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ABSTRACT

Molecular Characterization and Transcriptional Regulation of GC¥V3, the Saccharomyces
cerevisiae gene Encoding the H-protein of the Glycine Cleavage System.

Nagarajan Lakshmanan

YAL044, a gene on the left arm of Saccharomyces cerevisiae chromosome one, is shown
to code for the H-protein subunit of the multienzyme glycine cleavage system. The gene
designation has therefore been changed from Y4L044 to GCV3 to reflect its role in the glycine
cleavage system. GCV3 encodes a 177 amino acid residue protein with a putative mitochondrial
targeting sequence at its amino terminus. Targeted gene replacement shows that GCV3 is not
essential for growth on minimal media. It is, however, essential for growth when glycine serves
as the sole nitrogen source. Studies of GCV3 expression revealed that it is highly regulated.
Supplement with glycine, the glycine cleavage system’s substrate, induced expression at least
30-fold. In contrast, addition of the C1-metabolic end products repressed expression about 10-
fold.

The regulation of glycine cleavage system activity reflects the availability of glycine
and the cellular demand for its metabolic products. In addition the glycine cleavage system
has been shown to be important for the growth and viability of organisms ranging from
microorganisms such as E. coli and S. cerevisiae to humans. Although, this system is
important and its activity highly regulated little was known about the transcriptional

regulatory mechanisms that control its activity.
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To address this I have examined the transcriptional regulation of the S. cerevisiae

GCV3 gene. The results presented here show that at least six different transcriptional
activators control GCV3 expression. These include: an as yet unidentified activator that is
partially responsible for its induction by glycine; Gendp the transcriptional activator that
mediates general amino acid control; GIn3p which is involved in the activation of nitrogen
regulated genes; Gerlp, a transcription factor important for the expression of glycolytic
genes; Bas1p/Bas2p which cooperatively mediates the glycine-dependent expression; and an
as yet unidentified factor that represses expression regardless of the growth condition.
Additional evidence suggests that Raplp, Nillp, Acrlp, Ure2p, and Dal80p also regulate

GCV3 regulation.
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INTRODUCTION

The results presented in this thesis describe my analysis of the glycine cleavage
system (GCS) of Saccharomyces cerevisiae. It begins by describing the identification and
cloning of the gene (GCV3, Bussey., et al 1995) that codes for the H-protein subunit of the
GCS. Once cloned, this gene was used to study the regulation and physiological importance

of the GCS.

A.l. Glycine cleavage system

The GCS is a multienzyme complex consisting of four different subunits, the P-, H-,
T- and L-proteins (Fig.1). These subunits are coded for by four unique genes (GCVI, GCV2,
GCV3 and LPDI). The genes which encode these proteins, their chromosomal locations, the
predicted molecular mass of their products and their Genbank accession numbers are listed
in Table 1. All the genes encoding the proteins of the glycine cleavage system, except the
LPD] gene, were identified by searching the DNA sequence of the yeast genome. The
functions of the protein products of GCVI, GCV2 and GCV3 appear to be restricted to their
roles in the GCS. In addition to its role in the glycine cleavage system, the L-protein serves
a similar function in both the pyruvate dehydrogenase complex, and the a-ketoglutarate
dehydrogenase complex.

The GCS is also known as the "glycine decarboxylase" or "serine synthase" system.
The biochemistry of glycine cleavage has been studied in organisms ranging from

Escherichia coli (Okamura-lkeda et al., 1993) to plants like peas (Macherel et al., 1990)



Fig. 1.

Schematic representation of the glycine cleavage system (GCS) multienzyme
complex (taken from Oliver, 1994). P-protein, glycine decarboxylase; H-protein, hydrogen
carrier protein; T-protein, aminomethyltransferase; L-protein, dihydrolipoamide
dehydrogenase; THF, tetrahydrofolate; PLP, pyridoxal phosphate; SH, sulfhydryl group;
NAD, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine dinucleotide
reduced form; FAD, flavin adenine dinucleotide, FADH, flavin adenine dinucleotide reduce
form. H-protein plays a central role through its lipoamide cofactor, which carries the

reaction intermediates between the reactive sites of the P-protein, T-protein, and L-protein.
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Table 1.

