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Abstract

Neurospora crassa and Saccharomyces cerevisiae prefer glucose (which is

easily metabolized) as a carbon source. These organisms are equipped to utilize

alternate carbon sources, but these pathways operate only in the absence of

glucose. One form of regulation of these pathways is carbon catabolite

repression. This gene regulation is well understood in S. cerevisiae, but much is

unknown about this in N. crassa.

In order to better understand catabolite repression in N. crassa, I used the

quinic acid gene cluster as a model system. Based on earlier data (Asch

unpublished) I focused on the qa-y gene. To quantify the repression on the qa-y

gene, this study grew a constitutive !1qa-lS strain in three different environments;

Vogels only, quinic acid only, or glucose + quinic acid. This study successfully

isolated the RNA using a new Sigma protocol and it was essentially pure. The

RNA was also successfully reverse transcribed, however all attempts at a peR

reaction proved futile, most likely due to degradation of the cDNA. However,

this research identified a new method to isolate pure RNA, and ultimately the

RNA transcripts from the growing conditions described here will provide

information on the effects of carbon catabolite repression on the qa-y permease

protein.
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INTRODUCTION

I. Kingdom Fungi

The Kingdom Fungi encompasses over 100,000 known eukaryotic species, which

are divided into five phyla: Chytridiomycota, Zygomycota, Ascomycota, Basidiomycota,

and Deuteromycota. Fungi are classified based on the morphology of their reproductive

structures, which are differentiated from their somatic structures. Their reproductive

structures exhibit a wide variety of forms and fungi can reproduce sexually or asexually.

Their somatic structures can be classified as unicellular, such as the yeasts; or filamentous,

meaning they are composed of threadlike cells. Furthermore, fungi produce extracellular

enzymes that aid them in absorbing and breaking down the food they obtain. Because they

are heterotrophic organisms, they cannot make food from inorganic materials, rather they

live as saprobes, which means they must obtain their nutrition from non-living organic

material. Consequentially, as a group, the fungi exhibit a diverse ability to utilize almost

any carbon source.

II. Phylum Ascomycota

The largest phylum of the Kingdom Fungi is the Ascomycota. The

distinguishishing characteristic of this phylum is the production of four pairs of meiotic

products called ascospores within an ascus, or sac like structure. The ascus is found within

the sexual reproductive structure called the ascocarp. As a result of their morphology, they

are sometimes referred to as the sac fungi (Mishra, 1991).

1

INTRODUCTION

I. Kingdom Fungi

The Kingdom Fungi encompasses over 100,000 known eukaryotic species, which

are divided into five phyla: Chytridiomycota, Zygomycota, Ascomycota, Basidiomycota,

and Deuteromycota. Fungi are classified based on the morphology of their reproductive

structures, which are differentiated from their somatic structures. Their reproductive

structures exhibit a wide variety of forms and fungi can reproduce sexually or asexually.

Their somatic structures can be classified as unicellular, such as the yeasts; or filamentous,

meaning they are composed of threadlike cells. Furthermore, fungi produce extracellular

enzymes that aid them in absorbing and breaking down the food they obtain. Because they

are heterotrophic organisms, they cannot make food from inorganic materials, rather they

live as saprobes, which means they must obtain their nutrition from non-living organic

material. Consequentially, as a group, the fungi exhibit a diverse ability to utilize almost

any carbon source.

II. Phylum Ascomycota

The largest phylum of the Kingdom Fungi is the Ascomycota. The

distinguishishing characteristic of this phylum is the production of four pairs of meiotic

products called ascospores within an ascus, or sac like structure. The ascus is found within

the sexual reproductive structure called the ascocarp. As a result of their morphology, they

are sometimes referred to as the sac fungi (Mishra, 1991).

1



The ascomycetes have been instrumental in many important biological, genetic,

and medical advances, including penicillin, which is produced by Peniciilium chryogenum.

Two other important members are Neurospora crassa, a filamentous ascomycete, and the

yeast Saccharomyces cerevisiae.

III. Neurospora crassa and Saccharomyces cerevisiae as model systems

Shearer and Dodge first studied N. crassa in 1927 when they were examining

ascospore production. Since then, N. crassa's resume of contributions to molecular

biology includes the proposal of the one gene-one enzyme hypothesis by Beadle and

Tatum in 1941, as well as elucidation of the sequence of biochemical steps in metabolic

pathways, examples of gene conversion, the hybrid DNA theory of genetic recombination

as its mechanism, the genetic control of recombination, and the nature oftRNA genes and

their departure from the universal genetic code (Mishra, 1991).

N. crassa, being easily manipulated in the laboratory, provides an

attractive model system. Its rapid lifecycle, with rates up to 4mm per

hour, requires only simple nutrition. This filamentous fungus has a small haploid genome

consisting of seven chromosomes containing 47 million nucleotide pairs (93% of which

have unique sequences). Moreover, because N. crassa's small genome has been

successfully cloned, it is currently being sequenced. These lab-friendly qualities are the

likely reason that many modern recombinant DNA techniques were first developed in this

organism (Mishra, 1991). The unicellular yeast, Saccharomyces cerevisiae, is more
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commonly known as bakers yeast, but regardless of its familiar use, it also has been a

widely used model organism in the field of molecular biology. S. cerevisiae possesses

many of the same attractive model features as N crassa does, except it does not possess an

ascocarp. Similar to many other organisms, N crassa and S. cerevisiae, prefer glucose as

their carbon source. Glucose metabolizes with fewer catabolic steps, and therefore less

energy, than most other carbon sources. However, glucose is not always available. In its

absence, these organisms will use other carbon sources via alternative catabolic pathways,

which are repressed when glucose is present (a phenomenon known as carbon catabolite

repression) .

Through the Leloir pathway, S. cerevisiae will utilize galactose as a carbon source

in the absence of glucose, and the genes that encode the enzymes responsible for the

metabolization of galactose are collectively called the Galactose (GAL) system. Likewise,

N crassa will utilize quinic acid in the absence of glucose through the quinate-shikimate

pathway via the products ofthe quinic acid gene cluster.

IV. Organization of the GAL System in S. cerevisiae

The organization of the GAL system in S. cerevisiae is a common arrangement

seen in eukaryotes. The GAL genes are found throughout the genome on different

chromosomes (Figure 1). The structural genes (a gene that encodes for an enzyme) include

GALl, GAL 7, GAL 10, GAL 5, GAL 2 and MEL 1.
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On chromosome II, the GAL 7, GAL 10, and GALl genes can be found, with each

being separately transcribed from different promoters. GAL 1 encodes for galactokinase,

GAL7 encodes for galactotransferase, and GAL 10 encodes for uridine diphosphoglucose

4-epimerase. All three of these enzymes, along the GAL 5 gene product

phosphoglucomutase, are necessary for the conversion of galactose to glucose-1-phoshate

in the Leloir pathway (Figure 2). Chromosome XII contains GAL 2 and MEL 1; which are

also separately transcribed. The GAL 2 gene encodes for a specific permease, which

allows galactose to enter through the cell membrane (Tschopp, 1986). The product of the

MEL 1 gene is u- galactosidase. This enzyme is necessary to cleave the disaccharide,

melibose, into galactose and glucose; thereby making the sugar melibose available to the

galactose pathway.

The regulatory genes of the GAL system include, GAL4, GAL80, and GAL3.

GAL 4 and GAL80, are found on chromosomes XVI and XIII, respectively. GAL4

encodes for an activator protein, and GAL80 encodes for a repressor protein. GAL 3

encodes an enzyme that plays a role in the induction of the GAL genes.

V. Regulation of the GAL System

The GAL system has two levels of control; first, galactose induces the GAL genes;

and second glucose (the preferred carbon source), represses the GAL genes even when

galactose is present (Sadowski, 1996). The expression of the structural genes GAL 1,

GAL 7, GAL 10, and GAL2 is tightly regulated. These genes are greatly induced by
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galactose, and there seems to be no detectable basal level of these gene products in the

absence of galactose (M. Johnston, and M. Carlson, 1992) (Tschopp, 1986). GAL 5,

which encodes for phosphglucomutase, is an unregulated structural gene that is

constitutively expressed. GAL4 and GAL80, two of the regulatory genes, are both

transcribed constitutively (Johnston, 1987). The other GAL gene products are detectable

at basal levels, and their amounts are increased modestly in the presence of galactose (M.

Johnston, and M. Carlson, 1992).

VI. Characterization of the GAL4 Activator protein (GaI4p)

The GAL 4 gene encodes for an 881 amino acid activator protein, which is required

for transcriptional activation of at least five structural genes; GAL 1, GAL7, GAL 10,

GAL2, and MEL1 (Johnston, 1987). Gal4ps activity is regulated by galactose, glucose,

and also by the product of GAL80 (Sadowski, 1996). The domains of Gal4p have been

well characterized and are responsible for several of its functions (M. Johnston, and M.

Carlson, 1992). The first domain is a DNA binding domain (aa 1-74), to that Gal4p binds

to as a dimer (Carey et aI, 1989). This region lies near the amino terminus and is necessary

for binding the regulatory sites at these structural genes (Johnston, 1987). Next, the region

responsible for nuclear localization of Gal4p (that is also contained in the first 74 amino

acids) overlaps the DNA binding domain (Silver et aI, 1984). The transcriptional

activation function of Gal4p resides in two regions of the protein (M. Johnston, and M.

