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ABSTRACT
STRUCTURAL AND FUNCTIONAL COMPARISON OF THE SACCHAROMYCES

CEREVISTAE MALTOSE-INDUCIBLE TRANSCRIPTION ACTIVATOR ENCODED
BY MAL63 AND ITS NONFUNCTIONAL HOMOLOGUE ENCODED BY MAL64

by
Lori Wojciechowicz

Adviser: Dr. Corinne A. Michels

Maltose fermentation in Saccharomyces yeasts requires
one of five, unlinked complex loci (MALl1-4 and MAL6) each
containing the three genes required for fermentation. At
the MAL6 locus, MAL63 encodes a DNA-binding protein which
promotes the maltose-inducible transcription of the two
structural genes, MAL61 (encoding maltose permease) and
MAL62 (encoding maltase). Yeast strains carrying
noninducible malé63 mutations can revert to maltose
fermenters but structural gene expression in these revertant
strains is constitutive. Two such constitutive mutations
lie in a gene upstream of the MAL63 gene, referred to as
MAL64, and the two constitutive alleles are called MAL64-C2
and MAL64~R10. Wild-type MAL64 is not essential for maltose
fermentation.

MAL63 and MAL64 are highly homologous. Both genes

encode proteins which are 470 amino acids long and 85%
identical. 2Analysis of MAL64-C2 and MAL64-R10 revealed

nonsense mutations at codons 307 and 282,
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respectively. Experiments here confirmed that the nonsense
mutations in these constitutive alleles were responsible for
activity.

Chimeric gene fusions between MAL63 and MAL64 fragments
showed that residues 215-470 of MAL63 encoded protein
(MAL63p) are responsible for responding to the inducer,
maltose. Also, deletion of a short acidic stretch of 14
amino acids at the C-terminal end of MAL63p results in an
uninducible activator. Therefore, unlike the constitutive
MAL64p, MAL63p requires residues in its C-terminal domain
for activity.

A hemagglutinin epitope tag was placed at the 5’-end of
MAL63, overexpressed off the GALI10 promoter and this fusion
protein was detected in cells. Overexpression in galactose
of either the wild-type tagged protein or a mutant tagged
protein lacking the final 14 C-terminal acidic residues did
not result in a constitutive phenotype. This experiment
excludes the possibility of the involvement of a limiting
repressor protein since overexpression of MAL63p would
titrate accessory factors and thus activate structural gene
expression.

Based on homology to other yeast activators, the acidic
final C-terminal residues of MAL63p could be involved in
transcription activation. By use of lexA-MAL63 gene
fusions, these residues were required for the maltose-

inducible transcription activation function of MALé63.
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INTRODUCTION

Eucaryotic transcriptiocnal requlation

Transcription initiation is probably the most common
control point involved in the regulation of gene expression
(Struhl, 1989b). Positive and negative requlatory factors
which bind to specific promoter DNA sequences can induce or
repress dgene transcription by interacting with RNA
polymerase and/or other general transcription factors.
Studies have indicated that there may be common, conserved
molecular mechanisms of transcriptional regulation in
eucaryotic organisms from humans to yeast. For instance,
there is a significant conservation of the subunit structure
of RNA polymerase II and its catalytic properties along with
similar post-transcriptional modifications of the primary
transcripts. Near the position of the mRNA initiation site
is a sequence called the TATA box (TATAAA) which is found in
most eucaryotic promoters. Most yeast and higher eucaryotic
promoters contain enhancer or UAS (upstream activating
sequence) elements which activate transcription even when
located far from the mRNA start site. More importantly,
yeast and higher eucaryotic cells contain structurally
similar and functionally analogous transcription factors

that recognize almost identical sequences (Struhl, 1987;



Bohmann et al., 1987; Angel et al., 1988; Harshman et al.,
1988; Jones et al., 1988; Chodosh et al., 1988; Buratowski
et al., 1988; Cavallini et al., 1988). Because of this
similarity, yeast proteins can activate transcription in
many higher eucaryotic organisms (Kakidani et al., 1988;
Webster et al., 1988b; Fischer et al., 1988; Ma et al.,
1988) and vertebrate proteins (Lech et al., 1988; Struhl,
1988; Metzger et al., 1988; Schena et al., 1988) can
stimilate transcription in yeast cells. These functional
similarities between yeast and higher eucaryotes (humans),
enables one to study molecular mechanisms in vivo and in
vitro using components from both yeast and humans (Struhl,
1989b) .

Much of the knowledge of the molecular mechanisms
involved in transcriptional regulation has come from
studying Saccharomyces cerevisiae, baker’s yeast. The yeast
genome contains about 5000 protein-coding genes that are
contained on 16 chromosomes (Struhl, 1989b). The average
yeast gene is transcribed 5-10 times during each cell cycle
resulting in a steady state level of 1-2 mRNA transcripts
per cell but some yeast genes are transcribed at different
rates depending on growth conditions and many times, groups
of genes can be coordinately expressed. Yeast promoters
contain three basic kinds of DNA sequence elements: upstream
activation sequences (UASs), TATA box sequences, initiation

elements and less commonly, operator elements.



UASs are short DNA sequences 10-30 basepairs long
located far (~ 100-1500 basepairs) upstream of the mRNA
initiation site (Struhl, 1989b). For yeast genes which are
transcriptionally regulated according to physiological
conditions, the UAS has a large influence in the regulatory
properties of the promoter. Different genes can be
coordinately controlled by the presence of similar UAS
sequences. Yeast UASs are similar to mammalian enhancer
sequences since they can function in both orientations and
at long, variable distances with respect to other promoter
elements and mRNA initiation sites. However, UAS elements
and enhancers differ in that UAS elements do not activate
transcription when they are placed downstream of the mRNA
start site where enhancers can function in this position
(Guarente et al., 1984a; Struhl, 1984).

TATA elements are also necessary for transcriptional
initiation of most yeast genes since deleting these elements
reduces the mRNA transcript level (Struhl, 1982; Guarente,
1983; Siliciano et al., 1984). TATA elements contain the
sequence, TATAAA or a very related AT-rich sequence which
can be located 40-120 bp upstream of the mRNA start site
(Struhl, 1989b). This TATAAA sequence is conserved in many
different kinds of promoters and is sudggested to play a
general role in transcription. Recent studies have
suggested that functionally distinct classes of TATA

elements could exist (Struhl, 1989Db).
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Initiator elements, located near the actual mRNA start
site, determine where transcription begins (Struhl, 1989b).
In yeast, accurate initiation is still observed even when
the distance to the TATA element or UAS is varied (Nagawa et
al., 1985; Chen et al., 1985; McNeil et al., 1986).

However, for higher eucaryotic mRNA, start sites are
determined not by specific DNA sequences but by the distance
(25-30 bp) from the TATA element (Struhl, 1989b). Spacing
between yeast initiation sites and TATA elements is flexible
and larger, but there are limits to the distance over which
a TATA element can act (~40-120 bp). Many different
sequence variations in these initiator elements can carry
out the same function but these elements are unimportant for
determining the rate of transcription initiation (Struhl,
1989b) .

A fourth type of element, called the operator, can
repress transcription initiation (Brent, 1985). VYeast
operators are short sequences which function bidirectionally
and at variable distances upstream of TATA elements (Struhl,
1989b). Operators can repress transcription when located
upstream of UAS elements, but repress more efficiently when
located between the UAS and the TATA element (Siliciano et
al., 1984; Johnson et al., 1985; Struhl, 1985).