Properties the of GCVI, GCV2, GCV3, and LPDI genes.

Gene Protein and Chromosome Intergenic  Reference
Molecular location region®
weight® (nt)
GCV1 T 44469 v 389 McNeil et al., 1997
GCP2 P 114451 XIII 637 Sinclair and
Dawes, 1995
GCV3 H 19588 I 211 Nagarajan and
Storms, 1997
LPDI L 54010 VI 863 Sinclair et al., 1996

* Molecular weight (da).

®Size of the promoter (bp).



)
and Arabidopsis thaliana (Srinivasan and Oliver, 1992), to higher eukaryotes like chickens
(Yamamoto et al., 1991), cows (Fujiwara et al., 1990) and humans (Fujiwara et al., 1991).
In contrast very little is known about how the glycine cleavage system is regulated,
particularly in eukaryotes. The recent identification and cloning of the yeast genes coding
for the four polypeptides of the glycine cleavage system, T-protein (McNeil et al., 1997),
P-protein (Sinclair and Dawes, 1995), L-protein (Sinclair et al., 1996) and H-protein (this
study), facilitate the detailed molecular analysis of the glycine cleavage system and its
regulation in a genetically tractable eukaryote.

The glycine cleavage system catalyses the oxidative cleavage of glycine into CO, and
NH;. The concomitant transfer of methylene carbon unit to THF (tetrahydrofolate) generates
the Cl-donor 5,10-MTHF (methylene tetrahydrofolate) (Fig. 2). P-protein, a pyridoxal
phosphate dependent decarboxylase, catalyses the release of carbon dioxide from glycine and
transfers the resulting methylamine intermediate to the lipoic acid prosthetic group of the
H-protein. The lipoic acid is reduced as a result of this reaction. T-protein catalyses the
release of ammonia from the methylamine H-protein complex and the transfer of a single
carbon methylene unit to THF. In the reaction catalyzed by the L—protei;l the dihydrolipoyl

residue of the H-protein is converted to lipoic acid with the coupled reduction of NAD+ to

NADH (Oliver, 1994).

A.2. Single Carbon Donor (SCD) biosynthesis

Aside from the glycine cleavage system there are two additional mechanisms for the

synthesis of 5,10-MTHF (Fig. 2) (Barlowe and Appling, 1990). One utilizes glycine



Fig. 2.

Selected biochemical reactions involved in the biosynthesis and interconversion
of serine, glycine and 5,10-MTHF. Biochemical reactions are designated by the gene or
genes that code for the protein(s) that catalyses each reaction. GCVI, GCV2, GCV3 and
LPDI, (encode the glycine cleavage system); TMP/, (thymidylate synthase); DFRI,
(dihydrofolate reductase); SHM!, (mitochondrial glycine hydroxymethyltransferase); SHM?,
(cytoplasmic glycine hydroxymethyltransferase); ADE3, (cytoplasmic C1-tetrahydrofolate
synthase); MISI, (mitochondrial Cl-tetrahydrofolate synthase); SER! (3-phosphoserine
transaminase) and SER2, (3-phosphoserine phosphatase). dUMP and dTMP represent

deoxyuridine 5’-monophosphate and deoxythymidine 5'-monophosphate.
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hydroxymethyltransferase and the other utilizes Cl-tetrahydrofolate synthase. The
multifunctional enzyme Cl-tetrahydrofolate synthase catalyzes the interconversion of
5,10-MTHF, 5,10-methenyltetrahydrofolate, 10-formyltetrahydrofolate, and THF with the
concomitant production of formate (Barlowe and Appling, 1990; and Pasternack et al.,
1992). These C1 compounds in turn are used in the biosynthesis of a number of compounds
including adenine, thymidylate and the amino acids histidine, serine, methionine and
formylmethionine (Mudd and Cantoni, 1964).