Carlson, 1992). Region I lies adjacent to the dimerization domain, and region II lies at the

extreme carboxyl terminus (Ma & Ptashne, 1987a). Both regions are capable of activating
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transcription under certain conditions, although region I only functions when most of the

carboxyl terminal of Gal4p has been removed (Ma & Ptashne, 1987a). This leads to the

question of whether region I is a true activation domain (Ma & Ptashne, 1987a). Region II

appears to be the target for inhibition by the Gal80 protein (GaI80p), making it the more

likely functioning activation domain (Ma & Ptashne, 1987a). Moreover, the area between

these two transcriptional activation domains can be removed with little effect on Gal4p's

function (Ma & Ptashne, 1987a). Also, while no particular sequence of amino acids

appears to be required for their function (M. Johnston, and M. Carlson, 1992), both

domains possess a large net negative charge. This acidic character seems to be the major

requirement for the activation function (Gill & Ptashne, 1987; Gill et aI, 1990), as research

has demonstrated that mutations decreasing this negative charge will decrease the region's

activation potential, and conversely, mutations increasing this negative charge will

increase its activation potential (Gill & Ptashne, 1987; Gill et aI, 1990). This acidic

characteristic is not an unusual requirement for an activator protein. Interestingly, Ga180p,

which normally inhibits transcription, can become an activator, if an acidic sequence is

incorporated into it (Ma & Ptashne, 1987a).

The exact mechanism in which Gal4p activates transcription is still not

completely understood. However, it is hypothesized that the phosphorylated state of Gal4p

may be integral. Gal4p is phosphorylated on at least two serine residues, one of which is

Serine 837, and this modification appears to correlate with Gal4p's ability to activate

transcription (M. Johnston, and M. Carlson, 1992). For example, there are several GAL4

mutations that do not affect DNA binding, but do prevent phosphorylation of Gal4p, and in
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tum affect transcriptional activation (M. Johnston, and M. Carlson, 1992). (Sadowski,

1996). This lack of correlation provides further evidence that the transcription activation

domains and the DNA binding domains reside at two different locations.

Furthermore, another phosphorylation site in GAL4's carboxyl terminal region,

serine-699, has been shown to be necessary for galactose-inducible transcription

(Sadowski, 1996). In contrast to its requirement for galactose induction in GAL80+ cells,

phosphorylation at serine 699 is not required for transcription activation in cells lacking

Ga180p (Sadowski, 1996). This suggests that phosphorylation at this site may regulate the

interaction between Ga14p and Ga180p to modulate the induction process (Sadowski,

1996).

GAL 11, another possible regulatory gene, encodes an additional factor that appears

to activate gene expression along with Ga14p (Myline et aI, 1991). This has been

illustrated in GALlI mutants in which transcription has been decreased three to tenfold

(Nogi and Fukasawa, 1980). Furthermore, GallI p is unable to activate transcription on its

own, providing more evidence that it works with Ga14p (Suzuki et aI, 1988). It has been

shown that one GallI p mutation can increase the transcriptional activation ability of

weakly active Ga14ps. But this stimulation depends on the integrity of the DNA binding

domain of Ga14p, giving rise to the hypothesis that this location is where GallI p binds to

Ga14p to provide additional stimulation of transcription (Himmelfarb et aI, 1990).

However, Gall1p does not affect transcription of MEL1 and GAL80, so possibly a
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illustrated in GALlI mutants in which transcription has been decreased three to tenfold

(Nogi and Fukasawa, 1980). Furthermore, GallI p is unable to activate transcription on its

own, providing more evidence that it works with Ga14p (Suzuki et aI, 1988). It has been

shown that one GallI p mutation can increase the transcriptional activation ability of

weakly active Ga14ps. But this stimulation depends on the integrity of the DNA binding

domain of Ga14p, giving rise to the hypothesis that this location is where GallI p binds to

Ga14p to provide additional stimulation of transcription (Himmelfarb et aI, 1990).

However, Gall1p does not affect transcription of MEL1 and GAL80, so possibly a

11



particular promoter sequences exist that affects the ability of Gall 1 to activate

transcription (Suzuki et aI, 1988; Vallier & Carson, 1991).

VII. Characterization of the GAL80 repressor protein (GaI80p)

Gal80p is a monomer, a 423 bp protein, with two functional domains. One domain

recognizes the carboxyl terminus of Gal4p and represses the GAL genes, the other binds to

the inducer (Nogi & Fukasawa, 1989). The inducer-binding domain is believed to lie

between amino acids 321 and 340 because research shows that deleting this region

produces a Gal80p capable of repressing transcription even in the presence of galactose

(M. Johnston, and M. Carlson, 1992). Most of the regions that surround this middle

domain on either side, aa 1-321, and aa 341-423, are required for repression, because

deleting or mutating these regions will eliminate Gal80p's ability to repress (M. Johnston,

and M. Carlson, 1992). Also, Gal80p has two regions responsible for nuclear localization,

aa 1-109, and aa 342-405 (M. Johnston, and M. Carlson, 1992).

Without galactose, GAL80 is transcribed at a low basal level, thereby providing

enough Gal80p to inhibit any available Gal4p (M. Johnston, and M. Carlson, 1992).

However, Gal4p is responsible for regulating Ga180p, and accordingly there is a Gal4p

binding site located on GAL80, providing a mechanism for Gal80p to be self-regulated

(Shimada & Fukasawa, 1985; Igarashi et aI, 1987). Adding galactose removes Gal80ps

inhibition on Gal4p, thereby activating gene expression while increasing Gal80p
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expression, which in turn provides a mechanism to control for excessive production of

GAL gene products (M. Johnston, and M. Carlson, 1992).

VIII. Induction by galactose

Gal4p binds upstream of each GAL gene at upsteam activating sequences

(UASoAL ) through a domain located near its amino terminus and activates transcription

through a domain at its carboxyl terminus (M. Johnston, and M. Carlson, 1992). Gal4p

can be found at these locations on the GAL genes with or without galactose available.

However, without galactose, Gal4p can not activate transcription due to Ga180p, which

will bind to Gal4p's transcriptional activation domain II (in Gal4p's carboxyl terminal 30

aa) and thereby block contact with the transcriptional apparatus (M. Johnston, and M.

Carlson, 1992). The specific location on Gal4p that Gal80p binds to has been identified as

aa 850-874, and accordingly is located in activation domain II (Sil et aI, 1999). Abundant

evidence supports the theory of this interaction. Research indicates that Gal 80p only

inhibits activation by those Gal4p derivatives that contain activation region II (Ma &

Ptashne, 1987b). Over-expression of the carboxyl terminus, but not other regions of

GAL4p, has been shown to titrate Gal80p in vivo, therefore causing constitutive GAL gene

expression (Johnston, 1987; Ma & Ptashne, 1987b). Some constitutive GAL4 mutants are

the result of alterations in activation region II, which results in Gal80p being unable to

bind (Johnston, 1987). Furthermore, various acidic peptide sequences attached to the

Gal4p DNA binding domain can cause transcription to be activated, but only region II of

Gal4p is inhibited by Gal80p (M. Johnston, and M. Carlson, 1992). Possibly, the
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mechanism Ga180p uses to prevent transcription involves de-phosphorylating Ga14p (M.

Johnston, and M. Carlson, 1992).

Upon induction of the system, Ga180p is prevented from blocking the

transcriptional activation domain II of Ga14p by the inducer (M. Johnston, and M. Carlson,

1992). The inducer is still unknown. It is not thought to be galactose itself, but it may be a

derivative (M. Johnston, and M. Carlson, 1992). Ga13p, whose expression is regulated by

Ga14p, seems to play an integral role in the induction of the GAL genes. It was once

thought that Ga13p catalyzed the synthesis of the inducer from galactose. Accordingly,

Ga13p is expressed at a low basal level that is slightly increased in the presence of

galactose. This results in a rapid reduction of GAL gene expression (M. Johnston, and M.

Carlson, 1992). However, overproduction of GAL3p has been shown to result in

constitutive GAL gene expression, even in the absence of galactose activity (Bhat et aI,

1992). This has been illustrated in GAL 10 mutants, which can neither produce or

metabolize galactose (M. Johnston, and M. Carlson, 1992). Therefore, this finding

indicates that metabolism of galactose is not required for the functioning of Ga13p (Bhat et

aI, 1992). Moreover, when Ga13p is unavailable but galactose is present, the GAL genes

are induced over a period of days. Comparatively, when Ga13p is available, the GAL

genes are induced in mere hours (Sadowski, 1996). Likewise, GAL3 mutants require

several days to induce gene expression. Although, Ga13p's function is still not clearly

understood, its structure is very similar to the galactokinase encoded by GAL1 (Sadowski,

1996). Interestingly, other research found certain GAL3 mutants were unable to induce

GAL gene expression unless the GAL 1 expression was increased. This could also be
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observed under conditions not conducive to metabolizing galactose, which further

discredits ant theory of an intermediary in galactose metabolism (M. Johnston, and M.

Carlson, 1992). It has also been demonstrated that Gal3p is only needed to initiate

inducing conditions, because it has been shown that high levels of Gall p can maintain

induction (M. Johnston, and M. Carlson, 1992). This cooperation between Gallp and the

GAL3 mutant suggests that Gallp has a second activity similar to Gal 3p, in addition to its

galactoskinase. Based on these findings, it is believed that induction of the GAL genes

occurs when galactose converts either Gal3p, or the highly homologous Gall p, into forms

that prevent Gal80p from inhibiting Gal4p activation (M. Johnston, and M. Carlson, 1992).