Current thoughts regarding the mechanism of
transcription activation suggest that the above types of DNA

promoter elements are present in order to attract specific



DNA-binding proteins to interact with these sequences and
with RNA polymerase (Struhl, 1989b). This binding of a
factor to a DNA sequence is necessary in order for
activation or repression of transcription to occur. Yeast
contains a wide variety of specific transcription factors
which recognize different upstream promoter elements. These
factors were first identified by mutations that altered the
transcription of a gene or set of genes (Struhl, 1989b). In
many cases, these mutations revealed genes tﬁat encode
proteins exhibiting DNA-binding activity. These mutant
strains provided information about how a particular DNA-
binding protein functions in vivo and made cloning of the
genes easier.

Cloning of genes encoding yeast DNA-binding proteins
has enabled the study of the structures and functions of
these proteins. For a protein to be a transcriptional
activator, it is likely to contain a DNA-binding domain, a
short nuclear localization sequence (NLS), a transcriptional
activation domain and possibly a regulatory domain activated
or repressed by changes in the physiological or growth
conditions of the cell. The regulatory domain may mediate
the response to these changes by interaction with other
regulatory proteins (Perlman and Hopper, 1979; Johnston and
Hopper, 1982), by undergoing post-translational modification
(Ninfa et al., 1986) or by interaction with small effector

molecules (Majors, 1975). Some factors activate



transcription but do not possess DNA-binding activity, and
it is suggested that these factors interact with another
protein which provides this DNA-binding function. Many
times, deletion analysis of a gene shows that a smaller
region (<100 amino acids) is required for DNA-binding
activity (Struhl, 1989b). Different DNA-binding structural
motifs are present in these proteins such as the helix-turn-
helix (Pabo et al., 1984), the cysteine-rich zinc-binding
mgtifs (Miller et al., 1985; Struhl, 1989a), the leucine
zipper (Landschulz et al., 1988) and others.

Transcriptional activation domains can commonly contain
stretches of acidic residues (aspartate or glutamate) which
are highly negatively charged and required for activation
(Hope and Struhl, 1986; Ptashne, 1988) and may contain a
short repeat structure such as an amphipathic a-helix
(Giniger and Ptashne, 1987). More recent work on the
activation domains present in two yeast activators, GAL4 and
GCN4 has led to a reassessment of the importance of acidic
residues and formation of a-helical structures within these
domains (Van Hoy et al., 1993). Short synthetic peptides
representing these acidic domains actually adopt a
structure, determined by circular dichroism spectroscopy,
which is not a-helical but almost 100% B sheet at pH 6.

More importantly, by performing site-directed mutagenesis on
residues in the activation domain of GAL4 (residues 854-

874), it was shown that deletion of acidic residues 870-874



(DDEDT), still allowed for transcription activation and
replacement of residues 868-881 with a positively charged
domain had actually increased activity of GAL4p (Leuther et
al., 1993). Therefore, there may not be a stringent
relationship between negatively charged residues and the
ability to activate transcription. In addition to these
common activation domains, others also exist which contain
glutamine-rich or proline-rich regions (Courey and Tjian,
1988; Dreiver et al., 1989; Mermod, 1989).

Studies of transcriptional activators which are DNA-
binding proteins has revealed a number of unique factors:
GAL4, HAP1l, PUT3, LEU3, ADR1, PHO4 and the human
glucocorticoid receptor. Most recently, adaptor molecules
or coactivators have been described which are needed for the
proper functioning of certain acidic activation domains
found in yeast transcription factors (Berger et al., 1992).
In the following sections, I would like to summarize the
relevant features of these different regulated gene systems
and transcription activators so that they might serve as

model systems for my analysis of the MAL-activator proteins.

GAL4. GAL4 encodes the transcription activator required for
the utilization of galactose in Saccharomyces. The
structural genes required for galactose fermentation are:
GALl1 (kinase), GAL7 (transferase), GAL10 (epimerase),

GALS5 (mutase), GAL2 (permease), GAL3 (inducer), and MEL1



(melibiose). Expression of these genes except for GALS5 is
induced by galactose and repressed by glucose and the GAL4
protein (GAL4p) which binds upstream of all of these genes
regulates their expression (Johnston, 1987). GAL80 encodes
a negative regulator (GAL80p) which, under noninducing
growth in glycerol, binds to DNA-bound GAL4p preventing it
from activating transcription (Johnston, 1987; Johnston,
S.A. et al., 1987). The true inducer in this system is
believed to be an unidentified molecule whose synthesis is
catalyzed by the product of the GAL3 gene and which is
suggested to prevent GAL80p from binding to GAL4p thereby
releasing GAL4p to promote transcription by interacting with
the general transcriptional machinery (Johnston, 1987).
GAL3 has been shown to be important for induction since gal3
mutants induce at very slow rates (3-5 days) as opposed to
20 minutes which a wild-type strain is able to do. When
glucose is present, GAL gene expression is repressed on
three levels: transcription initiation of the structural
genes, transcription initiation of the GAL4 gene, and
reduction of inducer levels as a result of low rates of
galactose transport (Griggs and Johnston, 1991).

GAL4p is an 881 amino acid residue protein which binds
to the UAS, in the upstream regions of the genes it
regulates (Johnston, 1987; Johnston and Davis, 1984; Yocunm
et al., 1984; West et al., 1984). The UAS, sequence which

is guanidine and cytidine rich, was first elucidated by
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localizing the region of DNA between GALl and GAL10 which is
able to confer GAL4p-dependent expression of a heterologous
gene, either CYC1 or HIS3 (Guarente et al., 1982). The

UAS consists of four, closely linked 17 basepair sequences

GAL
exhibiting partial dyad symmetry suggesting that GAL4p binds
as a dimer or tetramer to these sites (Johnston, 1987).
GAL4p produced in Saccharomyces cerevisiae or E. coli was
shown to bind in vitro and in vivo to DNA upstream of the
GAL genes and has been shown to bind as a dimer (Johnston,
1987; Carey et al., 1989).

The functional domains of GAL4p involving DNA-binding,
transcriptional activation, and interaction with GAL80p have
been defined. DNA-binding activity resides in the N-
terminal 74 amino acids and consists of a cysteine-rich
zinc-binding domain (Johnston, 1987; Pan and Coleman 1989,
1990). This domain is highly homologous to the DNA-binding
domain present in MAL63, a transcriptional activator
involved in maltose fermentation in Saccharomyces (Kim and
Michels, 1988).

There are two negatively charged, acidic regions in
GAL4p capable of activating transcription, in amino acid
residues 148-196 and 768-881 (Ma et al., 1987a). Residues
768-881 can even activate transcription when only fused to
the DNA-binding domain of GAL4p (residues 1-147) or when

fused to the DNA-~-binding domain of the bacterial repressor,

LexA (Brent et al., 1985). The other region, residues 148-
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196 has activation function when the C-terminal residues
from 197 to 881 are deleted. This truncated GAL4p can
activate transcription even though the C-terminal activation
domain (residues 768-881) is deleted along with a
substantial portion of the protein (Ma et al., 1987a). The
activation domain present in residues 768-881 had previously
been suggested to adopt an amphipathic a-helical structure
where acidic and hydrophobic residues tend to be clustered
along separate surfaces. Recent experiments by Van Hoy et
al. (1993) using circular dichroism spectroscopy on a
synthetic GAL4 peptide encoding the final 34 C-terminal
residues has shown that at pH 6, this peptide is not a-
helical in solution but adopts a B sheet conformation. 1In
addition, at pH 6, this peptide is able to interact with
GAL80p showing that this B sheet conformation is not
inhibiting this interaction. Genetic analysis on GAL4 by
Leuther et al. (1993) using site-directed mutagenesis has
shown that acidic residues 870-873 (DDED), suggested as
being required for activation potential, can be deleted and
GAL4p will still retain 40% of wild-type activity on a GALI-
lacZ fusion gene and its response to GAL80p. Also, two other
acidic residues, Asp-862 and Asp-863 can be mutated to
glycine and asparagine, respectively, without loss of
transcription activation (provided acidic residues 870-873
are present) but can no longer respond to GAL80p. Most

strikingly is the observation that positively charged amino
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acids can replace residues 870-873 of the GAL4 peptide and
exhibit as high as 145% of wild~-type induced levels of GALIl-
lacZ expression. The conclusion to these studies is that
aspartate residues 862 and 863 are involved in GALS8Op
interaction and GAL4p’s C-terminal activation domain lacking
negatively charged residues 870-873 can still retain a
significant amount of activation function (Leuther et al.,
1993).