Genetic analysis has also shown that no single mechanism is essential for the
production of 5,10-MTHF (McNeil et al., 1996). However, since inactivation of both the
glycine hydroxymethyltransferase and glycine cleavage system routes of 5,10- MTHF
synthesis renders the growth of S. cerevisiae conditional upon supplement with formate, the
biosynthesis of formate is apparently dependent upon the interconversions of 5,10-MTHF
catalyzed by Cl-tetrahydrofolate synthase (Staben and Rabinowitz, 1986). It, therefore,
appears that the major role for formate is the shuttling of Cl-units between cellular
compartments. Consistent with this role is the observation that C1-THF synthase activity is
localized to both the cytoplasmic and mitochondrial compartments (Fig. 2) (Pasternack et al..
1992). Indeed the nuclear genome of S. cerevisiae encodes the MISI gene for mitochondrial
and the ADE3 gene for cytoplasmic versions of C1-tetrahydrofolate synthase (Shannon and
Rabinowitz, 1988). Similarly, there are two genes for glycine hydroxymethyltransferase, one
for a cytoplasmic and the other for a mitochondrial version (McNeil et al., 1994). In contrast,
for those systems studied to date the glycine cleavage system is localized to only the

mitochondrial compartment (Oliver, 1994; Kim and Oliver, 1990; Rebeille et al., 1994).
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That the Cl-tetrahydrofolate synthase-dependent mechanism is apparently solely
responsible for the generation of formate in S.cerevisiae makes formate biosynthesis
dependent upon 5,10-MTHF. In contrast, for the two other sources of C 1-units, serine and
glycine, there are at least two biosynthetic pathways (Melcher and Entian, 1992; Melcher et
al., 1995). One pathway for serine synthesis involves the conversion of 3-phosphoglycerate
to serine by three enzymatic reactions. The last two of these reactions are catalyzed by the
SERI and SER2 gene products. A second pathway for serine synthesis is catalyzed by
glycine hydroxymethyltransferase and utilizes glycine and 5,10-MTHF as its substrates.
Mutants blocked in the synthesis of serine from 3-phosphoglycerate can utilize glycine to
provide both C1 units via the glycine cleavage system and serine via the reaction catalyzed
by glycine hydroxymethyltransferase (Fig. 2). Glycine can also be synthesized in two ways.
One utilizes glycine hydroxymethyltransferase to convert serine into glycine. The other
pathway, which apparently derives glycine from glyoxylate, is dependent upon the GLY!
gene (McNeil et al., 1996). This second route of glycine biosynthesis is apparently
inefficient since ser/ mutants grow very poorly on minimal media (McKenzie and Jones,

1977).

A.3. Non-ketotic hyperglycinaemia

The GCS plays a physiologically important role. In humans, non-ketotic
hyperglycinaemia (NKH) is an inborn error of metabolism in humans that results in defective
glycine cleavage system activity. This genetic disease causes profound neurological

impairment. An effective therapy for treating this disorder has not been found. People who
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suffer from this disease accumulate 10- to 30-fold elevated levels of glycine in plasma, urine,
and particularly cerebrospinal fluids (Hamosh et al., 1995). It is not well understood how
excess glycine leads td irreversible neurological impairment. Neurophysiological evidence
indicates that the excess glycine could act as an inhibitory neurotransmitter (Tada, 1992;
1993; Toone, 1992; 1994). This disease typically presents itself in the newbom and is fatal
without intervention. Consequently, most couples with a pregnancy known to be at risk for
NKH request prenatal diagnosis.