Moreover, under inducing conditions it has been clearly established that, Gal80p

and Ga13p are associated (Suzuki-Fujimoto et aI, 1996). Experiments have shown that

tagged mutant Ga13p did not co-precipitate with Gal80p as well as tagged wildtype Ga13p,

therefore, functional Ga13p is critical (Suzuki-Fujimoto et aI, 1996). Although, it has been

reported that Gal4p in galactose grown (inducing conditions) cells is still associated with

Gal80p (M. Johnston, and M. Carlson, 1992), it is still not certain whether Gal 4p and

Gal80p actually disassociate in response to the inducing conditions, or possibly undergo a

conformational change, which would allow the interaction of general transcription factors

with the activation domains of Gal4p (Sadowski, 1996). In either case, it is likely that

Ga13p binds to Gal 80p, and somehow alters or removes Gal80p from Gal4p to allow

transcription to occur (M. Johnston, and M. Carlson, 1992). Evidence supporting a

conformational change between Gal4p and Gal 80p comes from immunoprecipitation

experiments that illustrated Gal4p coprecipitating less Gal80p in the presence of Ga13p (Sil
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et aI, 1999). Conversely, without Ga13p, more Ga180p coprecipitated with Ga14p (Sil et aI,

1999). This indicates that binding of Ga13p to Ga180p destabilizes the Ga180p-Ga14p

complex. The model proposed from these findings is that when Ga13p binds to Ga180p,

Ga180p dissociates from its site of inhibition within the principle activation region of

Ga14p, and then associates within another sequence of Ga14p, specifically aa 225-797

(Figure 3) (Sil et aI, 1999).

x. Carbon repression of the GAL system

Even in the presence of galactose, glucose can repress transcription of the GAL

genes. The cell has to expend less energy in order to utilize glucose as an energy source,

because it can enter directly into the glycolytic pathway, therefore this level of control

supercedes the first level of control. This second level of control, called carbon catabolite

repression, and is not completely understood, although there are multiple mechanisms

through which it acts that can be examined.

Indeed the function of Ga14p is almost completely inhibited in glucose grown cells

(Flick & Johnston, 1990). One mechanism that glucose accomplishes this is by preventing

phosphorylation of Ga14p, thereby ceasing its function (Mylin et aI, 1989). Glucose also

prevents binding of Ga14p to the DNA (Johnston, 1987). Consequently, expression of

GAL4 is reduced fourfold in the presence of glucose (Griggs & Johnson, 1991). Research

shows that Ga14p is absent from DNA footprints in cells grown on glucose in vivo

(Johnston, 1987).
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Furthermore, this inhibition of Gal4p does not require Ga180p, but rather is

mediated through the products of the MIG1, SSN6 and TUPI genes (M. Johnston& M.

Carlson, 1992). The MIG1 gene was originally identified as a multicopy inhibitor of GAL

gene induction, and encodes the Migl protein (Miglp) which binds to a GC rich region

found upstream of GALl and GAL4 to sequences termed upstream repression sequence

(URSG) (Nehlin et aI., 1991). These regions are found between the UAS and the TATA

box for the GAL 1 gene, and between the TATA box and the transcription start site for the

GAL4 gene (Johnston, 1987). The SSN6 and TUPI gene products are physically

associated in a high molecular weight complex and they may actually be the proteins

responsible for repression (Williams et aI, 1991). However they possess no DNA binding

abilities, therefore they act via two Miglp binding sites in the GAL4 and GALl promoters.

Under conditions of glucose repression, Miglp binds it target promoters and represses

transcription ofGAL4 and GALl by recruiting the SSN6 protein (Ssn6p)/TUPI protein

(Tup1p) complex (Treital & Carlson, 1995). The mechanism by which the complex exerts

transcriptional repression is not yet clear, but two possibilities have been proposed; the

Ssn6/Tup1 complex could modify the chromatin structure, or it could interfere with

components of the basal transcription machinery (Gancedo, 1998). In the absence of

glucose, the product of the CATI gene (SnfI) phosphorylates Miglp, and as a result

triggers the export ofthe repressor from the nucleus (DeVit et aI., 1997).

Another component of glucose repression appears to act directly on the GAL

promoters, independently ofGal4p (Johnston, 1987). The URSG's located between

upstream activator sequences (UASGAL) and the transcription initiation site, are sufficient
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to provide for catabolite repression. Evidence for this comes from a hybrid promoter

composed of the UAS from a non-glucose regulated gene LEU2 in place ofUASoAL,

which was shown to be repressed during growth on glucose (Flick & Johnston, 1990).

These results imply that the GAL sequences within this promoter are targets for catabolite

repression (Johnston, 1987). Furthermore, this is consistent with research that found

deletion of these sequences from a normal GAL promoter partially relieves catabolite

repression (Johnston, 1987). Repression caused by this region also requires the products of

the MIG1, SSN6, and TUP1 genes.

Another target for catabolite repression is Ga13p. The interaction of Ga13p and

Ga180p has been established in GAL gene induction. Glucose repression inhibits

transcription of Gal3p, and may also prevent Ga13p's interaction with Gal80p (Bajwa et aI,

1988). However, this cannot be the sole mechanism that glucose repression operates,

because mutants completely lacking the GAL80 protein still exhibit glucose repression

(Johnston, 1987).

Finally, glucose repression acts to inhibit galactose transport into the cells on two

levels (Johnston, 1987). Not only is synthesis of the GAL2 permease protein inhibited

during growth on glucose, but glucose repression also inactivates pre-existing permease

proteins (Tschopp, 1986) (Matern & Holzer, 1977). The latter process, termed "catabolite

inactivation", is believed to occur by activation of one or more proteases during growth on

glucose (Johnston, 1987). Most of the focus on understanding the mechanisms of

catabolite repression in S. cerevisiae and also N crassa has centered around gene control at
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the level of transcription of the GAL genes and the quinic acid genes, respectively.

Consequentially, the mechanism of catabolite inactivation has received little attention

(Johnston, 1987).

XI. Quinic Acid metabolism in Neurospora crassa

In the absence of its preferred carbon source of glucose, N crassa has the ability to

utilize a wide variety of alternative organic molecules as carbon sources. One such

molecule is quinic acid. In nature, N crassa can obtain quinic acid from the tissues of

plants, and from the chitin in wood. Figure 4 illustrates the quinate-shikimate catabolic

pathway, by which N crassa converts quinic acid to protocatechuic acid. As a result,

protocatechuric acid can then be broken down and enter into glycolysis or the Krebs cycle

(Giles et aI, 1991). The genes, that code for the enzymes involved, are located clustered

together on the seventh chromosome near the centromere, and they are collectively called

the qa gene cluster.

XII. Organization of the quinic acid (qa) gene cluster

The qa gene cluster has been extensively studied, and to date much has been

determined about these genes that encode the enzymes for quinic acid metabolism in N

crassa. In 1974, Chaleff provided evidence that the qa genes were clustered together on

chromosome VII near the centromere, but he could not conclusively give the order. In

prokaryotic systems, where genes are located together in operons and transcribed as a
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single polycistronic mRNA, these results would not be unusual. However, normally in

eukaryotes, genes of related functions are not found clustered together, but rather they are

randomly distributed throughout the genome (Mishra, 1991). Therefore, the qa gene

cluster is an exception; other exceptions include ribosomal RNA genes.

In 1976, Case and Giles provided the evidence needed to determine the order of the

cluster through a number of different genetic recombination crosses. Accordingly,

because these genes were shown to occupy a continuous segment of DNA, it was

suspected that they might be transcribed as a single polycistronic mRNA. However, Patel

et al (1981) demonstrated through DNA-RNA hybridization experiments that each qa gene

is transcribed as a single initial RNA transcript, and that the regulation of all the qa genes

was at the level of transcription. Her work also led to the identification of two previously

unknown structural genes, later named qa-x and qa-y (Patel et aI, 1981).

Furthermore, it was originally thought that there was only one regulatory gene,

designated qa-l, which positively controlled transcription of the qa structural genes.

Mutant analysis of this regulatory gene indicated that there were two separate domains,

with two different functions, on opposite ends of the gene (Case and Giles, 1975).

However in 1984, Huiet demonstrated through N crassa transformation and DNA-RNA

hybrid experiments that these two domains actually constituted two separate genes, one for

a repressor protein, qa-lS, and another for an activator protein, qa-lF.
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To date it has been determined that the qa gene cluster contains seven genes and

occupies a DNA segment of 17.3kb pairs (Figure 5). There are five structural genes and

two regulatory genes. Reading left to right the order of the seven genes is as follows: qa-x,

qa-2, qa-4, qa-3, qa-y, qa-IS, and qa-IF. The function of the first gene in this cluster, qa

x, is still not well understood. The next three genes qa-2, qa-3, and qa-4 are structural

genes, and they encode catabolic dehydroquinase, quinate dehydrogenase and

dehydroshikimate dehydratase, respectively. All three ofthese enzymes are essential in

the metabolism of quinic acid (Huiett, 1984).

The fifth structural gene, qa-y, encodes for a quinic acid permease, which allows

quinic acid to be taken up more readily into the cell (Huiett, 1984). Next in order are the

two regulatory genes for this cluster; qa-lF which encodes a regulatory protein, and qa-lS

which is transcribed into a repressor protein.

