutamine
(Gln) (Wiame ef al., 1985; Caddick et al., 1994). Under conditions of nitrogen
sufficiency (high concentrations of ammonium or L-glutamine), the genes encoding
nitrogen catabolic enzymes are repressed. Alternatively, under conditions of
nitrogen limitation (low concentrations of NH;" or Gln) these genes are induced.
The gene implicated in the direct mediation of this global response is are4 (Arst and

Cove, 1973).

1.3 The Genetic analysis of ared

ared is a positive acting gene which encodes the GATA transcription factor
AreA (Wiame ef al., 1985; Caddick ef al., 1994). ared was initially identified by the
inability of strains bearing recessive loss of function areA alleles (are4”) to grow on
any single nitrogen source other than NH,;" or Gln (Arst and Cove, 1973; Hynes,
1974, Hynes, 1975).

In addition, a much rarer class of are4 mutations were isolated which resulted

in the derepression of activities under are4 control in the presence of repressing
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concentrations of NH;" or Gln (Wiame et al., 1985, Arst and Scaz_zocchio, 1985).
These mutations were signified by areA®. The first of these to be characterised was
xprDI (Cohen, 1972). This mutant was found to have increased activity of
extracellular proteases under repressing growth conditions (Cohen, 1975). The
xprD1] mutation was found to be a terminal pericentric inversion (Arst, 1982); Other
* mutations classed as are4? resulted in the enhanced expression (derepression) of

some activities whilst lowering or not affecting the expression of others.

1.4 Mechanisms of Nitrogen Metabolite Repression in A. nidulans

AreA activity is determined by both the quality and the quantity of available
nitrogen (Morozov et al., 2001). It is postulated that there are at least four regulatory
mechanisms that modulate AreA activity. These are; Regulated transcript
degradation, NmrA mediated repression, Glutamate/gdhA signalling and the TOR

signalling pathway.

1.4.1a) Regulated transcript degradation.

Under conditions where the cell has high intracellular levels of Gln, the are4
transcript becomes significantly less stable and this leads to reduced levels of AreA,
thus the transcription of AreA dependant genes diminishes. Transcript stability is
mediated by a region within the 3° UTR of the areA transcript. The 3° UTR of are4
extends for ~539 nucleotides (Kudla er al., 1990), within which a 159 nucleotide
sequence was identified as having a 76% identity to a sequence 3’ to the coding
region of the P. chrysogenum homologue nre (Hass et al., 1995). To determine the
function of the 3° UTR, Platt et al (1996) produced a series of 3° UTR deletion

constructs, specifically designed to determine the role of the 159-nucleotide region
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homologous to nre (Figure 1.1). Strains areA-AUTRI (deleted for nucleotides 3035-
3092) and areA-AUTR2 (deleted for nucleotides 3097-3193) have non-overlapping
deletions of 58 and 97 nucleotides respectively. Both of these resulted in
derepression (Platt ef al., 1996).

Within the conserved region of the 3° UTR, a 28 nucleotide repeat sequence
with a six base pair overlap was identified and was not present in nre. The
significance of this region was analysed by the construction of mutant strains areA-
AUTR3, and are4A-AUTR4, the first only removing 18 nucleotides of the 22
nucleotide target sequence and the second removing all 22 nucleotides. Both of
these mutants were found to have wild-type phenotypes, proving the duplication of
this region is not relevant to modulation (Platt ef al., 1996). Deletion of the full
direct repeat was achieved in areA-AUTR6 and demonstrated a derepressed
phenotype. areA-AUTRS was intended to delete nucleotides 3035-3069 located
upstream of the direct repeat, but a second mutation was identified downstream
resulting in the deletion of nucleotides 3100-3117. This strain was also derepressed
but most likely due to the upstream deletion, as the downstream deletion lay within
the areA-AUTRA4, which had a wild type phenotype (Platt et al., 1996).