Other presentations of NKH are recognized: notably a transient neonatal type and a
late-onset type (Tada and Hayasaka, 1987). Rare survivors of the classical neonatal type of
non-ketotic hyperglycinaemia have profound intellectual impairment and suffer from seizures
that are difficult to control (Hamosh et al., 1995).

GCS mutants also adversely affect S. cerevisiae (this study). Using an experimentally
tractable system to study the physiological consequences of defects in the GCS shou.ld

provide important insights into the NKH in humans and perhaps suggest effective treatments.

A.4. Transcriptional machinery

In eukaryotes there are three RNA polymerases. One of these, RNA polymerase II,
is responsible for the transcription of the protein coding genes (Struhl, 1996b). The
transcriptional machinery which transcribes these protein coding genes is complex. In
addition to RNA polymerase II it involves an extensive set of auxiliary factors. These
auxiliary factors include the general transcription factors (proteins required for the

expression of all pol IT genes), and a series of more specific transcription factors (factors that
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are required for one or a limited subset of pol II genes). These specific transcription factors
are often called "gene specific" transcription factors (Struhl, 1989; 1993; Guarente, 1987).

For most protein encoding genes RNA polymerase II and the general transcription
factors form a complex that is assembled on the promoter region at a site called the TATA
box (Struhl, 1995). The TATA box is usually 30 to 50 base pairs upstream of the site where
transcription initiates (called the Inr site). The "gene specific” transcription factors bind to
DNA sequences that are upstream of the TATA box. The upstream sites are gene specific and
can be hundreds or even thousands of base pairs away from the TATA box (Guarente, 1987;

1995; Struhl, 1989).

A.4.1. "Gene specific" transcription factors

"Gene specific" transcription factors can be divided into two classes, transcriptional
activators and transcriptional repressors. Essentially all the "gene specific" transcription
factors harbour a domain that can bind to DNA in a sequence specific manner. In addition
transcriptional activators usually harbour an acidic domain that can activate transcription
(Struhl 1996a). "Gene specific” transcription factors also often harbour a region or regions
that can respond to specific regulatory signals so that their own activity can be regulated. For
this, signal transduction pathways monitor intracellular and extracellular conditions and
ultimately interact with the "gene specific" transcription factors to regulate their activity.
These pathways begin with the generation of some internal or external signal and ultimately
impinge on the activator and/or repressor proteins at specific sites or regions on the proteins

themselves. Alternatively a regulatory protein may be controlled at the level of its translation
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or transcription.

"Gene specific" transcriptional activators regulate transcription by interacting with
the general transcription factors assembled at the TATA box. How do transcriptional
activators which can be bound to promoter sites thousands of base pairs away from the
TATA box function over such large distances? Although several models have been put
forward, the most widely accepted model involves DNA looping. By looping out the
intervening DNA, transcriptional regulators communicate by direct physical contact with the
rest of the transcriptional machinery (Ptashne, 1988; Rippe et al., 1995; Struhl, 1993; 1996a;

Stargell and Struhl, 1996).

A.4.2. "General Transcription' factors

Most promoters have the sequence TATA located about 30 bp upstream of the Inr.
The TATA-box is the binding site for TATA binding protein (TBP). TBP when bound to
the TATA-box has 9 additional proteins associated with it. TBP together with these
associated proteins called TBP-associated factors (TAFs) constitute the complex TFIID
(transcription factor D for RNA polymerase IT). TFIID has a mass of about 800 kD. The
binding of TFIID facilitates the binding of at least 6 additional general transcription factors
and RNA polymerase II. These bind in the following order TFIIA, TFIIB, TFIIF and RNA
polymerase II, TFIIE and finally TFIIJ and TFIIH. Together these 7 general transcription
factors and RNA polymerase II when assembled at a TATA-box constitute a basal promoter
complex. A basal complex cannot initiate transcription in vivo. The initiation of transcription

requires the interaction of the "basal complex" with gene specific transcriptional activators
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bound at UAS sites.