XIII. Regulation of the qa gene cluster

The genes of the qa gene cluster are under two levels of genetic regulation. The

first level is mediated by the inducer quinic acid and by the products of the qa regulatory

genes. When glucose is not available, and quinic acid is an available carbon source, the

genes for quinic acid metabolism will be transcribed. The second level of control is carbon

catabolite repression, this control circuit functions to repress transcription of the qa genes

in response to the presence of a preferred carbon source such as glucose or sucrose (Case et

aI, 1992). Therefore, the second level of control will take precedence, even if quinic acid
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is available. The mechanism by which the first level of control functions can be

understood through examination of the regulatory genes, qa-lF and qa-lS.

XIV. Characterization of the qa-1F activator protein

All qa genes require the protein encoded by the qa-lF positive regulatory gene for

induction by quinic acid (Baum et aI, 1987). Huiet reported in 1984 that the qa-lF gene

transcribes a 2.9kb mRNA, which is translated into a protein of 816 amino acids. This

protein is an activator protein, which plays a positive role in the transcription of all qa

genes, including autoregulation of itself (Baum et aI, 1987). Normally, all the qa genes are

transcribed constitutively at low basal levels, but transcription is increased 50-100 fold in

the presence of quinic acid (Baum et aI, 1987). The qa-lF protein exerts this regulatory

effect by binding directly to the DNA at specific regions. These regions were first

identified and mapped in 1986 by Baum and Giles (Baum & Giles, 1986). These sites

within the qa gene cluster were found to be DNase I hypersensitive under non-inducing

conditions, and were shown to increase in DNase I cleavage activity upon induction with

quinic acid. They were located in the 5' flanking regions of each of the qa genes and were

interrupted by short regions that were protected by DNase activity, which were later found

to be conserved 16bp sequences (GGRTAARYRYTTATCC) (Baum et aI, 1987). The

protected regions were determined to be a result of the qa-lF activator protein binding

that, in turn, altered the chromatin structure of flanking sequences making them accessible

to DNase I digestion (Baum et aI, 1987). In addition, using in-vitro synthesized activator

peptides, they localized the DNA binding domain of the activator protein to the N-terminal
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183 amino acids (Baum et aI, 1987). Furthermore, Case, Geever and Asch reported that a

total of 14 binding sites exist for the qa-IF protein in the qa gene cluster (1991). The

identification of these activator binding sites, and specifically the identification of the one

between the qa-IF and qa-IS genes, provided evidence that the qa-IF gene is

autoregulated and that its product, the activator, also controls expression of the qa-IS

repressor protein (Baum et aI, 1987). As a result, the qa-IS regulatory protein affects the

action of the qa-IFactivator protein.

XV. Characterization of the qa-IS repressor protein

The qa-IS gene transcribes two related mRNAs, 4.1kb and 3.4kb in size.

Translation leads to the qa-IS repressor protein, which consists of 918 amino acid residues

and has an approximate molecular weight of 100,650 (Huiet and Giles, 1986). The

identification of the negative role of the qa-IS gene in quinic acid regulation came through

the analysis of the phenotypes of qa-IS mutants. When qa-IS was first isolated as a

separate gene, it was discovered that the level of qa-IS specific mRNA's were low in

cultures that had been grown in the absence of quinic acid; but in cultures grown in the

presence of quinic acid, the levels of qa-IS mRNA were found to increase about 40 fold

(Huiet, 1984). Since then, two types of mutations have been detected in the qa-IS gene:

one produces mutants in which the qa genes are non-inducible even in the presence of

quinic acid (qa-I S"), and the second type (qa-I ff), produces mutants in which the qa genes

are constitutively expressed in the absence of the inducer. Sequence evidence indicates

that the non-inducible mutants are the result of missence mutations which cause the qa-IS
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gene product to become a superrepressor that is unable to respond to the presence of the

inducer, quinic acid, while the constitutive strains contain nonsense or frameshift

mutations which render the qa-lS gene product nonfunctional. The qa-lS genes from two

constitutive mutants have also been sequenced, revealing that the mutations are located in

the distal region of the gene. This suggests that the COOH terminal region of the repressor

protein may be involved in binding to the qa-lF activator protein (Huiet and Giles, 1986).

XVI. Induction by quinic acid

Accordingly, the qa-lS repressor protein acts to inhibit transcription of the qa

genes in the absence of quinic acid by binding directly to qa-lF. When quinic acid is

present, the inhibition of the qa-lF protein by the qa-lS gene is removed, and qa-lF will

initiate its own transcription, as well as transcription of the other qa genes (Figure 6)

(Case, Geever, and Asch, 1992).

XVII. Carbon catabolite repression of the qa gene cluster

In wildtype N crassa, the genes for quinic acid metabolism will be turned off when

glucose is present, and turned on when it is absent. This is demonstrated when wild-type

N crassa strains are grown on quinic acid together with a preferred carbon source such as

sucrose, the qa genes will exhibit a level of induction of the qa enzymes of about 1.0% of

the levels of induction observed with quinic acid as a sole carbon source (Case, Geever,

30

gene product to become a superrepressor that is unable to respond to the presence of the

inducer, quinic acid, while the constitutive strains contain nonsense or frameshift

mutations which render the qa-lS gene product nonfunctional. The qa-lS genes from two

constitutive mutants have also been sequenced, revealing that the mutations are located in

the distal region of the gene. This suggests that the COOH terminal region of the repressor

protein may be involved in binding to the qa-lF activator protein (Huiet and Giles, 1986).

XVI. Induction by quinic acid

Accordingly, the qa-lS repressor protein acts to inhibit transcription of the qa

genes in the absence of quinic acid by binding directly to qa-lF. When quinic acid is

present, the inhibition of the qa-lF protein by the qa-lS gene is removed, and qa-lF will

initiate its own transcription, as well as transcription of the other qa genes (Figure 6)

(Case, Geever, and Asch, 1992).

XVII. Carbon catabolite repression of the qa gene cluster

In wildtype N crassa, the genes for quinic acid metabolism will be turned off when

glucose is present, and turned on when it is absent. This is demonstrated when wild-type

N crassa strains are grown on quinic acid together with a preferred carbon source such as

sucrose, the qa genes will exhibit a level of induction of the qa enzymes of about 1.0% of

the levels of induction observed with quinic acid as a sole carbon source (Case, Geever,

30





a.

I qa-x I qa-2! qa-4 I qa-3 I qa-y I qa-lS I qa-lF I

Gj9qa-lS~

b.

qa-lS

quinic acid

32

a.

I qa-x I qa-2! qa-4 I qa-3 I qa-y I qa-lS I qa-lF I

Gj9qa-lS~

b.

qa-lS

quinic acid

32



Asch, 1992). However, the mechanism of catabolite repression in N crassa is still

unknown.

In 1992, Case, Geever, and Asch studied the effects on the qa genes in a !1qa-lS

strain. In a constitutive strain such as this, the first level of gene control is removed, and

the expression of the other qa genes can be examined solely under the control of carbon

catabolite repression. They examined the expression of qa-2, qa-x, and qa-lF under the

three following conditions: grown in the presence of dextrose alone, in the presence of

dextrose and quinic acid, or in the presence of quinic acid alone. Through Northern Blot

analyses, they examined the mRNA transcripts of qa-2, qa-x, and qa-lF, and observed no

significant differences in length or amount of mRNA under these three growing conditions,

as compared to wild-type grown under the same conditions. They further analyzed the

start sites that were used to make the qa-2 mRNA transcripts. It had previously been

shown that qa-2 utilizes multiple transcriptional start sites, which fall into two groups:

activator dependent, and activator independent. Their results showed that the activator

dependent start sites were the ones being used, therefore carbon catabolite repression was

not acting on the qa gene cluster through inhibition of activator binding (which is one of

the proposed mechanisms of glucose repression in S. cerevisiae). These results suggest

that carbon catabolite repression of qa-lF, qa-2, and qa-x may operate through a different

mechanism other than inhibition of activator binding sites (Case, Geever, & Asch, 1992).

In addition, normally in wild-type N crassa, carbon catabolite repression superimposes

qa-lF activation; here it is not, and this suggests that qa-lS, the repressor, may playa role

in carbon catabolite repression. However, the mRNA assays of the glucose repressible

gene (grg) in the !1qa-lS strain were repressed normally. Therefore, they concluded that if
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the qa-lS gene product plays a role in carbon catabolite repression, it may be the target for

a general carbon repressor molecule and acts only to repress the qa gene cluster in the

presence of a preferred carbon source (Case, Geever, & Asch, 1992).

However, other data (unpublished, Asch) has revealed shortened mRNA transcripts

of qa-y as a result of growing the I1qa-lS strain in the presence of glucose only or in the

presence of quinic acid and glucose, as compared to growing the I1qa-lS strain in the

presence of quinic acid alone and that of wild-type (Figure 11). Because qa-y codes for a

quinic acid permease, which allows quinic acid to be taken up more readily into the cell,

these results suggest that qa-y may be a target for carbon catabolite repression. Likewise,

the GAL 2 permease protein product of S. cerevisiae has been demonstrated to be a target

for glucose repression.