The interaction of the inhibitor GAL8Op with GAL4p
appears to require the last 30 C-terminal amino acids of
GAL4p (Ma et al., 1987b). GAL4p containing alterations in
these residues will not bind GAL80p and results in a
constitutive phenotype. When GAL4 is cloned into a high
copy plasmid causing an overabundance of GAL4p in the cell,
titration of GAL80p occurs (which must be present in
limiting amounts) and constitutive expression of the GAL
genes results (Johnston and Hopper, 1982). A mutation which
deletes GAL80 (gal804) also allows for constitutive
expression of the GAL genes (Torchia et al., 1984). These
findings suggest that the trans-activation domain in the C-
terminal region of GAL4p is recognized by GAL80p and GALS80p
masks this domain until inducer disrupts this association.
However, for some time it was not clear whether or not
GAL80Op remains associated with GAL4p in the presence of
inducer (Leuther et al., 1992). Results of experiments

using a fusion of GAL8Op to the activation domain of the
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VP16 protein suggest an interaction between this fusion
protein and a mutant GAL4p capable of only low levels of
transcription activation in the presence or absence of
galactose. These results are consistent with the idea that
GAL80Op remains associated with GAL4p even in the presence of
galactose. To further support the above data, experiments
were done by Parthun and Jaehning (1992) showing that GAL4p
and GAL80Op can be copurified from yeast protein extracts by
DNA-affinity chromatography. These heterodimeric complexes
isolated from either uninduced (glucose grown) or induced
(galactose grown) cells are indistinguishable from each
other as illustrated by velocity gradient sedimentation, gel
filtration studies and DNA-mobility shift assays even though
GAL4p from induced cells has been shown to be phosphorylated
and uninduced GAL4p to be in a dephosphorylated state (see
below). These findings support a new model suggesting that
uninduced as well as induced GAL4p remains complexed to
GAL80p and that galactose induction does not require
dissociation of GAL8Op to reveal the activation domain of
GAL4p but could require a more subtle event which leads to
GAL4p activating transcription.

Recently, GAL4p has been shown to be post-
translationally modified (Mylin et al., 1989; Mylin et al.,
1990b). In glycerol+lactate grown wild-type cells, GAL4p
exists in two forms, GAL4, and GAL4,, with apparent molecular

weights of 100 kD and 103 kD, respectively. Upon galactose
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addition, a phosphorylated species, GAL4,,, appears which
migrates with an apparent molecular weight of 108 kD. Upon
addition of glucose, GAL4,, disappears and GAL4, reappears.

It appears that GAL4, is converted to GAL4,, by

1
dephosphorylation upon glucose addition. Also, the gene
GAL11l (SPT13), which is required for the expression of the
GAL genes, has been shown to be required for the
accumulation or maintenance of the phosphorylated GAL4,,
protein species (Long et al., 1991).

Phosphorylation in response to changes in the
environment has been shown to be a common mechanism in
controlling the activities of transcriptional activators
(Jackson, 1992). Changes in the environment may activate
one or more intracellular signal transduction pathways
leading ultimately to the activation or inactivation of a
transcription factor(s) resulting in a change in gene
expression.

Phosphorylation can regulate the DNA-binding activity
of a transcription factor. The gene product of c¢-jun (c-
Jun), a proto-oncogene, is phosphorylated on residues next
to its DNA-binding domain resulting in reduced DNA-binding
activity (Jackson, 1992). Specific dephosphorylation of
these three residues adjacent to the DNA-binding domain will
increase the DNA-binding activity of c-Jun. This
dephosphorylation may be achieved by inhibiting a kinase or

by activating a phosphatase that will act on c¢-Jun.
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Interestingly, the oncogenic derivative of c-Jun (v-Jun) has
a mutation at one of the phosphorylatable sites (Ser to Phe)
that affects DNA-binding and could be the reason why v-Jun
is a transforming protein (Jackson, 1992; Smeal et al.,
1991). In serum response factor (SRF), an opposite effect
of phosphorylation occurs. Phosphorylation of SRF in
response to serum stimulation in vivo by casein kinase II
increases its DNA-binding activity (Gauthier-Rouviere et
al., 1991). Casein kinase II has an opposite effect on c-
Myb where, upon phosphorylation, the DNA-binding activity of
c-Myb decreases (Jackson, 1992; Luscher et al., 1990).
Since phosphorylation of different factors can either
increase or decrease DNA-binding activity, it is likely that
these factors utilize quite different mechanisms to regulate
their functional activity (Jackson, 1992).

Phosphorylation of a transcription factor can also
affect how it interacts with the general transcription
machinery. A factor whose activation function is positively
regulated by phosphorylation is c-Jun (Jackson, 1992). 1In
c-Jun, two sites in the transcriptional activation domain
are phosphorylated in response to mitogens and phorbol
esters mediated by mitogen-activated protein kinases (MAP
kinases) (Smeal, et al., 1991; Pulverer et al., 193%1).
Positive regulation by phosphorylation also occurs in the
STE12 protein and heat shock transcription factor (HSTF) in

Saccharomyces cerevisiae (Song et al., 1991; Sorger et al.,
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1988) .

Another Saccharomyces cerevisiae protein, SWI5 is
active in the nucleus during Gl phase but is localized to
the cytoplasm during S, G2 and M phases of the cell cycle
(Nasmyth et al., 1990). The nuclear localization signal
(NLS) in SWI5 is phosphorylated at three sites while in the
cytoplasm but the nuclear form is not phosphorylated at
these sites (Moll et al., 1991). When these three sites are
converted by mutation to nonphosphorylatable residues, SWIS
is constitutively nuclear localized, indicating that
phosphorylation of SWI5 allows it to remain in the
cytoplasm.

In summary, phosphorylation of transcriptional
activators is an ideal mechanism for post-translationally
regulating the functional activity of transcription
activators. The level of phosphorylation is determined by
the action of activated kinases and can be easily reversed
by the enzymatic action of phosphatases (Jackson, 1992).
Phosphorylation allows information to be integrated from the
action of a single kinase on an activator protein to the
regulation of gene transcription by alteration of the
activator’s DNA-binding function, subcellular localization,
transcription activation function or perhaps other functions

(Jackson, 1992).