A.S. Yeast Promoter Elements

RNA polymerase II, the "general transcription" factors, and the "gene specific"
transcription activators and repressors influence gene expression by binding directly to
promoter DNA sequences or by interacting with another protein that has promoter region
binding activity. The binding of these "general" and "gene specific" proteins to promoters
requires the presence of DNA sequences to which they can bind.

Yeast promoter elements that facilitate the binding of proteins are typically 10-30 bp
in length. These promoter elements include the upstream activating sequences or UAS for
the binding of gene specific transcriptional activators, upstream repressor binding sequences
(URS) for the binding of gene specific repressors, the TATA-box which is the binding site
for the general transcription factor TBP, and the transcription initiation element (Inr) (Struhl,
1995). Recently, the existence of another element the UIS (upstream induction sequence)
was reported (van Vuuren et al, 1991). UAS and UIS elements positively affect gene
expression. In contrast, the URS is a negative regulatory element. Similar to mammalian
enhancers the upstream elements function in an orientation independent manner.

Upstream elements are usually the major determinant of a particular gene's
transcriptional regulation in response to various physiological conditions. Genes subject to
a common control mechanism (coordinately regulated genes) contain upstream elements that
are similar in DNA sequence, whereas non-coordinately regulated genes contain upstream

elements with different DNA sequences. For example, all those genes sensitive to the
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general amino acid control system (discussed in detail below) contain one or more copies of
the consensus sequence 5-TGACTC-3' in their promoter region. In contrast, genes sensitive
to nitrogen regulation contain the consensus sequence 5'-GATAA-3 (discussed in detail
below), whereas the glycolysis pathway genes contain the consensus sequence 5-CTTCC-3".

The Inr is located near the actual mRNA start site. Many different sequences can
function as an Inr. Normally a gene's Inr is located 25 to 30 bp downstream from the TATA
element and has no strong consensus sequence. Therefore the DNA sequence requirement
for a yeast Inr is poorly understood (Struhl, 1995). In contrast to UAS and TATA elements,
the initiator element is relatively unimportant for determining the rate of transcription

initiation (Struhl, 1995).

A.6. Transcriptional regulation is complex

Since the transcription of a gene is dependent upon the interaction of the basal
complex with "gene specific" transcription factors, it is the "gene specific" regulatory
proteins assembled at the upstream regulatory sites that control a gene’s expression. The
binding of "gene specific" regulatory proteins to a promoter requires the presence of
sequence specific UAS, URS and UIS elements. It is the binding of "gene specific"
regulatory proteins to these cis-acting elements that mediates the transcriptional control of
a particular gene. Depending upon the physiological conditions, a trans-acting factor can be
synthesized, activated, or inactivated to mediate the transcription or repression of a particular
gene or group of genes (Nasmyth and Shore, 1987). Transcriptional regulation appears to be

very complex fora number of reasons (Struhl, 1989; 1995; 1996b; Herschbach and Johnson,
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1993; Kunzler et al., 1996). These can be summarized as follows: (i) More than one protein
can bind to the same promoter region. For example, the consensus sequence recognized by
the transcriptional activator Gcendp (5'-TGACTC-3") has been shown to be included within
the binding site used by at least six regulatory proteins. These are Gcendp, Baslp, Bas2p,
Yaplp, Yap2p and Acrlp. The relevant information concemning these proteins are elaborated
under the GCRE binding proteins section below. (ii) More than one protein is often required
for a single DNA binding event. For example, both Hap2p and Hap3p are required to form
a CYCI promoter-protein complex (Olesen et al., 1987), while Gcen4p interacts with DNA
as a dimer (Sellers and Struhl, 1989 ). (iii) Multiple proteins are necessary for the activation
or repression of gene transcription. For example, Baslp and Bas2p (discussed in more detail
below) bind to distinctly different DNA sequences but act in a cooperative fashion to activate
transcription. Further, neither protein can activate transcription on its own (Tice-Baldwin
etal., 1989; Daignan-Fornier and Fink, 1992). (iv) The same protein can activate or représs
transcription depending upon the gene and/or physiological condition. For example, Raplp
enhances the Bas1p/Bas2p and Gendp dependent transcriptional activation of HIS4 (Devlin
etal,, 1991). The same protein also functions as a repressor in the promoters of all ribosomal
protein genes (Nasmyth and Shore, 1987). (v) Biochemical and genetic evidence indicate that
the modulation of chromatin structure can greatly influence transcription (Struhl, 1996b;
Wilson et al., 1996). (vi) Coactivators or supplementary regulatory molecules can modify the
activity of a transcription factor (Guarente, 1995; Struhl, 1995; 1996b). Thus, other
molecules whose activity and/or levels fluctuate in response to changing physiological states