This current research will attempt to quantitate the amount of carbon catabolite

repression on qa-y, by comparing transcript amounts under three different growth

conditions; in the presence of (1) Vogels only, (2) quinic acid alone, and (3) glucose and

quinic acid. The protocol will begin by isolating the mRNA from the three different

growing conditions and then reverse transcribing it into cDNA. From there the cDNA will

be amplified using PCR and qa-y specific primers. Finally, performing a northern blot

analysis will quantitate the amount of carbon catabolite repression. This information will

possibly aid in elucidating the role of carbon catabolite repression on the qa-y gene

product.
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Materials & Methods

Materials

I. Ethanol and isopropanol were purchased from Pharmco Products Inc., Brookfield,

CT; chloroform, formaldehyde, sodium lauryl sulfate, and sodium phosphate were

purchased from Fischer Chemical, Fair Lawn, NJ; TriReagent, diethyl pyrocarbonate

(DEPC), ethidium bromide, sodium citrate, quinic acid, glucose, agarose, sodium chloride,

EDTA, MOPS, sarkosyl, sheared salmon sperm, and sephadex G-50 beads were purchased

from Sigma, St. Louis, MO; lOX reaction buffer, MgCh, deoxynuc1eotide mix, oligo

p(dT)15 primer, AMV reverse transcriptase, formamide, and nylon positively charged

membrane were purchased from Boehringer Manheim, Indianapolis, IN; Taq DNA

polymerase was purchased from Roche Diagonostics, Indianapolis, IN; 3mm

chromatography paper was purchased from Whatman International Ltd., Maidstone,

England; Polaroid film was purchased from Eastman Kodak Co., Rochester, NY.;

Upstream and downsteam qa-y specific primers were purchased from Integrated DNA

Technologies Inc., Coralville, IA. Probe labeling kit, containing: 10Xbuffer (containing

random octadeoxyribonuc1eotides), dNTP's, 1/100 dATP Klenlow, and p32 dATP, were

purchased from New England Biolabs Inc., Beverly, MA. Silane treated glass wool was

purchased from Supelco Inc., Bellefonte, PA.
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Methods

II. Growth Conditions of the Llqa-lS N crassa strain

Case, Geever, and Asch (1992) describe the construction of the f.,.qa-1S strain, in

which the qa-lS gene is eliminated. Growth of the strains began by inoculating three

flasks of Horowitz complete media (50ml Horowitz complete media, 0.75g agar), and then

incubating the strains for three days at 37°C. The strains were then placed under a UV

light for ten days or until ready to use. Next, three flasks containing 200ml Vogels

minimal media + 2.0% sucrose were inoculated with the tissue, and the samples were

grown overnight in a 30°C shaker. The following day the tissues were harvested by

vacuum filtration and switched to one of the three growing conditions: 200ml Vogels only

medium, 200ml Vogels + 0.1 % quinic acid medium, or 200ml Vogels + 0.1 % quinic acid

+ 2% glucose medium. The samples were grown and shaken at 37°C in these various

media conditions for two hours.

III. RNA Isolation

RNA is an extremely unstable molecule that is only meant to have a transient

existence; as a result it is readily degraded by nucleases in the environment. Therefore,

isolation of RNA can often be an unsuccessful process if many precautions are not taken.

The following Sigma protocol was performed individually on all three samples under

RNase free conditions. The process began by harvesting the tissues by vacuum filtration,
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followed by homogenizing the tissue in TRI REAGENTTM (lml per 100mg of tissue)

within an autoclaved tube. TRI REAGENTTM is a kaotropic agent, meaning it is a salt

containing reagent that will break all of the hydrogen bonds or 3D structures, thus making

the sample homogenous. The homogenate was then centrifuged at 12,000 x g for 10 min

at 4°C to remove any insoluable material. The clear supernatant containing RNA, protein,

and any remaining DNA was transferred to a fresh autoclaved tube, and the sample was

allowed to stand for 5 minutes at room temperature to ensure complete dissociation of the

nucleoprotein complexes. Next, O.2ml of chloroform per ml of TRI REAGENTTM used

was added to expedite phase separation. The sample was shook vigorously and then

allowed to sit at room temperature for approximately 15 minutes. The sample was then

centrifuged again at 12,000 x g for 15 minutes at 4°C, which resulted in a colorless
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DNA and RNA were pushed up into the aqueous phase because they are not soluble in the

chloroform. However, because RNA is smaller and is more soluble in the aqueous phase

due to the presence of an extra OH group, it will be at the top of the aqueous phase. DNA
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70% ethanol per ml of TRI REAGENTTM used. Next, the sample was vortexed and

centrifuged at 7,500 x g for 5 minutes at 4°C. The supernatant was removed and the pellet

was allowed to air dry for 10 minutes. Finally, the pellet was dissolved in

diethylpyrucarbonate (DEPC) treated water (lml per lL d.i. water) (Figure 7). DEPC is a

reagent that kills nuc1eases, and therefore will aid in protecting the RNA sample from

degradation. The sample, which is now free of DNA and proteins, was placed in a -4°C

freezer until preparation for Northern Blot transfer and RT-PCR.

IV. Quantification of RNA

In order to determine the purity and concentration, UV spectophotometry was

performed at A= 280 and A= 260. For each RNA sample, 30lll of sample was added to

970 III of d.i. water in a cuvette. The concentration of each RNA sample was then

determined by the following calculation, which is based on the given knowledge that 40

Ilg/ml ssRNA has an OD260 equal to 1:

OD260 of each RNA sample X
1

40 Ilg/ml ssRNA
10D26o

Ilg/ml RNA
in the cuvette

Ilg/ml RNA X
1ml in cuvette

Ilg X
1 III RNA stock

5 Ilg of RNA X
1

1 ml
30 III RNA stock

1000 III RNA stock
1.0 ml RNA stock

1 III
Ilg of RNA stock
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V. Verification of RNA

The presence of RNA was detected from the three RNA samples by gel

electrophoresis. The RNA samples were denatured for 5 minutes in a heat block set at

65°C, and then resolved by a 1.5% agarose gel in DEPC treated [lml/lL] IX tris

phosphate buffer [0.08 M Trizma base; 0.005 M EDTA; 85% H3P04 (1.679 mg/ml)]. The

gel was then stained with EtBr (50mg/ml) and the RNA was visualized with a

transilluminator.

VI. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Reverse transcription polymerase chain reaction (RT-PCR) is a method ofPCR in

which a double stranded cDNA can be cloned from a single stranded mRNA. The mRNA

samples were individually prepared for 1st strand cDNA synthesis according to the

Boehringer Mannheim protocol. The following reagents were added to a sterile eppendorf

tube: 2111 lOX reaction buffer (lOOmM Tris, 500mM KCI, pH = 8.5) 41l125mM MgCh, 2111

deoxynucleotide mix (lOmM each of dATP, dCTP, dTTP, and dGTP) 2111 oligo-p(dT) I 5

primers, 1III RNase inhibitor, 0.81l1 AMV reverse transcriptase, and 8111 RNA sample. The

reaction mixture was briefly vortexed and centrifuged. Next, the sample was placed in the

thermal-cycler and run using pre-programmed cycles. The first cycle was an incubation

period, which proceeded at 25°C for 10 minutes, and then at 42°C for 60 minutes. During

the 25°C incubation, the 0Iigo-p(dT)15 primers annealed to the 3' poly A tail of the mRNA

template. Then, during the 42°C incubation, the AMV reverse transcriptase reverse
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transcribed a cDNA strand from the mRNA template, using the deoxynucleotides in the

mixture, while the RNase inhibitor prevented the degradation of the RNA sample.

Following the 42°C incubation, an incubation period programmed at 99°C for 5 minutes,

denatured the AMV reverse transcriptase. Finally, there was a 5 minute cooling cycle set

at 4°C. At this point, the reaction tube was stored at -20°C.

VII. Verification of cDNA

The presence of cDNA was detected by running the samples on a gel

electrophoresis. Next, 2 III of tracking dye was added to 121ll of each sample and resolved

on a 1.0% agarose gel [0.5g agarose; 50ml IX TPE]. The gel was then stained with 50 III

of ethidium bromide (50mg/ml stock solution), and visualized under a trans-illuminator.

VIII. Polymerase Chain Reaction (PCR)

Each cDNA sample was prepared for PCR according to the Boehringer Mannheim

protocol. Each reaction mixture containing: 5 III cDNA, 3 III 10X reaction buffer, 3 III

deoxynucleotides, 3 III qa-y primer I [5'CTTGTTGGCATTTTGAACGGG3'], 3 III qa-y

primer 2 [5'CCATCAACTATTACTCCCCCACC3'], and 12111 dHzO. The samples were

vortexed, centrifuged, and then placed in the thermal cycler. The reaction began with a 5

minute denaturing step programmed at 92.5°C in order to convert the cDNA into ss

molecules. Following the denaturing step, 1 III Taq polymerase (5 VillI) was added to the

reaction mixture. Next, there was a 2 minute annealing step set at 47°C, where the qa-y
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specific primers annealed to the template at the coordinating sequence. Following this

cycle was the polymerization step for 2 minutes at noc, which allowed the enzyme Taq

polymerase to initiate synthesis a new DNA molecule that is complimentary to the qa-y

sequence on the eDNA. These cycles continued for 43 more rounds of replication; each

time the primers bound to the old sequences as well as the new sequences, thus allowing

the production of many copies of the qa-y region of the DNA. Finally, there was a hold

cycle set at 4°C, which maintained the sample until it was ready for further analysis.

IX. Verification of PCR product

The PCR product should be a fragment of DNA of approximately 691 bps. A 10 f.!1

sample taken from each reaction product was mixed with 2 f.!l tracking dye, and then

loaded onto a 1.0% agarose gel [0.5g agarose; 50mliX TPE] along with a lambda

molecular weight marker. The gel was electrophoresed and then treated with 50 f.!l of

ethidium bromide, so that the DNA bands could be visualized under ultraviolet light using

a trans-illuminator. By comparing product bands with bands from known molecular

markers, the product could be identified.