The functional significance of the 3 UTR sequence located upstream of the
conserved region was determined by the deletion of nucleotides 2693-3012. The
resulting strain, areA-AUTR7, resembled wild type in the majority of plate tests
with the exception of an increased sensitivity to 5 mM of DL-B-aspartyl-
hydroxamate in the presence of 3.3 mM NH,", an indication of subtle derepression

(Platt et al., 1996). These deletions are illustrated in Figure 1.1.
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Figure 1.1, A diagrammatic representation of the 538 nucleotide 3° UTR from

wild-type (WT) areA and the equivalent region from the seven mutants AUTRI1

to AUTR7 containing directed deletions. The position of the nucleotides

flanking these deletions is shown in each case (Platt ef al., 1996).
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1.4.1 b) The Role of the 3’ UTR in modulating mRNA stability.

The derepression seen in the 3° UTR deletion strains would be consistent with
an alteration in transcript stability and/or translational competence, modulated by
the 3° UTR. Northern analysis performed by Platt et al (1996) determined the
stability of mRNA by monitoring half-life estimates for are4” and areA-AUTR]
transcripts. Transcript stabilities were compared under conditions of nitrogen
metabolite repression (40 mM NH,") and derepression (N-starvation). The wild-type
areA transcript showed significantly greater stability under nitrogen-derepressed
conditions, having an estimated half-life of 40 minutes compared to 7 minutes under
repressed conditions. The are4-AUTR1 transcript was not significantly affected by
the alternative conditions, with estimated half-lives of 25 minutes and 22 minutes
under derepressed and repressed conditions respectively. Conclusively, the are4-
AUTRI transcript is significantly more stable than that of the wild-type transcript
under repressing conditions. This is consistent with the derepressed phenotypes of
the 3’ UTR mutant’s aforementioned (Platt et al., 1996).

The function of the 3° UTR of are4 was also used to determine its effects on
heterologous transcripts. Morozov et al (2000) utilised a GFP reporter construct
driven by the inducible alc4 promoter (Fernandez-Abalos et al., 1998). This resulted
in a GFP::3° UTR construct which contained the full 3 UTR of are4 through to a
region 292 base pairs downstream of the polyadenylation site. Northern blot analysis
clearly revealed that this chimaeric GFP::3* UTR transcript degraded more rapidly
upon the addition of NH;" or Gln, whereas the original GFP construct remained
relatively stable under all nitrogen conditions (Morozov et al., 2000). It was also
revealed that the GFP::3> UTR transcript half-life under nitrogen-starved conditions

was > 40 minutes. Upon the addition of NH,", this half-life dropped to 15.5-minutes,
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however the addition of Gln caused a more dramatic response resulting in an 8-
minute half-life. This discrepancy between NH,;" and GIn was however believed to be
caused by a dosage effect, as quantitative analysis revealed there to be 50 times more
GFP::3° UTR transcript than wild-type ared transcript. The high level of transcript
containing the ared 3" UTR revealed a requirement for a factor that is limiting upon

the addition of NH", but not Gln (Morozov et al., 2000).

1.4.1 ¢) Inhibition of areA mRNA degradation by Cyclohexamide

It has been previously shown that cyclohexamide can act to inhibit transcript
degradation in several instances; an example of this is evident in Herrick et al
(1990).

The addition of cyclohexamide to culture medium resulted in the stabilisation
of the areA transcript. Northern blot analysis revealed the transcript to be insensitive
to the addition of either NH," or GlIn. The two possible explanations for this are that
either cyclohexamide is inhibiting transcript degradation or it is disrupting the

signalling mechanism (Morozov et al., 2000).

1.4.1 d) Initiation of ared transcript degradation by poly(A) shortening

Further experiments conducted by Morozov et al (2000) showed that the areA4
transcripts” degradation was initiated by the shortening of the poly(A) tail. The areA
3’ UTR region was monitored using sequence-specific RNase H-mediated cleavage
and the cleaved products were analysed by Northern blot analysis. This allowed the
precise monitoring of the 3’ end of the transcript including the length of the poly(A)
tail using a sequence specific probe (Vreken and Raue, 1992). Extraction of total

RNA from cultures incubated for 1 hour in nitrogen-starved conditions revealed the
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maximum length of the ared transcripts’ poly(A) tail to be approximately 120
nucleotides. In the absence of cyclohexamide, the are4 transcript rapidly degraded
upon the addition of either NH;" or Gln. The RNase H analysis, however, revealed
that the 3’ ared fragment decreased in size over 30 minutes upon the addition of
NH," to the culture medium, but remained the same length in the NH;" untreated
culture. This concluded that the shortening of the ared transcripts poly(A) tail and
subsequent transcript instability is triggered in response to the addition of primary
nitrogen sources to the medium (Morozov et al., 2000).