HAP1 HAP1 encodes the HAP1l protein (HAPlp), a 1483 residue
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protein required to turn on the transcription of the yeast
CYC1l gene encoding iso-l-cytochrome ¢ (Guarente et al.,
1984b; Lalonde et al., 1986) and CYC7 encoding iso-2-
cytochrome ¢ (Prezant et al., 1987; Zitomer et al., 1987).
These proteins participate in the respiratory chain. HAPlp
has been shown to specifically bind to two sites of
dissimilar sequence, one in the UAS1 of CYCl and the other
in the UAS of CcYC7 (Pfeifer et al., 1987 a,b). This
binding is induced by the presence of heme which could act
as a ligand required for DNA-binding (Guarente and Mason,
1983). Actually, recent experiments described below have
shown that HAPlp can bind to its target sequences in vitro
without the addition of hemin (Fytlovich et al., 1993).

The amino acid sequence of HAPlp contains a cysteine-
rich region in residues 64-86 homologous to the zinc-
dependent DNA-binding domain found in GAL4p that is required
for DNA-binding of HAPlp (Pfeifer et al., 1989). Any
alteration of the cysteine residues found in this region
abolished binding to the CYC1l and CYC7 UASs. Amino acids at
the base of the finger and amino terminal to the finger are
involved in specific recognition of DNA at the UASs of both
CYC1l and CYC7. For example, the mutant allele HAP1-18
contains a change in residue 63 from a Ser to Arg at the
base of the finger resulting in an increase in CYC7
transcription (Kim et al., 1989). It is possible that this

mutant protein exhibits a higher affinity for a component of
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the general transcriptional machinery and thus causes a
higher level of activation over wild-type HAPlp. A similar
finding where mutations in a DNA-binding domain can affect
transcription activation is also seen in the glucocorticoid
receptor (discussed below) where mutations in one of the
zinc~-fingers allows for DNA-~-binding to GRE elements but not
transcription activation (Schena et al., 1989).

The middle portion of HAPlp (residues 280-420) contains
a repeat sequence consisting of cysteine and histidine
residues present in seven copies. This region could contain
a heme-responsive domain since deletion of residues 247-447
creates a constitutive activator (Pfeifer et al., 1989). 1In
addition, interactions that bind heme to the protein could
involve paramagnetic interactions between the iron of heme,
the sulfur of cysteine and the nitrogen of histidine. This
repeated sequence could bind heme directly but this has not
yet been demonstrated (Pfeifer et al., 1989).

Recent experiments by Fytlovich et al. (1993) have
allowed for the creation of a new model for the heme-
inducible activity of HAPlp. DNA-gel shift experiments have
shown that HAPlp can interact with its target sequence
without addition of hemin. A large protein-DNA complex is
observed here which reflects a possible interaction between
HAPlp and an unrelated factor(s) they call X. Hemin
addition results in the formation of a smaller complex which

could represent a multimer of the HAPlp. Most importantly,
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when residues 247-444 are deleted containing the seven
repeated sequences which could bind heme, the interaction
between HAPlp and this factor(s) X does not occur in vitro.
These results indicate that HAPlp and factor(s) X could
interact through this repeat motif or that this deletion
simply prevents HAPlp and factor(s) X from associating with
each other.

HAPlp has been shown to contain nonessential sequences
between residues 247 and 1308 since this region can be
deleted resulting in the activity of the protein increasing
10-fold above wild-type for CYCl1l transcription (Kim et al.,
1990). DNA-binding of this deletion protein was comparable
at the CYC1l and CYC7 promoters but activation of CYC7 was
considerably decreased and could mean that this deleted
portion of HAPlp contains a regulatory domain specific for
its function at CYC7. This variation in activation could be
due to HAPlp requiring proper protein conformational
contacts with the DNA which ultimately determines whether or
not HAPlp can interact with the general transcription
factors.

The C-terminal region of HAPlp is highly acidic in
nature. Residues 1385-1483 contain a net charge of -12
(Pfeifer et al., 1989). This acidic region in HAPlp has
been shown to mediate activation, since truncation of
residues 1308-1483 results in a protein which binds DNA but

does not activate transcription in vivo (Pfeifer et al.,
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1989). We see that HAPlp also contains a conserved
arrangement of a DNA-binding domain near the N-terminus, a
heme-responsive domain and regulatory domain in the middle
portion of the protein and an acidic transcriptional

activation domain in the C-~terminus.

PUT3 Proline catabolism in Saccharomyces involves the
functions of three genes. PUT1 and PUT2 encode the enzymes,
proline oxidase and A'-pyrroline-5-carboxylate
dehydrogenase, respectively. PUT3 encodes a transcriptional
activator, PUT3p which binds to UAS elements upstream of
both the PUT1 and PUT2 genes in vitro and in vivo in the
presence or absence of proline but proline is required for
PUT3p activation of PUT1 and PUT2 gene transcription
(Marczak et al., 1989). There is a 21-basepair partially
palindromic UAS upstream of both genes required in vivo for
induction of both genes (Siddiqui et al., 1989). Extracts
from a wild-type PUT3 strain and a PUT3¢ constitutive strain
exhibit binding to the PUT2 promoter fragment containing the
UAS element whereas extracts from a noninducible strain
(put3-75) fail to show any DNA-binding activity.

Wild-type PUT3 was cloned by functionally complementing
a strain carrving the recessive, noninducible put3-75
mutation with a Saccharomyces yeast genomic DNA library from
a PUT3 strain (Marczak et al., 1989). The PUT3 gene is not

essential for viability since put3A deletion strains are
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viable. In addition, when PUT3 is placed on a high copy
plasmid, it does not result in a constitutive phenotype so
it appears that a titratable GAL80Op-like repressor is not
involved in the regulation of proline catabolism (Marczak et
al., 1989).

The wild-type PUT3 gene was shown to encode a 979 amino
acid protein (Marczak et al., 1991). The N-terminal portion
of the protein is rich in basic amino acids and contains 6
cysteine residues that may constitute the DNA-binding domain
based on structural similarity to the DNA~binding domain of
GAL4p. Adjacent to this basic region in PUT3p is an acidic
domain with a net negative charge of -17 consisting of a
stretch of nine aspartic or glutamic acid residues. Another
acidic domain exists in the C-terminus having a net charge
of -29. However, these residues have not been directly
shown to be responsible for transcription activation.

Seven constitutive mutants in PUT3 were isolated and
the mutations were found to reside in the final C-terminal
76 codons of PUT3 (Marczak et al., 1991). Three of these
were missense mutations. The PUT3¢-1594 allele possessed a
nucleotide change in codon 903 (Leu to Arg), the allele
PUT3¢-1657 altered two consecutive nucleotides and changed
an asparagine residue to isoleucine, and the PUT3%-68 allele
replaced a serine with a phenylalanine residue at position
683. Four other constitutive mutations were nonsense

mutations leading to the creation of a premature truncation
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of the protein at residue 956. One noninducible allele
put3-75 was also sequenced and shown to contain a single
point mutation within codon 409 which converts a glycine to
an aspartate residue. This mutation lies in a region that
is not homologous to any domain in other regulatory proteins
and it is not clear as to whether this mutation causes the
mutant protein to be unstable or stable but inactive. Even
when this mutant allele (put3-75) was cloned on a high copy
plasmid, it did not compensate for the inability to utilize
proline in a put3A strain (Marczak et al., 1991).

PUT3p is proposed to induce the transcription of PUTI1
and PUT2 in the presence of proline by either: 1) binding to
proline and changing its conformation in order to interact
with general transcription factors, 2) being post-
translationally modified, possibly by phosphorylation, which
would affect its activity or 3) interacting with other
regulatory proteins which are relatively abundant in the
cell since there does not seem to be a GAL8Op-like

equivalent involved in proline catabolism.