X. Northern Blot Transfer

Northern Blot analysis is a method where a specific RNA sequence can be

identified, and quantified with the aid of image analysis software. This process began by

preparing a 1.2% agarose gel. For this, 0.6 g of agarose was mixed with 43 ml DEPC
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treated IX gel running buffer [lOX = 0.2 MOPS (pH = 7.0), 80mM NaOAc, 10mM EDTA

(pH = 8.0)] and heated. After the gel preparation had cooled for a few minutes, 9 ml of

formaldehyde was added to it, and then it was poured into a sterile gel tray under the hood.

Next, the RNA samples were prepared for the experiment. The sample preparation called

for approximately 5 I1g RNA. Once the amount of RNA stock solution was determined for

each sample, the samples were dried in the vacuum centrifuge for 20 minutes. To the dried

RNA samples, 6.5 111 DEPC treated IX gel running buffer, 3.5 111 formaldehyde, and 10111

formamide was added. The samples were incubated in a 65° water bath for 15 minutes.

Finally, 2 111 DEPC treated tracking dye was added to each sample, and the samples were

loaded into the gel. The gel ran for 2 hours, and afterwards, it was washed in 250 ml

DEPC water [lml/lL] for 20 minutes with shaking. Then the gel was washed twice in 250

ml DEPC water plus 25 111 EtBr for 20 minutes with shaking. Next, the gel was soaked in

250 ml 0.05N NaOH [1.25 ml 10N/250ml d.i. water] for 20 minutes, in order to degrade

the nucleic acid. The gel was then equilibrated in 250 m120X SSC [43.8g NaCl, 22.5g

sodium citrate, 250 ml DEPC d.i. water] for 45 minutes. At this point, the gel is ready to

stack. A 2cm stack of Whatman 3mm chromatography paper, and paper towels was cut to

fit the size of the gel. In an autoclaved metal pan, six pieces of Whatman chromatography

paper (cut slightly larger than the gel) was laid on the bottom. This paper was moistened

with 20X SSC. The gel was then laid on top of the moistened paper. On top of the gel, a

positively charged nylon membrane (cut to fit the size of the gel) was laid. On top of the

membrane, the 2cm stack of chromatography paper was placed, and then the stack of paper

towels was placed on top of that. Finally, the pan was covered with aluminum foil, and
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approximately 1-2 Ibs was placed on top of it (Figure 8). The gel was allowed to transfer

overnight. The following day the membrane was removed and exposed to UV light.

XI. Polymerase Chain Reaction of qa-y specific DNA

Template DNA to be used for construction of the probe for the Northern Blot protocol

was generated through the aid of plasmid 176, which is known to contain the qa-y gene.

The PCR mixture contained: 5 III plasmid 176,3 III lOX reaction buffer, 3 III

deoxynucleotides,3 III qa-y primer 1 [5'CTTGTTGGCATTTTGAACGGG3'], 3 III qa-y

primer 2 [5'CCATCAACTATTACTCCCCCACC3'], and 12 III dH20. The samples were

vortexed, centrifuged, and then placed in the thermal cycler for an initial 5 minute

denaturing step programmed at 92.5°C, after which 1 III Taq polymerase was added to the

reaction mixture. Next, there was a 2 minute annealing step set at 47°C, which provides an

optimum temperature for the qa-y specific primers to anneal to the plasmid at their

coordinating sequences. The polymerization cycle was next for 2 minutes at 72°C, during

this step new DNA molecules that are complimentary to the qa-y sequence on the plasmid

DNA were synthesized. These cycles continued for 43 more rounds of replication; each

time the primers bound to the old sequences as well as the new sequences, thus allowing

the production of many copies of the qa-y region of the DNA. Finally, there was a hold

cycle set at 4°C, which maintained the sample until it was ready for further analysis.

Based on the qa-y specific primers used, the PCR product should be a fragment of DNA of

approximately 691 bps. A 10 III sample taken from the PCR product was mixed with 2 III
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tracking dye, and then loaded onto a 1.0% agarose gel [0.5g agarose; 50mliX TPE] along

with a lambda molecular weight marker. The gel was electrophoresed and then treated

with 50 III of ethidium bromide, so that the DNA bands could be visualized under

ultraviolet light using a trans-illuminator. By comparing product bands with bands from

known molecular markers, the product could be identified.

XII. Probe Preparation

A DNA probe was constructed to specifically detect the qa-y RNA on the Northern

Blot. This process began by adding 5 III of template DNA (supplied from PCR product of

plasmid 176) to 6 III of DEPC treated d.i. water and denaturing it for 5 minutes at 90°C on

a heat block. After the denaturing step, the sample was immediately placed on ice, and

then spun down in a centrifuge. Next, the following ingredients were added to the sample:

2.5 III of lOX buffer, 6 III dNTP's (0.5 mM in TrisHCI pH=7), 2 1l1l/100 dATP, 1 III

Klenlow (5 Will), and 2.5 III p32 dATP; and the preparation was allowed to incubate

overnight at room temperature. The following day a spin column was prepared (Figure 9)

by packing a 1cc syringe (minus the needle) with a minimal amount of silane treated glass

wool to plug the bottom, and then pipetting sephadex 0-50 beads into the syringe until all

the liquid flowed through. The syringe was then set in a 15ml conical tube and spun in a

clinical centrifuge for 5 minutes. Next, the probe preparation was pipetted through the

glass bead filled syringe, and then 200 III ofSTE [10mM Tris-CI (pH = 8), 100mM NaCI,

ImM EDTA (pH = 8)] was pipetted through the syringe. The syringe was centrifuged for
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5 minutes, and the radioactivity was detected with a Geiger counter and the percent

incorporation was compared with the vial ofp3z.

XIII. Prehybridization & Hybridization

The membrane was first treated with a prehybridization mix [10 ml formamide, 6

m120X SCP, and 4 ml sarkosyl] before it was exposed to the probe. The membrane was

rolled up and placed in a sterile 50 ml centrifuge tube, 10 ml of the pre-hybridization mix

was poured on top of it, and placed in the hybridizer at 42DC for 30 minutes. Meanwhile,

the rest of the pre-hybridization mix was added to the probe along with 300 III of 5 mg/ml

sheared salmon sperm (SSS) DNA. The SSS will bind anywhere on the membrane, and

therefore discourage non-specific binding by the probe. This mixture was then boiled for 5

minutes in order to denature the probe. The membrane was then removed from the

hybridizer and the pre-hybridization mix was dumped off of it. Next, the boiling probe

mixture was poured on top of it, and the membrane was placed back into the hybridizer to

incubate overnight at 42DC (Figure 10). The following day the probe mixture was dumped

from the tube, and the membrane was washed with 100 ml 2X SCP containing 1% SDS

[1.75ml HC1, 40.19g NaHP047HzO, 25ml O.2M EDTA, 29.25g NaCI, pH to 6.8, adjust

volume to 250 ml], and incubated at 42.8DC for 30 minutes. Next, the membrane was

washed twice in 0.2% SCP with 1% SDS for 15 minutes each time. Following the last

wash, the excess liquid was removed and the membrane was wrapped in plastic wrap and

exposed to film. The cartridge was then placed in the -4DC freezer until ready to be

developed.
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Results

I. Growth of I1qa-lS strains

The I1qa-lS strain ofN crassa provides an ideal scenario to examine the effects of

carbon catabolite repression on the qa gene cluster. The I1qa-lS strain mimics a

constitutive qa-lS mutant strain, however, with a I1qa-lS strain any lingering effects of a

dysfunctional protein are eliminated, because this strain has been constructed so that the

qa-lS gene is completely eliminated. Therefore in a I1qa-lS strain, the only level of gene

control acting will be that of carbon catabolite repression.

Initially, all of the I1qa-lS strains were grown overnight in a Vogels + 2% sucrose

media. Next, the I1qa-lS strains were grown in the presence of (l) Vogels only (no

sucrose), (2) quinic acid +Vogels, or (3) glucose + quinic acid + Vogels. Both growing

conditions I & 3 are considered non-inducing media. In the case of growth condition #1,

regardless that this is a constitutive strain, the Vogels only media is only providing

minimal nutrients to the tissue, consequently this is not considered optimal conditions for

growth. With growth condition # 3, glucose is present, and as a result of carbon catabolite

repression the qa-y transcript size should be effected (see Figure 11; Asch, unpublished).

It is under the second growing condition (quinic acid only) that the most qa-y transcript is

expected. Under these conditions, the tissue not only has a carbon source to utilize but
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glucose is not available to suppress transcription, therefore all of the qa genes should be

fully induced.

Each sample was grown in these respective medias for two hours, and then the

mycelia were harvested. Afterwards, the samples were either frozen or immediately

prepared for RNA isolation.

II. RNA Isolation

In order to determine if the qa-y transcript sizes were affected from the different

growing conditions, all of the RNA must first be isolated. After the tissues were grown in

the three different experimental medias, the total RNA was isolated from the samples (see

Materials & Methods). Results are shown in Figures 12, RNA samples were run on a 1.5%

agarose gel. Lane 1 contains RNA from growing condition #1 (Vogels only), lane 4

contains RNA from growing condition #2 (Vogels + quinic acid), and lane 8 contains RNA

from growing condition #3 (Vogels + quinic acid + glucose).