Further analyses were conducted in the presence of cyclohexamide, which
allowed the poly(A) shortening to be monitored more readily. It was noted that
although cyclohexamide increased transcript stability, it did not inhibit poly(A)
shortening. This proved that the actual signalling mechanism remained unaffected
by cyclohexamide treatment, and that transcript degradation is cyclohexamide-

sensitive (Morozov et al., 2000).

1.4.2 a) NmrA mediated repression

The second signalling mechanism involved in AreA modulation occurs in
response to Gln and acts via a negative regulatory protein NmrA. The identification
and cloning of nmrA was based on its extensive similarity to the nmr-I gene from
Neurospora crassa (Andrianopolous et al., 1998), which proved important for the
response to nitrogen metabolite repression. nmr-1 recessive mutations resulted in
derepression of some nitrogen controlled activities, suggesting a negative role for
NMR1 (Dunn-Coleman et al., 1981, Premakumar ef al., 1979, Premakumar et al.,
1980, Tomsett et al., 1981). Direct interaction between the N. crassa AreA

homologue NIT2 and NMR1 was shown to occur by the yeast two-hybrid system.
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Two regions of NIT2 were shown to be involved in these interactions with NMR1,
one of which was a conserved region adjacent to the zinc finger and the second was
the 12 carboxy-terminal residues. Mutations in both of these regions diminished

interactions with NMR1 and produced derepressed phenotypes (Xiao ef al., 1995).

1.4.2 b) AreA C-terminal deletions

It has been demonstrated that truncation of the AreA C-terminus from within
the 154 residues located immediately downstream of the DNA-binding domain
(between amino acids 722-876) lead to varying levels of derepression (Kudla et al.,
1990; Stankovich et al., 1993; Platt et al., 1996). This region was narrowed down to
the 69 C-terminal amino acids, through generation of internal deletions that
disrupted the 85 amino acids downstream form the DNA binding domain. These
mutations did not cause derepression (Platt ef al., 1996). Generation of an are4-
A844-876 allele by Platt et al (1996), leading to deletion of the 33 C-terminal
residues, resulted in a moderately derepressed phenotype in both enzyme assays and
plate tests. This indicated that the final 33 residues of AreA are essential for
appropriate modulation of the transcription factor (Platt ef al., 1996).

The C-terminus of AreA is highly conserved in the homologues from
Neurospora crassa (NIT2) and Penicillium chrysogenum (NRE) (Fu and Marzulf,
1987; Haas et al., 1995), with the last nine and twelve residues being identical in
three proteins. Consequently, AreA was truncated before the last nine residues by

the introduction of an ochre codon (TAA) replacing Glu*®®

to produce areA4-A868-
876. A second mutant was also generated which lacked the last 2 C-terminal
residues (Ser'” and Leu®™) to produce are4-A875-876. Both mutations lead to

partial derepression and selective loss of function, although only marginally in
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areA-A875-876. This implies that the C-terminal Ser and Leu residues are required
for the modulation of AreA function and illustrates their importance in the
transcriptional activation of specific genes (Platt ef al., 1996).

Two regions of AreA were identified as critical for monitoring the quality of
available nitrogen (Platt ef al., 1996). These both occur within the coding region of
the gene and correlate to a portion of the DNA-binding domain and the C-terminal 12
amino acids of the protein. Platt et al (1996) also produced a series of 4. nidulans
strains containing mutations within the DNA-binding domain of AreA, which showed
detectable levels of derepression. are47900 contains a deletion of three residues
within this region (A713-715) and exhibits an increase in nitrate reductase activity
(28%) compared to wild-type (13%). It is postulated that NmrA interacts directly
with AreA via both the C-terminus and the DNA-binding GATA domain (Platt e al.,
1996; Andrianopolous ef al., 1998), which accounts for the derepression exhibited
during the disruption of these domains. nmrd deletion strains constructed by
Adrianopolous et al (1998) demonstrated a partially derepressed phenotype through
sensitivity to the toxic effects of DL-aspartic acid B hydroximate in the presence of
NH,". DL-aspartic acid B hydroximate is a toxic analogue of asparagine hence strain
sensitivity is an indicator of asparaginase derepression. Similarly, a partial sensitivity
to chlorate (ClO;3"), a toxic analogue of nitrate (NO3") was observed in the presence of

NH;" (Adrianopolous ef al., 1998).