LEU3 The yeast activator protein LEU3 (LEU3p) is involved
in regulating genes encoding enzymes for the de novo
synthesis of leucine: LEUl1 (isopropylmalate isomerase), LEU2
(B-isopropylmalate dehydrogenase) and LEU4 (a-
isopropylmalate synthase) (Baichwal et al., 1983). Alpha-

isopropyl malate (a-IPM) is an intermediate in the
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production of leucine whose synthesis is negatively
regulated by leucine through feedback inhibition of the
enzyme a-IPM synthase (Friden et al., 1989). a-IPM has
been connected with the regulation of leucine biosynthesis
since 1) levels of LEU1l1 and LEU2 gene products are sharply
decreased in a strain which lacks a functional «a-IPM
synthase and 2) a strain harboring a feedback resistant a-
IPM synthase produces high levels of a-IPM which increases
the amounts of LEU1 and LEU2 gene products (Friden et al.,
1989).

The gene LEU3 was identified by mutations resulting in
a Leu- phenotype due to decreased expression of LEUl1 and
LEU2 (Baichwal et al., 1983). LEU3 has been cloned and
characterized by complementation of a leu3 mutation (Brisco
et al., 1987). The gene was shown to encode an 886 amino
acid protein that binds in vitro in the absence of a-IPM to
a UAS, decanucleotide sequence (CCGGNNCCGG) present in the
upstream promoters of LEU1l, LEU2, and LEU4 (Friden et al.,
1987; Friden et al., 1988). It is hypothesized that a-IPM
acts as an inducer of the leucine biosynthetic genes because
cells starved for leucine produce high levels of a-IPM, and
strains unable to synthesize a-IPM are noninducible (Friden
et al., 1989; Brisco et al., 1987). Recent experiments have
been done to create an in vitro LEU3p-dependent
transcription system of a CYC1 TATA box linked to a "G-less

cassette" bearing UAS ., elements in its upstream region (Sze
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et al., 1992). Activation of transcription in this system
was completely dependent on the presence of one or more

UAS sequences, the concentration of LEU3p and the addition

LEU
of a-IPM. In the absence of a-IPM, LEU3p acts as a
repressor of transcription in this system so therefore,
these investigators predict that o-IPM can act to transform
LEU3p from a repressor into an activator protein by a
possible change in its conformation.

The sequence of the LEU3p revealed a potential DNA-
binding domain in the N-terminal residues 1-173 homologous
to a six cysteine residue-type DNA-binding domain, however,
sequences in the middle portion of the protein and in the C-
terminal portion are also required for proper and stable
binding (Zhou et al., 1990). LEU3p also contains a cluster
of acidic amino acids between residues 678-697 and an acidic
domain in the C-terminal 112 amino acids (Zhou et al.,
1990). The region within residues 678-697 can be deleted
without affecting transcriptional activation by LEU3p
(Friden et al., 1989). However, a truncated LEU3p
containing only residues 1-774 did not complement a leu3A
strain but bound in vitro to the decanucleotide sequence as
strongly or even stronger than wild-type LEU3p suggesting
that the last C-terminal amino acid residues (775-886) are
involved in transcription activation. A large internal
deletion was made within LEU3 which deleted 68% of the

coding region and fused residues 1-172 to residues 775-886
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(Friden et al., 1989). This internally deleted LEU3p
allowed for constitutive expression of the leucine
biosynthetic enzymes even in the presence of leucine
suggesting that this deleted region could somehow be
sensitive to the inducer, a-IPM. The fusing of the N-
terminal residues 1-172 of LEU3p to its C-terminal residues
775-886 is similar to a fusion made between the DNA-binding
domain and activation domain of GAL4p except that this LEU3p
is leucine insensitive whereas the deleted GAL4p’s activity
is still regulated by galactose (Ma et al., 1987a).

Purification of LEU3p has recently been performed by
Sze et al. (1993) who identified two forms of LEU3p of
apparent molecular weights, 104 kD and 110 kD. It was shown
that both species reacted with antibodies raised against
LEU3p and the 110 kD species could be converted to the
faster migrating 104 kD species by treatment with calf
intestinal phosphatase. It appears then that the 110 kD
LEU3p species represents a phosphorylated form of the
protein. Further work needs to be performed to determine
whether or not both forms of LEU3p are equally capable of

being activated in the presence of «a-IPM.

ADR1 The ADH2 gene encodes the enzyme, alcohol
dehydrogenase (ADHII) which converts ethanol to
acetaldehyde. ADHII activity is repressed in glucose but

removal of glucose results in a 500-fold increase in ADHII
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activity (Blumberg et al., 1988). ADH2 expression is
positively regulated at the transcriptional level by ADRI1,
encoding a positive transcriptional regulator protein,
(ADR1lp) (Ciriacy, 1975; Denis and Young, 1983a). However,
other regulatory factors are responsible for requlating ADH2
expression (Ciriacy, 1977; Denis, 1984; Taguchi et al., 1987
a,b). ADH2 contains a 22 basepair UAS with dyad symmetry
in its 5’upstream promoter region which is believed to be
the site for ADR1p binding, where it exerts its control on
ADH2 expression (Beier et al., 1985).

ADR1 mutations have been isolated with either a
semidominant, constitutive phenotype (ADRI1¢) which allows
for partially constitutive ADH2 expression in the presence
of glucose or a recessive, noninducible phenotype (adrl)
which prevents ADHZ derepression in the absence of glucose
(Ciriacy, 1975; Ciriacy, 1979). A gene disruption in ADRI1
(adrl1ld) results in the inability to derepress ADH2
expression but disruption strains are viable indicating that
ADR1 is not an essential gene (Blumberg et al., 1988).

By increasing the gene dosage of ADR1 on a high copy
plasmid, partially constitutive ADH2 expression results even
in the presence of glucose and even higher levels of ADH2
expression under derepressed conditions as compared to a
strain with one genomic copy of ADR1I (Blumberg et al.,
1988). This result implies that a repressor of ADRlp could

exist in limiting quantities under glucose growth conditions
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thereby keeping ADRlp inactive and ADH2 expression low.
However, increased levels of ADR1lp are able to bind to and
titrate this repressor resulting in a constitutive phenotype
(Blumberg et al., 1988).

The wild-type ADR1 gene was cloned and sequenced and
found to encode a protein of 1323 amino acids. The N-
terminal residues 99-155 contain two cysteine-histidine zinc
finger DNA-binding domains similar to that found in the
Xenopus laevis TFIIIA protein and most mutations that
inactivate ADR1 occur in this region (Bemis et al., 1988;
Blumberg et al., 1987). A truncated gene encoding the first
302 amino acids of ADR1lp also causes partial constitutive
expression of ADH2 suggesting that the C-terminal 1021 amino
acids could play another role not involved in the
derepression of ADH2 (Blumberg et al., 1988). By
progressively deleting the 3’-end of the ADR1 open reading
frame, the ability of the truncated ADR1p to activate ADH2
expression progressively decreases, appearing to require the
full length protein for maximal expression of ADH2 (Bemis et
al., 1988). A region in ADRlp (residues 304-506) was also
shown to be required for growth on glycerol as a carbon
source and indicates that ADR1p could be a more global
reqgulator of nonfermentative growth (Bemis et al., 1988).