can regulate the activity of a transcription factor.
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A.7. General amino acid control or General control

Yeast and bacterial amino acid biosynthetic genes are differentially regulated in
response to the availabﬂity of amino acids in the growth medium. Bacteria can turn off the
amino acid biosynthetic genes if the amino acids are available in the growth medium. Under
similar conditions yeast cells maintain significant levels of transcription from amino acid
biosynthetic genes. This is often referred to as basal level expression (Tice-Baldwin, et al..
1989; Daignan-Fornier and Fink, 1992).

Another difference between bacteria and yeast is the increased expression of a large
number of yeast amino acid biosynthetic genes in response to starvation for a single amino
acid. This increased expression of this large battery of genes is called "General Amino Acid
Control" or "General Control" (Hinnebusch, 1988; 1990; 1992). Increased amino acid
biosynthetic gene expression in response to amino acid starvation is mediated by increased
production of Gen4p. Gendp synthesis is regulated at the translational level (Hinnebusch,
1992). Amino acid starvation leads to a 30-fold increase in Gen4p synthesis (Hinnebusch,
1992). In addition to the amino acid biosynthetic genes, Gendp can also mediate increased
transcription of several nucleic acid and single carbon donor pathway genes (Stotz et al.,
1993; Daignan-Fornier and Fink, 1992 and this study). Besides GCN4, there are at least
eight GCN genes that cooperatively mediate the general control response. Mutations in
GCN4 can impair the general control response (Hinnebusch, 1992; Mésch et al., 1990).

A set of 13 GCD gene products is required to maintain repression during non-amino
acid starvation conditions. The GCD gene products are believed to negatively regulate

Gcendp synthesis at the translational level. Recessive mutations in these GCD genes results
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in the constitutive derepression of genes subject to general control (Hinnebusch, 1992).

A.8. The general amino acid control response element (GCRE) and GCRE binding
proteins.

The structural genes whose transcription is subject to general control contain one or
more copies of a short upstream element, which is approximately 12 bp in length. It
contains a highly conserved six base pair core sequence (5-TGACTC-3") which serves as
a recognition site for Gendp. This element acts as a UAS and is referred to as a GCRE or
Gendp Recognition Element (Hinnebusch, 1988; Hope and Struhl, 1985; Hope et al., 1988;
1987; Hill et al., 1986; Arndt and Fink, 1986; Arndt et al., 1987; Tice-Baldwin et al., 1989).
This short nucleotide sequence located upstream of the start codon of a number of amino acid
biosynthetic genes mediates transcriptional activation through Gendp binding (Hope and
Struhl, 1985; Hill et al., 1986; Arndt and Fink, 1986).