All of the RNA samples in figure 12 were denatured for 15 minutes, then

immediately placed on ice. Prior to loading samples, 2 Jll of DEPC treated dye was added

to each sample. The gel was ran for 1 hour and 40 minutes in a sterile DEPC treated gel

box. Notice, for each sample, a significant amount remains in the well, this could possibly

indicate that the RNA is still complexed with proteins.

57

glucose is not available to suppress transcription, therefore all of the qa genes should be

fully induced.

Each sample was grown in these respective medias for two hours, and then the

mycelia were harvested. Afterwards, the samples were either frozen or immediately

prepared for RNA isolation.

II. RNA Isolation

In order to determine if the qa-y transcript sizes were affected from the different

growing conditions, all of the RNA must first be isolated. After the tissues were grown in

the three different experimental medias, the total RNA was isolated from the samples (see

Materials & Methods). Results are shown in Figures 12, RNA samples were run on a 1.5%

agarose gel. Lane 1 contains RNA from growing condition #1 (Vogels only), lane 4

contains RNA from growing condition #2 (Vogels + quinic acid), and lane 8 contains RNA

from growing condition #3 (Vogels + quinic acid + glucose).

All of the RNA samples in figure 12 were denatured for 15 minutes, then

immediately placed on ice. Prior to loading samples, 2 Jll of DEPC treated dye was added

to each sample. The gel was ran for 1 hour and 40 minutes in a sterile DEPC treated gel

box. Notice, for each sample, a significant amount remains in the well, this could possibly

indicate that the RNA is still complexed with proteins.

57





1 2 3 4 5 6 7 8 9 10

59

1 2 3 4 5 6 7 8 9 10

59



III. Quantitation and Qualitation of RNA

To determine the concentration of the RNA samples, UV spectophotometry was

measured at A= 280 and A= 260. RNA sample #1 had an OD260 = 0.472 A and an OD280 =

0.254 A, RNA sample #2 had an OD260 = 0.274 A and an OD280 = 0.148 A, and RNA #3

had an OD260 = 0.107 A and an OD280 = 0.059 A. Based on these OD's, the required

volume of each sample could be determined so that the concentration equaled 5 Ilg, which

is a concentration that would be necessary for further protocols. These calculations were

given in Materials and Methods, the results were; RNA sample #1 required 7.94 III of

sample, RNA sample #2 required 13.69 III of sample, and RNA #3 required 35.00 III of

sample.

IV. Reverse Transcription

In order to determine any difference in qa-y transcript sizes through peR, the RNA

must first be reverse transcribed into cDNA. After the total RNA was isolated, the samples

were prepared for 15t strand cDNA synthesis according to the Boehringer Manheim

protocol. This protocol required:::: 1 Ilg of total RNA for the reaction, according to the

results of the quantification calculations, 8 III of each sample (as recommended by the

protocol) was sufficient.

Figure 13 illustrates the gel checks performed on the results of 15t strand cDNA

synthesis of each sample. The samples were each run on a 1% agarose gel, and stained

60

III. Quantitation and Qualitation of RNA

To determine the concentration of the RNA samples, UV spectophotometry was

measured at A= 280 and A= 260. RNA sample #1 had an OD260 = 0.472 A and an OD280 =

0.254 A, RNA sample #2 had an OD260 = 0.274 A and an OD280 = 0.148 A, and RNA #3

had an OD260 = 0.107 A and an OD280 = 0.059 A. Based on these OD's, the required

volume of each sample could be determined so that the concentration equaled 5 Ilg, which

is a concentration that would be necessary for further protocols. These calculations were

given in Materials and Methods, the results were; RNA sample #1 required 7.94 III of

sample, RNA sample #2 required 13.69 III of sample, and RNA #3 required 35.00 III of

sample.

IV. Reverse Transcription

In order to determine any difference in qa-y transcript sizes through peR, the RNA

must first be reverse transcribed into cDNA. After the total RNA was isolated, the samples

were prepared for 15t strand cDNA synthesis according to the Boehringer Manheim

protocol. This protocol required:::: 1 Ilg of total RNA for the reaction, according to the

results of the quantification calculations, 8 III of each sample (as recommended by the

protocol) was sufficient.

Figure 13 illustrates the gel checks performed on the results of 15t strand cDNA

synthesis of each sample. The samples were each run on a 1% agarose gel, and stained

60





a. b.

62

c.a. b.

62

c.



with 50 III of EtBr prior to visualizing with a transilluminator. RNA sample #3 (Figure 13,

c) required de-staining in IX TPE before it could be visualized. In each photo, the cDNA

appears as a long smear, and below it there is a cloud, which either contains RNA (nothing

has been done to degrade it), and/or primers. Because the total RNA was isolated from

each tissue sample, at this point no significant differences would be expected from the

samples, because any differences in the amount of qa transcripts would be insignificant in

comparison to the total amount of RNA.

V. PCR

The cDNA samples from the three different RNA samples were used for the PCR

reaction in which just the qa-y sequence was targeted. The PCR reaction was performed

with qa-y specific primers (see Methods) which should produce a product of ~691 bps.

Prior to running PCR on the experimental cDNA samples, the qa-y primers were

tested on plasmid 176, this plasmid is known to contain the qa-y gene and therefore will

serve as a positive control to check the specificity of the qa-y primers. The PCR was

performed as described earlier and the reaction products were electrophoresed on a 1%

agarose gel. The results are shown in Figurel4. As indicated in the photo, the primers

were specific, and produced the expected product of ~691 bps.
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Following verification of the specificity of the primers, the cDNA sample from

RNA #2 was prepared for the PCR reaction as previously described (see Materials &

Methods). This sample was chosen, because it was expected to have the most qa-y targets

for the primers to anneal to, (as a result of this sample being grown under inducing

conditions) therefore the greatest amount of PCR product should be seen from this sample.

Figure 15 (a) illustrates the gel check of this attempt, 20 III of the PCR product (lane 5)

was ran against a lambda standard (lane 3). As is apparent in the photo, the reaction did

not yield any results, and all that is visible is a primer cloud. Therefore, a second attempt

was made, and the conditions of the PCR reaction were altered so that the annealing step

had an increased temperature of 47° C, and the amount of target DNA was increased. Both

of these factors should increase and aid in the specificity of the primers. The results of this

attempt are pictured in figure 15 (b), in lane 2 the PCR product from plasmid 176 was run,

lane 5 contains the lambda standard, and lane 7 contains the PCR product from cDNA

sample #2. Once again the reaction did not proceed, and all that is visible with the PCR

product from cDNA #2 is a primer cloud. Because the primers are known to be specific

and a positive control produced the desired template, the problem could not be with the

reagents or the primers, but rather with the cDNA, which could of possibly degraded.

VI. Northern Blot Transfer

A Northern Blot transfer was attempted as another method to detect the differences

in the RNA transcripts produced by the i1qa-IS strain under the three different growing

66

Following verification of the specificity of the primers, the cDNA sample from

RNA #2 was prepared for the PCR reaction as previously described (see Materials &

Methods). This sample was chosen, because it was expected to have the most qa-y targets

for the primers to anneal to, (as a result of this sample being grown under inducing

conditions) therefore the greatest amount of PCR product should be seen from this sample.

Figure 15 (a) illustrates the gel check of this attempt, 20 III of the PCR product (lane 5)

was ran against a lambda standard (lane 3). As is apparent in the photo, the reaction did

not yield any results, and all that is visible is a primer cloud. Therefore, a second attempt

was made, and the conditions of the PCR reaction were altered so that the annealing step

had an increased temperature of 47° C, and the amount of target DNA was increased. Both

of these factors should increase and aid in the specificity of the primers. The results of this

attempt are pictured in figure 15 (b), in lane 2 the PCR product from plasmid 176 was run,

lane 5 contains the lambda standard, and lane 7 contains the PCR product from cDNA

sample #2. Once again the reaction did not proceed, and all that is visible with the PCR

product from cDNA #2 is a primer cloud. Because the primers are known to be specific

and a positive control produced the desired template, the problem could not be with the

reagents or the primers, but rather with the cDNA, which could of possibly degraded.

VI. Northern Blot Transfer

A Northern Blot transfer was attempted as another method to detect the differences

in the RNA transcripts produced by the i1qa-IS strain under the three different growing

66





a.

1 2 3 4 5

68

b.

1234567

a.

1 2 3 4 5

68

b.

1234567



conditions previously described. The RNA samples were prepared for the Northern Blot

transfer according to the protocol, however, twice as much RNA was used, therefore the

concentration of RNA was 10 llg. This change was made after a trial run was performed in

which the RNA was not visible at standard checkpoints. After the concentration was

doubled, RNA samples #1 & 2 were visible under a transilluminater after the first and

second EtBr washes (data not shown), RNA sample # 3 was not, but at that point it was

still too early to decisively say that sample #3 was degraded. However, as a precautionary

measure another attempt was made with sample #3, but it too was not visible.