Another important functional domain in ADR1lp is the
cAMP-dependent protein kinase (cAPK) phosphorylation site

located between residues 227 and 231 (Kemp et al., 1977).
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Constitutive mutations which alter ADR1lp by making it
resistant to glucose repression, that is, able to activate
ADH2 expression in the presende of glucose, are localized to
this region (Cherry et al., 1989). ADRI mutations encoding
only the first N-terminal 220 amino acids were functional
and allowed for derepression of ADH2 showing that these
residues contained the DNA-binding and transcription
activation functions (residues 29-40 are 50% acidic) but
lack the phosphorylation site (residue 230) (Bemis et al.,
1988). Various ADRI1¢ mutations which are constitutive for
ADH2 expression have been postulated to increase ADR1p
function under repressed conditions by the dephosphorylation
of ADR1lp (Cherry et al., 1989). Increased expression on
high copy plasmids of ADR1lp N-terminal peptides (>220
residues) are capable of bypassing glucose repressicn and
allow for increased ADH2 expression (Bemis et al., 1988).
This increase in expression could be due to tighter DNA-
binding of ADRlp to the ADH2 promoter or enhanced contacts
with other regulatory proteins or transcription factors.
Many ADRI1¢ mutations lie in the cAPK phosphorylation
recognition sequence, RRASF, in which Ser-230 is the
phosphate acceptor. Three ADR1¢ mutations were identified
as containing mutations within this sequence (Phe-231 to
Ser, Arg-228 to Lys) and in one mutation, a
nonphosphorylatable residue, leucine was substituted for

serine at residue 230 (Cherry et al., 1989).
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Serine-230 of ADR1lp has also been shown to be a
substrate for phosphorylation by either bovine or yeast cAPK
in vitro (Cherry et al., 1989). Additionally, the ADR1p
constitutive activators had diminished or undetectable
amounts of phosphorylation at residue 230. Strains with
unregulated cAPK activity, as a result of deletion of the
BCY1l gene encoding the regulatory subunit of cAPK, exhibit a
12-15 fold decrease in ADH2 expression in ethanol showing
that cAPK does reqgulate ADH2 gene expression and the ADRI1E¢
mutations bypass this effect of unregulated cAPK activity
(Cherry et al., 1989). Taken together, this data suggests
that the glucose repression of ADH2 transcription involves
the inactivation of ADRlp as a result of the phosphorylation
of Ser-230 by cAPK (Cherry et al., 1989).

More recent evidence, however, does not support the
hypothesis that ADRI¢ mutations enhance ADR1p activity by
preventing cAPK-mediated phosphorylation of Ser-230 (Denis
et al., 1992). Firstly, by using an in vitro system with
cAPK and synthetic ADR1l-derived peptides, not all of the
ADR1¢ mutations that have been identified prevent
phosphorylation of Ser-230 contained in the synthetic ADR1
peptides encoding the region surrounding Ser-230 and
containing these various constitutive alterations.

Secondly, when cAPK activity is lacking in an ADRI1¢ mutant
strain containing a nonphosphorylatable amino acid at

residue 230, ADR1lp function increases under glucose
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repressed conditions indicating that cAPK acts by a
mechanism independent of Ser-230. Thirdly, when cAPK
activity is lacking in an ADR1 wild-type strain, an ADRI1¢
constitutive phenotype does not result in vivo as might be
expected. Lastly, when the ADRI1¢ region is deleted
(residues 220~-262), a constitutive phenotype results
suggesting that this region plays an inhibitory role in the
function of ADR1lp. These observations support a new model
indicating that the ADR1® mutations could alter ADRlp’s
structure, function or ability to bind to a repressor in
such a way as to make the protein constitutively active and
that this alteration is not dependent on the effect of the
phosphorylation of residue Ser-230 by cAPK.

Recent experiments performed by Vallari et al. (1992)
looked at the levels of ADR1p and its phosphorylated species
under growth conditions in glucose or ethanol. What was
found was that ADRlp was multiply phosphorylated in vivo
when cells were grown in either glucose or ethanol. The
rate of ADRlp synthesis was also examined by doing pulse
chase experiments. ADR1lp synthesis was shown to rise about
40-60 minutes after cells are allowed to grow in ethanol
medium which agrees with the observation that ADR1p-
dependent ADH2 transcription begins within one hour after
glucose depletion from the growth medium (Denis et al.,
1981). Strains containing ADRI1® mutations did not contain

higher amounts of ADR1p so another mechanism is responsible
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for increasing ADRlp’s activity other than increasing its
synthesis rate (Vallari et al., 1992). Also, ADR1 mRNA
levels are only two-fold higher in ethanol grown cells as
compared to glucose grown cells indicating that there must
be some post-transcriptional mechanism by which ADR1p is
synthesized at a higher rate in ethanol grown cells. A
region of ADR1lp (residues 262-642) was later found to be
involved in the translational control of ADR1lp. For
example, when ADR1lp was truncated at either residue 262 or
642 to encode truncated proteins, ADR1p-642 was detected in
ethanol grown cells but ADR1p-262 was detected in equal
abundance in either glucose or ethanol grown cells. It
would appear then that residues 262-642 of ADR1lp are
involved in the accumulation of ADRlp under ethanol growth
conditions.

In conclusion, Vallari et al. (1992) suggest that
glucose repression of ADH2 expression results from a
combination of effects controlling ADR1 mRNA abundance,
translation rates of ADRI mRNA in glucose and ethanol and

post-translational mechanisms affecting ADR1p activity.

PHO4 Repressible acid phosphatase (rAPase) is encoded by
PHOS5, PHO10, and PHO1ll (Rogers et al., 1982; Thill et al.,
1983). PHO4 encodes one transcription factor (PHO4p)
involved in the positive regulation of the transcription of

various genes in the phosphatase regulon of Saccharomyces
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cerevisiae. It is proposed that in low phosphate medium,
PHO4p activates transcription of the structural genes which
encode rAPase. In high phosphate medium, the PHO80 gene
product (PHO80p), a negative regulatory factor, is proposed
to interact with PHO4p and thereby prevent transcription of
the genes in the phosphatase regulon.

PHO4p is 312 amino acids in length and has four
functional domains (Ogawa et al., 19%0). The C-terminal
residues 228-312 are responsible for binding to the PHO5
promoter region and has homology to the amphipathic helix-
loop-helix DNA=-binding motif found in c-myc; residues 163-
202 are responsible for interaction with the negative
regulatory factor PHO80p; the N-terminal residues 7-90 are
rich in acidic residues and are required for transcriptional
activation; and residues 203-227 are necessary for
oligomerization of PHO4p.

Constitutive synthesis of rAPase in high or low
phosphate media can occur by either increasing the gene
dosage of PHO4 suggesting that the overabundance of PHO4p
titrates out PHO80p or by the creation of constitutive
mutations in the PHO4 gene (Parent et al., 1987).
Constitutive mutations in the PHO4 gene can occur in several
different ways (Ogawa et al., 1990). Four particular PHO4¢
mutations that have been sequenced are missense mutations
resulting in the replacement of proline 174 by leucine

(mutants PHO4%-1,9) or serine (mutants PHO4%-3,6). A
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constitutive phenotype could also be achieved by a four
amino acid (AGSG) insertion between residues 171 and 172 or
by deletion of residues 163-171. The region between
residues 167-173 is proposed to fold as an a-helical
structure and proline 174 is the break point in this helix.
If proline 174 is replaced by serine or leucine, the a-
helical structure will begin at residue 167 and should
continue to isoleucine 178. Hence, the a-helix of the PHO4¢
mutants should be four amino acids longer than wild-type,
the amino acid (AGSG) insertion would disrupt this e-helix
and deletion of residues 163-171 would fully eliminate the
a-helix. Since all of these mutations result in a
constitutive phenotype, the a-helix between residues 167-173
could be critical perhaps for interaction with the negative
regulator, PHO80p, implying that, when this helix is
disturbed or deleted, PHO4p is unable to bind PHO80p and is
then able to transcribe the PHO structural genes

constitutively (Ogawa et al., 1990).