In some promoter contexts, the GCRE hexanucleotide sequence has been shown to
overlap the binding sites for one or more of the trans-acting factors Bas1p, Bas2p, Acrlp.
Yaplp and Yap2p (Arndt et al,. 1987; Moye-Rowley et al., 1989; Vincen:c and Struhl, 1992;
Harshman et al., 1988; Wu et al., 1993; Daignan-Fomier and Fink, 1992). This can result in
two proteins competing for the same site. For example, the TRP4 gene, during simultaneous
phosphate and amino acid starvation, is not induced apparently because in low phosphate
Bas2p interferes with Gen4p binding to the TRP4 GCRE located between -258 and -225
(Braus et al., 1989). All the proteins that can bind to sites that overlap GCRE sites do not

necessarily bind to all GCREs. For example, sequences adjacent the GCREs hexanucleotide



18

core are also important for binding these six DNA binding proteins. Therefore, GCRE
context affects the influence that a particular transcription factor has on its utilization as a
regulator of gene expression.

Context may also be important because the activity of one transcription factor is
dependent upon the binding of another protein. For example, the function of Bas1p depends
upon Bas2p binding. The expression of some of these transcription factors is regulated in
response to the physiological conditions. For example, during amino acid starvation Gendp
expression increases about 30-fold. When present at induced levels, Gendp would compete
more effectively for GCRE binding sites.

Baslp is homologous to the oncoprotein Myb (Tice-Baldwin et al., 1989). Bas2p,
also known as Pho2p and Grf10p, is a homeodomain type protein (Daignan-Fornier and Fink,
1992). Gendp is a leucine zipper protein (Agre et al., 1989) that shares homology with the
jun oncoprotein and the human activation factor AP-1 (Mésch et al., 1990; Arndt et al..
1987). Baslp and Bas2p jointly stimulate the Gcndp-independent or "basal level”
transcription of HIS4 and purine biosynthetic pathway genes (Tice-Ba-ldwin et al., 1989;
Daignan-Fornier and Fink, 1992). "Basal level" expression usually refers to the expression
observed under non-inducing conditions. The first demonstration that both "general control”
and "basal control" were important for the regulation of a single gene was demonstrated
using the HIS# gene (Devlin et al., 1991). The general control system increases HIS+4
transcription upon starvation for an amino acid. In the absence of amino acid starvation the
"basal control" system regulates HIS4 transcription (Devlin et al., 1991).

Bas2p cooperatively activates gene transcription by interacting with other DNA
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binding proteins. Therefore, Bas2p is involved in several very different types of
transcriptional control. For example, Bas2p cooperates with Baslp to regulate HIS+ and
several adenine biosynthetic genes (Daignan-Fornier and Fink, 1992). Bas2p also functions
in cooperation with Phodp to induce PHOS5, PHOI0, PHOII, PHOS8I and PHO84 in
response to phosphate starvation (Johnston and Carlson, 1992; Shao et al., 1996). In yet
another case, Bas2p and Swi5p bind to form a stable complex ir vitro and cooperate to
regulate HO expression (Brazas and Stillman, 1993). Interestingly, the transcriptional control
by the Baslp/Bas2p protein pair is regulated, although it is called "basal control" (a term that
suggests constitutive expression). For example, the Bas1p/Bas2p dependent regulation of
HIS4 transcription is down regulated in response to adenine supplement (Trice-Baldwin et

al., 1989).

A.9. Nitrogen regulation

Depending upon the quality and abundance of the available source of nitrogen, S.
cerevisiae adjusts its expression of the enzymes for utilizing the various nitrogen sources.
The regulatory mechanisms underlying this control are in large part executed at the level of
transcription (Wiame et al., 1985). For example, in the presence of "rich nitrogen" sources
such as glutamine, asparagine, and ammonia the genes encoding enzymes required for the
utilization of "poor nitrogen" sources such as arginine, proline and urea are expressed at very
low levels. This phenomenon is referred to as nitrogen catabolite repression (Bysanti et al.,
1991; Coffman et al., 1994; 1995; 1996; Rai et al., 1995; Cooper et al., 1982) or nitrogen

regulation (Blinder et al., 1995; 1996; Stanbrough and Magasanik, 1995; 1996; Stanbrough