The probe was prepared using the PCR product from plasmid 176 (figure 14) as

sequence specific DNA, and the percent incorporation was determined to be 37.5%. The

membranes were exposed to film and allowed to sit in the freezer for one week. Upon

development of the film, no hybridization was visible. There are many possible

explanations for this; however it is almost certain that the RNA did not degrade prior to the

transfer process because it could be visualized (data not shown), but it could have degraded

during the transfer process. The problem could have also been with the probe, it is

possible that the probe was not entirely denatured before hybridization, which would result

in no signal. Other possibilities include; hybridization conditions too stringent or the

washing conditions too stringent, both of which would result in no signal. However, based

on the null results from the PCR reactions, the most likely explanation is degradation due

to environmental factors. Even though extreme precaution was taken with all glassware

and items that came into contact with the RNA (per DEPC treatment and autoclaving

twice), the two most common sources of contamination are glassware and airborne
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particles. Due to the unstable nature of RNA it is extremely difficult to work with;

ribonucleases (RNases), which degrade RNA, are everywhere in the environment and are

difficult to control for.
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Discussion

A fundamental theme in biology is that nature always follows the easiest and most

efficient route. Many organisms demonstrate this biological tendency by preferring

glucose as a carbon source. These organisms utilize glucose in fewer catabolic steps than

other carbon sources, thereby spending less energy. However, glucose is not always

available, and at other times its supply has been exhausted. In the interest of survival, these

organisms will use an alternate carbon source.

Because alternate carbon sources require more energy to metabolize, the genes that

encode the enzymes needed to consume the alternate carbon sources are not always

transcribed (as it would require more energy to keep these dual systems running).

Therefore, the cells of such organisms have a mechanism to tum these genes on and off; a

control circuit called carbon catabolite repression. Glucose is considered the preferred

carbon source of the cell because only when it is not available and an alternative carbon

source is, will a cell will tum on transcription of genes encoding protein products needed

to use an alternative carbon source.

Carbon catabolite repression is a level of gene control that superimposes other

levels of gene control, such as induction of genes by the presence of carbon sources. This

phenomenon is illustrated in Neurospora crassa and Saccharomyces cerevisiae. The GAL

system (figure 1) of the yeast S. cerevisiae, provides the ability to metabolize galactose in

the absence of glucose through the Leloir pathway (figure 2). The first level of control for
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the GAL system is induction by galactose, and the second level of control (which

supercedes the first) is carbon catabolite repression. Neurospora crassa possesses the

quinic acid gene cluster, allowing this fungus to utilize quinic acid as an alternate carbon

source through the quinate-shikimate pathway (figure 4). Just like the GAL system ofS.

cerevisiae, the quinic acid gene cluster is subject to two levels of gene control; induction

by quinic acid, and carbon catabolite repression, with the latter taking precedence.

In the case of both of these organisms, the level of gene control involving induction

by galactose and quinic acid respectively is almost completely understood. In regards to S.

cerevisiae, Gal4p (the activator protein) remains bound upstream of each GAL gene, but

in the absence of galactose, its association with Gal80p (the repressor protein) prevents it

from contacting the transcriptional apparatus (M. Johnston and M. Carlson, 1992).

However, when galactose is available (and glucose is not), Gal80p also associates with

Gal3p (Fujimoto et aI, 1996), and as a result ofthis conformational change, Gal4p is no

longer blocked from initiating transcription (Sil et aI, 1999) (figure 3).

The process is slightly different in N crassa. In N crassa, when quinic acid is not

available, qa-lS (the repressor protein) will bind to qa-lF (the activator protein) and

prevent it from initiating transcription. When quinic acid is available, qa-lSwill

completely dissociate from qa-lF and bind to it instead, qa-lF is then free to initiate

transcription (figure 6).
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When glucose is available to either of these organisms, the presence or absence of

galactose or quinic acid is irrelevant. For example, by growing wild type N. crassa in the

presence of both glucose and quinic acid, in which the level of qa gene expression will be

~ 1.0% compared to wildtype N. crassa grown in the presence of quinic acid alone.

Carbon catabolite repression is easy to illustrate, but difficult to explain. N. crassa 's

genetic regulation is not as well understood as that ofS. cerevisiae, but perhaps the

information on S. cerevisiae can provide insight to the method in N. crassa.

S. cerevisiae demonstrates several different mechanisms of carbon catabolite

repression. These multiple mechanisms provide the cell with multiple chances to assure

that transcription of the other genes is turned off. First, carbon catabolite repression acts

directly on the level of Gal4p available by two mechanisms; 1) the presence of glucose

prevents binding of Gal4p to the DNA (Johnston, 1987), and 2) transcription of GAL4

(and GALl) is repressed by the coordination of the products of the MIG1, SSN6, and

TUPI genes (Treital and Carlson, 1995). Second, glucose repression acts directly on the

GAL promoters, by affecting the URSo's located between the UASoAL and the

transcription initiation site. This mechanism also requires the products of the MIG1,

SSN6, and TUPI genes (Johnston, 1987). Third, catabolite repression affects inducer

levels. This is illustrated by the transcription of Ga13p being inhibited in the presence of

glucose. This mechanism may possibly also act by inhibiting the interaction between

Ga13p and Gal80p (Bajwa et aI, 1988). Finally, glucose repression acts to inhibit galactose

transport into the cell by two mechanisms; I) transcription of Gal2 is inhibited during
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growth on glucose; and 2) pre-existing permease proteins are inactivated possibly by

proteases activated by the presence of glucose (Tschopp, 1986).

While the lesser understood mechanism of carbon catabolite repression in N crassa

can not be similarly outlined, correlations may exist. A constitutive strain, with the qa-lS

gene completely eliminated provided an opportunity to examine only the effects of carbon

catabolite repression (Case, Geever, and Asch, 1992). When the L1qa-lS strain was grown

in the presence of glucose alone or in the presence of glucose and quinic acid, the mRNA

transcripts of qa-y were shortened as compared to wildtype. Conversely, the mRNA

transcript levels of qa-2, qa-x, and qa-lF were high even in the presence of glucose. These

results indicate a few things; first, like Gal2p of S. cerevisiae, the permease protein ofN

crassa is a target for carbon catabolite repression, second, because qa-2, qa-x, and qa-lF

were not repressed carbon catabolite repression acts through several different mechanisms

in N crassa. Furthermore, these alternate methods were not analogous to the mechanisms

used by S. cerevisiae because they did not involve inhibition of activator binding (the

genes were transcribed) or specific upstream sequences (qa-1Fwas not prevented from
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To quantify the amount of repression on the qa-y gene, this study grew a !1qa-1S

strain under three different growing conditions; Vogels only, glucose only, or glucose +
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used either a Northern Blot assay on the RNA or the RNA was reversed transcribed into

cDNA. The product of the cDNA reaction was used in a PCR reaction using qa-y specific

74

growth on glucose; and 2) pre-existing permease proteins are inactivated possibly by

proteases activated by the presence of glucose (Tschopp, 1986).

While the lesser understood mechanism of carbon catabolite repression in N crassa

can not be similarly outlined, correlations may exist. A constitutive strain, with the qa-lS

gene completely eliminated provided an opportunity to examine only the effects of carbon

catabolite repression (Case, Geever, and Asch, 1992). When the L1qa-lS strain was grown

in the presence of glucose alone or in the presence of glucose and quinic acid, the mRNA

transcripts of qa-y were shortened as compared to wildtype. Conversely, the mRNA

transcript levels of qa-2, qa-x, and qa-lF were high even in the presence of glucose. These

results indicate a few things; first, like Gal2p of S. cerevisiae, the permease protein ofN

crassa is a target for carbon catabolite repression, second, because qa-2, qa-x, and qa-lF

were not repressed carbon catabolite repression acts through several different mechanisms

in N crassa. Furthermore, these alternate methods were not analogous to the mechanisms

used by S. cerevisiae because they did not involve inhibition of activator binding (the

genes were transcribed) or specific upstream sequences (qa-1Fwas not prevented from

binding) (Case, Geever, and Asch, 1992).

To quantify the amount of repression on the qa-y gene, this study grew a !1qa-1S

strain under three different growing conditions; Vogels only, glucose only, or glucose +

quinic acid. The tissues were harvested and the total RNA was isolated. Next, this study

used either a Northern Blot assay on the RNA or the RNA was reversed transcribed into

cDNA. The product of the cDNA reaction was used in a PCR reaction using qa-y specific

74



pnmers. For the Northern Blot assays, a probe was made from a PCR reaction using a

positive control (plasmid 176) and qa-y specific primers.

This study successfully isolated the RNA using a new Sigma protocol and it was

essentially pure. The RNA was also successfully reverse transcribed, however all attempts

at a PCR reaction proved futile. The primers used in the PCR reaction were tested and

used on a positive control (plasmid 176), this reaction proceeded and produced the desired

product (figure 14), therefore, the primers and PCR reagents were considered satisfactory

and the null results can only be contributed to degradation ofthe cDNA.

With respect to the Northern Blot assays, the RNA was visible at several

checkpoints prior to the blot transfer. Moreover, the probe was made from the same PCR

product that is pictured in figure 14. Therefore, the negative results of the Northerns are

believed to be a result of RNA degradation during the transfer process.

Despite several attempts to make more cDNA from the same RNA samples that

produced the cDNA results seen in figure 13, no cDNA was produced. The overall null

results may have been caused by the repeated thawing/freezing of the samples, a known

contributor to degradation. RNA is only intended to exist temporarily, and nature has

provided RNases to make sure of that. RNases exist not only in the cell, but everywhere,

including laboratories. This makes RNA difficult to study, even when exercising extreme

precaution.
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This study identified a new method to isolate pure RNA, and ultimately the RNA

transcripts from the growing conditions described here will provide information on the

effects of carbon catabolite repression on the qa-y permease protein. Furthermore, because

these growing conditions provide transcripts of different lengths, eventually, the successful

amplification and sequencing of these transcripts will reveal unique information about their

5' ends under the effects of carbon catabolite repression. This information will determine

if different start sites are used during glucose repression and thus improve understanding of

this process, so that the knowledge gained can be applied to higher eukaryotic systems.
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