Human glucocorticoid receptor (hGR) Glucocorticoids, a

class of steroid hormones, through interaction with an
intracellular receptor protein, converts this receptor to a
DNA-binding transcription activator. Glucocorticoid
receptor is found in the cytoplasm in the absence of
hormone. In the presence of glucocorticoid hormone, this

protein will localize to the nucleus and activate genes
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possessing enhancers called glucocorticoid response elements
(GREs) (Godowski et al., 1987). The human glucocorticoid
receptor (hGR) has been purified by its ability to bind
steroid hormones such as dexamethasone. Antibody was made
against the receptor and cDNA clones from a human fibroblast
genomic library were screened for inserts containing the
gene encoding the receptor. Two positive clones were found
encoding a predominant alpha species (777 residues) and a
Beta form (742 residues) which were identical in the first
727 residues but differed in their C-terminal residues
(Hollenberg et al., 1985). It is presumed that the two
forms are encoded by the same gene but alternative splicing
of the mRNA determines their different C-terminal residues.

The functional domains of the hGR have been defined by
looking at the effects of deletion mutants in the receptor
on DNA-binding and/or transcription activation (Giguere et
al., 1986; Hollenberg et al., 1987). These analyses have
determined that there exists an immunogenic domain in the N-
terminal region which is required for complete activity of
the receptor since deletion of it causes a 3 to 20-fold
reduction in activity. However, residues 1-403 of the hGR
are not required for steroid-binding or DNA-binding. This
immunogenic domain could play a structural role or be
involved in the dimerization of receptor molecules.

The next domain that was looked at is located in the C-

terminal region of hGR (Hollenberg et al., 1987). By



34
deleting a large region of the 3’-end of the open reading
frame (codons 532-697), the encoded hGR protein was unable
to bind steroid hormone resulting in a constitutively active
receptor. Constitutive receptor mutants have also been
characterized in the rat glucocorticoid receptor where
deletions of 190, 200, 239 and 270 C-terminal amino acid
residues result in constitutive receptors no longer
requiring hormone for DNA-binding to GRE elements (Godowski
et al., 1987). Therefore, the steroid binding domain of the
hGR could exert a negative influence over the rest of the
protein but binding of hormone relieves the inhibition of
this domain on DNA-binding and/or transcription activation.
The hormone-binding domain in hGR has been shown to contain
an inducible transcription activation domain (Webster et
al., 1988a). By fusing the DNA-binding domain of GAL4p to
the C-terminal hormone-binding domain of the estrogen or
glucocorticoid receptor, a transcriptionally active chimeric
protein results which transcribes a GAL4p-responsive
reporter gene in a hormone-dependent manner. Other
experiments were done creating rearranged receptors which
were able to maintain hormonal control over transcription
activation. This argues against the possibility that the
steroid-binding domain binds hormone and then unmasks other
functional regions of the protein (Picard et al., 1988).
Instead, this domain could repress most of the receptor’s

activities without regard to its position in the protein.
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The DNA-binding domain and the transcriptional
activation domain of hGR were shown to colocalize to the N-
terminal region (Hollenberg et al., 1987). Deletion of the
majority of the DNA-binding domain (residues 428-490
containing two zinc finger-like binding motifs which
coordinate two zinc ions) did not allow the receptor to
stimulate transcription although it was able to bind
steroid. This data had delineated a core domain of 88 amino
acids (residues 404-491) essential for both DNA-binding and
transcription activation since mutations in this highly
conserved region destroy both activities indicating that
these two functions cannot be easily separated.

Mutatioﬁs were later done in this core region by
changing all invariant residues as well as conserved and
nonconserved residues to glycines (Hollenberg et al., 1988).
By altering only one of the nine invariant cysteine
residues, activity was destroyed and critical amino acids
were localized to amino acids in the interfinger region
(residues 442, 444, 445 and 447). These nonfunctional
mutants were tested for their ability to bind DNA even
though they failed to activate transcription. The ability
to activate transcription correlated well with the ability
to bind DNA in vitro. One mutant called G442, converted the
lysine following the first zinc-finger to a glycine and was
éble to bind DNA but unable to stimulate transcription.

Changes in the zinc-finger region can also change the
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DNA-binding specificity of the hGR. For example, when Gly-
Ser residues located between the second pair of cysteine
residues in the first finger are changed to Glu-Gly (as
found in the estrogen receptor), a hybrid protein results
which activates transcription of an estrogen receptor
element (ERE)-containing reporter gene and only weakly from
a GRE-containing reporter gene (Danielson et al., 1989;
Berg, 1989). Other mutations were made in the second finger
domain and were shown to specifically impair transcription
activation (Schena et al., 1989). For example, an arginine
to lysine change in residue 489 or an arginine to glutamine
change in residue 488 were fully defective in expression of
a GRE-lacZ fusion but bound DNA normally. These mutant
receptors were not shown to exhibit instability or reduced
expression so these mutations definitely affected receptor
function. Mutations of residues immediately C-terminal to
each finger were found to abolish transcription activation
but other mutations which abolished activation did not
reside within a finger domain or at the C-terminal side of
the finger.

Further analysis of the transcriptional activation
domains in the hGR revealed a 30 amino acid region between
the steroid-binding and DNA-binding domains (residues 526~
556) which when fused to the GAL4p DNA-binding domain,
generates a hormone-inducible activator (Hollenberg et al.,

1988). This C-terminal activation sequence is acidic in



37
nature, like the activation domain in the N-terminal core
region, and these autonomous transcription activation
domains are both located outside the DNA-binding domain of
the hGR.

The glucocorticoid receptor has been shown to associate
with the 90 kD heat shock protein, HSP90p, based on
coimmunoabsorption of HSP90p with the receptor when anti-hGR
antibody is incubated with cytosolic extracts (Howard et
al., 1988). HSP90p did not associate with the receptor when
dexamethasone was added to the cell extracts suggesting that
the hormone promotes dissociation of HSP90p~hGR complexes in
vivo. This association of HSP90p with the glucocorticoid
receptor has also been demonstrated for other steroid
receptors including those for progestins, estrogens and
androgens (Joab et al., 1984; Catelli et al., 1985;
Dougherty et al., 1984; Schuh et al., 1985). The biological
role of HSP90p in glucocorticoid receptor function has not
been established. One hypothesis is that HSP90p blocks the
DNA-binding site on the receptor, thus preventing the
receptor from binding to DNA in the absence of hormone
(Howard et al., 1988). However, when steroid hormone is
present, the hormone will bind to the receptor, HSP90p will
dissociate from the HSP90p-hGR complex and the DNA-binding
site or nuclear localization signal on the receptor will be
exposed. This could identify HSP90p as having a possible

role in stabilization or nuclear localization of the
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glucocorticoid receptor.

ADA2 and other coactivators A recent hypothesis has stated

that non-DNA-binding proteins (adaptor molecules or
coactivators) could exist which bridge the interaction
between specific DNA-binding activators and general
transcription factors (Berger et al., 1992). Previous
hypotheses about how eucaryotic activators work involved the
thought that protein-protein interactions existed between
specific transcription factors bound at the UAS or enhancer
sequences and general factors bound at the TATA box upon
looping out of intervening DNA (Ptashne, 1988). This
possibility has been ruled out since several coactivators
have been identified.