1.4.3 Glutamate/gdhA signalling
Another vital aspect of nitrogen metabolism is to determine the signalling
molecules that define the nitrogen state of the cell. The two key enzymes involved

in NH;" metabolism are NADP-linked glutamate dehydrogenase and glutamine
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synthetase, which are encoded by gdhA (Kinghorn and Pateman, 1975) and g/nA4
(MacDonald, 1982) respectively. This pathway is illustrated in Figure 1.2.
Mutations leading to loss-of-function in either of these genes cause nitrogen
metabolite derepression (Arst and MacDonald, 1973; Kinghorn and Pateman, 1973;
Pateman ef al., 1973; Arst et al., 1982; MacDonald, 1982), a phenotype consistent
with high levels of AreA activity (Caddick er al., 1994). Wiame et al (1985).
postulated that this derepression occurs due to reduced intracellular Gln
concentrations causing a subsequent increase in AreA activity.

Morozov et al (2001) conducted experiments to determine if gdhd™ and glnd
mutations that caused this derepression acted through either the C-terminal moiety
of AreA and/or the areAd transcript degredation mechanism. This was achieved by
the construction of strains that combined gin41 or gdhAl with areA® A868-876 (that
removes the C-terminal nine residues from AreA, disrupting NmrA-mediated
regulation) and/or ared’ AUTRI (deleted in the 3° UTR of ared, disrupting
regulated degredation of the transcript) (Platt et al., 1996; Andrianopoulos et al.,
1998). The glnAl mutant was found to be non-additive with the areA® alleles on the
basis of phenotypic analysis. This shows that the reduced Gln levels in gln41 strains
are monitored through both known signalling mechanisms (Morozov ef al., 2001).

The gdhAl double and treble mutants, however, demonstrated additivity in a
variety of plate tests designed to monitor nitrogen metabolite repression. The treble
mutant, combining gdhAl with both areA? alleles exhibited the most extreme
derepression, when compared with the single and double mutants. The most notable
observation was an eightfold increase in nitrate reductase activity over the maximal
wild-type activity. Furthermore, this activity was insensitive to repression by NH,".

These findings implied that the derepression caused by loss of NADP-linked
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Figure 1.2, Model of the relevant parts of nitrogen metabolism in A. nidulans. A diagrammatical representation
of the metabolism of various nitrogen sources through Gln with arrows representing known enzymatic steps. The
key genes involved in metabolising NH,*, Gln and glutamate (Glu) have been indicated, which encode NADP-
linked glutamate dehydrogenase (gdh4), glutamine synthetase (g/n4), glutamate synthase (gltA) and the catabolic
NAD-linked glutamate dehydrogenase (gdhB).
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glutamate dehydrogenase activity is not solely dependant on either the NmrA-
mediated or ared 3° UTR-mediated modulation of AreA activity (Morozov ef al.,

2001).

1.4.4 The TOR Signalling Pathway

In Saccharomyces cerevisiae, the TOR1 and TOR2 proteins have been shown
to mediate the translocation of the AreA orthologue, GLN3 and NIL1 between the
cytoplasm and the nucleus depending on the nitrogen source available (Beck and
Hall, 1999). This mechanism as yet remains uncharacterised in 4. nidulans and is

the key focus of this work.

1.5 TOR signalling pathway in Saccharomyces cerevisiae

1.5.1 S. cerevisiae GATA transcription factors

There are at least eight members of the family of GATA transcription factors
in S. cerevisiae, all of which contain a homologous Zn*" chelating zinc finger motif
(C-X2-C-N-C-X2-C). The loop size (N) can range from 17 to 20 base pairs in
length. The target DNA for these transcription factors includes the sequence GATA
at its core, to which the C-terminus of the zinc finger contacts the DNA (Omichinski
et al., 1993). Two GATA factors mediate nitrogen-responsive gene expression in S.
cerevisiae; these are the transcriptional activators GLN3 and NIL1/GAT1. Both are
involved in nitrogen catabolite repression (NCR), the physiological response that
allows the organism to utilise its available nitrogen source. S. cerevisiae is
mechanistically similar to 4. nidulans with respect to nitrogen metabolism as the

limitation of nitrogen or the presence a poor nitrogen source causes the expression
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of genes required for the transportation and metabolism of these poorer nitrogen
sources. GLN3 and GAT1 cause the activation of these NCR genes via their
translocation either in or out of the nucleus within S. cerevisiae cells. (Beck and

Hall, 1999)

1.5.2 Mechanism of nitrogen catabolite repression in S. cerevisiae

The nuclear localisation of GLN3 is controlled by the target of rapamycin
(TOR) proteins, TOR1 and TOR2 in response to nitrogen limitation (Figure 1.3).
TOR1 and 2 are evolutionarily conserved protein kinases known to regulate
multiple cellular processes including nitrogen metabolism. In the presence of a good
nitrogen source (NH;s or Gln), the TOR proteins promote complex formation
between the type-2A-related phosphatase SIT4 and its inhibitor TAP42 by
phosphorylation of the latter by the TOR proteins. Consequently this causes
inhibition of SIT4 phosphatase activity (Beck and Hall, 1999). Nitrogen limitation,
however, causes inactivation of the TOR proteins, resulting in the
dephosphorylation of TAP42 causing the dissociation of the TAP42-SIT4 complex.
Re-association of TAP42 with SIT4 is prevented by the binding of TIP41 (TAP42-
interacting protein of 41kDa) to TAP42 resulting in the inhibition of the latter
(Jacinto et al., 2001). The SIT4 phosphatase becomes activated and
dephosphorylates GLN3 within the cytoplasmic GLN3-URE2 complex. This
dephosphorylation causes the dissociation of GLN3 from URE2, allowing shuttling
of GLN3 into the nucleus by the nuclear import factor SRP1 (Carvalho ez al., 2001).
Once inside the nucleus, GLN3 activates the target genes involved in nitrogen

catabolism.
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Figure 1.3, The model for the TOR Signalling Pathway in S. cerevisiae. A
diagrammatical representation of the TOR signalling pathway adapted from Beck and
Hall (1999) illustrates the phosphorylation cascade that controls GLN3 localisation.
The small yellow circles containing the letter P represent phosphate groups.
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In response to a change in the nitrogen envirompent of the organism, for
example a good nitrogen source becomes available; GLN3 is shuttled out of the
nucleus by the exportin protein CRM1. Both SRP1 and CRM1 belong to a family of
karyopherins, which mediate the nuclear entry and exit of GLN3 (Carvalho et al.,
2001). As a consequence of the nuclear export of GLN3, the NCR genes are

repressed and cytoplasmic accumulation of GLN3 is achieved (Figure 1.3).

1.5.3 Rapamycin induction of the NCR pathway in . cerevisiae

The TOR proteins were named due to their ability to bind rapamycin.
Rapamycin is a lipophilic macrolide, isolated from a strain of Streptomyces
hygroscopicus indigenous to Easter Island (Vezina et al., 1975). The chemical
structure of rapamycin is shown in Figure 1.4. Rapamycin is a potent
immunosuppressive, antifungal agent responsible for causing G1 cell cycle arrest in
S. cerevisiae cells resulting in an unbudded phenotype (Barbet ef al., 1996). The
intracellular rapamycin receptor in all eukaryotes is a small, ubiquitous protein
termed FKBP12 (FK506-binding protein, molecular mass of 12 kDa) encoded by
the FPRI gene in S. cerevisiae (Harding er al., 1989; Siekierka ef al., 1989;
Siekierka ef al., 1990). The binding of rapamycin to FKBP12 results in an active
intracellular toxin, the FKBP12-rapamycin complex. S. cerevisiae mutants lacking
the FPRI gene are rapamycin resistant (Heitman ef al., 1991a; Koltin ef al., 1991).
This complex interacts specifically with the TOR proteins resulting in their
inactivation, which mimics nitrogen starvation whereby dephosphorylation and

nuclear localisation of GLN3 results in the activation of the NCR genes.
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Figure 1.4, The chemical structure of the antifungal macrocyclic compound
rapamycin (Venzina et al., 1975). The compound has the molecular

formula; C5;H,oNO, ; and a molecular weight of 914.2.































































































































































































































































































































































































































































































































































































































































































































