Coactivators or mediators of transcriptional activation
have been isolated in Drosophila which are associated with
the TATA box binding protein (TBP) as a tight protein
complex called the TFIID fraction (Dynlacht et al., 1991).
However, in yeast, the TBP is not part of a stable
multisubunit complex like that seen in Drosophila and
humans. The multimeric TFIID complex in Drosophila consists
of TBP and at least six tightly bound TBP-associated factors
(TAFs) having approximate molecular weights of 32, 40, 60,
80, 110 and 150 kilodaltons which can be dissociated from
TBP by urea treatment. All TAFs coprecipitate with TBP when

anti-TBP antibody is used. One or more of these proteins
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are required as a coactivator(s) for activated transcription
in vitro of a Drosphila gene containing binding sites for
the Drosophila transcription factor, NTF-1. Addition of a
recombinant form of TBP alone is not sufficient to allow for
activation but addition of the purified TAFs restores NTF-1
activity.

Other proteins that exhibit coactivator function have
been isolated on the basis of interference or "squelching"
between two activator proteins by the sequestration of a
factor(s) that mediates the transcriptional effects of the
activator protein (Kelleher et al., 1990). Sequestration
would result from the binding of the interfering activator
to this common factor, making this factor unavailable for
interaction with the second activator.

A yeast in vitro RNA polymerase II transcription system
utilized the potent fusion activator GAL4-VP1l6 (containing
the GAL4p DNA-binding domain fused to the activation domain
of the herpes virus protein VP16) and the yeast T-rich
binding factor. The binding site for this T-rich binding
factor is a thymidine-rich upstream sequence of the DEDI1
gene (Lue et al., 1989; Buchman and Kornberg, 1990). When
GAL4-VP1l6 is added to this transcription assay containing T-
rich binding factor and a promoter containing T-rich
upstream elements, it will inhibit transcription (Kelleher
et al., 1990). This inhibition can be relieved by addition

of a partially purified yeast component believed to function
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as a mediator in activation. Addition of RNA polymerase II
or TBP did not relieve the inhibition by GAL4-VP1l6
indicating that a general transcription factor was not
responsible. A nonspecific effect of this purified yeast
component binding to the activation domain of GAL4-VP16 was
ruled out since the same levels of GAL4~VPi6 were required
for stimulation of transcription as well as for inhibition
so, since stimulation is specific, then inhibition should be
as well. This mediator component was later enriched from a
yeast extract and shown that its activity could not
stimulate basal transcription, that it was heat labile and
that its activity was abolished by treatment with proteinase
K (Flanagan et al., 1991). Another observation was that as
with GAL4-VP16, stimulation by the yeast activator protein
GCN4 (GCN4p) was lost when this component was not added but
GCN4p activity was restored when the mediator was added back
to the in vitro transcription assay. Since this mediator
supports activation by both GCN4p and the hybrid activator
GAL4-VP16, this could be a common mediator required by
acidic activation domains such as those present in GCN4p and
VP16 proteins.

The ADA2 gene has been isolated recently as a gene
encoding an “adaptor" protein necessary for the functioning
of certain transcriptional activators (Berger et al., 1992).
To isolate a gene(s) coding for adaptor molecules,

experiments were done using the fusion gene GAL4-VP16, as
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described above, fused to the ADH1 promoter. This fusion
protein is a very strong activator and becomes toxic to
yeast cells but yeast cells which are resistant to this
toxicity could lack a factor which would normally allow for
the high level of activation exhibited by the GAL4-VP1l6
fusion protein. For inhibition of toxicity to occur, it was
proposed that the VP16 target would be sequestered and
unavailable to other cellular activators. This inhibition
could not be reversed by addition of TFIID or RNA polymerase
suggesting that the VP16 target was not a general
transcription factor.

Selection of mutations in yeast genes encoding adaptor
proteins was then undertaken by selecting for viable, slow
growing mutants resistant to GAL4-VP16 toxicity (Berger et
al., 1992). It was hypothesized that mutations in an
adaptor molecule would weaken or destroy interactions with
VP16 or other general factors, thereby restoring growth.
These mutations were recessive and fell into three
complementation groups referred to as ADAl, ADA2 and ADA3
(alteration/deficiency in activation). The ada2 and ada3
mutant strains were tested for protein expression of the
GAL4-VP16 fusion and were shown to contain levels of ADH1
mRNA comparable to wild-type indicating that reduced
expression of GAL4-VP1l6 was not the reason for the
resistance to toxicity. The ADA2 gene was deleted and shown

to be nonessential but ada2A cells were slow growers and



42
resistant to GAL4-VP16 toxicity. ADA2 was cloned on the
basis of restoring normal growth and sensitivity to GAL4-
VP16 in the ada2-2 mutant using a yeast genomic library.
ADA2 contained an open reading frame of 434 codons not
homologous to any known yeast gene or any gene from another
organism in the data base. The N-terminal residues from
amino acids 7-34 contain seven cysteine residues but their
spacing does not resemble any known class of cysteine-rich
DNA-binding domains. The cysteine-rich region is followed
by a region (residues 65-95) with homology to the oncogene
myb motif (Lane et al., 1990). Lastly, the region between
residues 89-113 of ADA2 protein (ADA2p) shows homology to a
region of the enzyme peptidyl-glycine monooxygenase (PGM)
(Stoffers et al., 1989).

The ada2 mutant was further studied to see if wild-type
ADA2p was an adaptor for certain acidic activators and if
the expression of particular yeast genes might be affected
in the mutant (Berger et al., 1992). LacZ reporter plasmids
were constructed which all contained the CYC1 TATA box and
mMRNA initiation site coupled to either the UAS1 or UAS2 of
CYC1 (activated by HAPlp or HAP2/3/4 proteins) or the HIS4
UAS (activated by GCN4p). In the ada2 mutant, lacZ
expression was found to be reduced 5 to 10-fold when
harboring the HIS4 UAS plasmid but there was very little or
no reduction in lacZ expression when the mutant contained a

CYC1 UAS fused to the lacZ gene. It appeared that wild-type
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ADA2p was necessary for the function of GCN4p but not for
HAP1p.

In conjunction with the above experiments, yeast nuclear
extracts from a wild-type and an ada2 strain were used in
vitro to transcribe a reporter plasmid, CYCl-lacZ containing
upstream GAL4p and GCN4p binding sites with purified GAL4-
VP16 or GCN4 proteins as transcription activators (Berger et
al., 1992). The ability of GAL4-VP1l6é to activate
transcription was abolished in the ada2 mutant extract
compared with that of the wild-type and the ability of GCN4p
to activate transcription was reduced substantially in the
mutant. Basal transcription was equivalent for the two
extracts so the ada2 mutation does not involve reduction in
the activities of general transcription factors but has a
more specific effect on activated transcription.

Given the regqulated systems and transcription
activators described above as models, we undertook this
project to analyze the functional domains of the maltose-
responsive transcription activator (the MAL-activator) which
regulates the expression of the enzymes required for maltose
fermentation in Saccharomyces. To accomplish this, we have
compared the structure of the MAL-activator encoded by the
MAL63 gene to a unique class of constitutive MAL-activators
encoded by the MAL63 homologue, MAL64. The following
sections describe the maltose fermentation genes of

Saccharomyces and the identification and characterization of



MAL64 and the MAL64-constitutive alleles.
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The maltose fermentation genes in Saccharomyces cerevisiae

Maltose fermentation in Saccharomyces yeasts requires
the presence of at least one of five, unlinked MAL loci
located at the telomeres of different chromosomes (in
parentheses): MAL1(VII), MAL2(XIII), MAL3(II), MAL4(XI) and
MAL6 (VIII). Each genetic locus is a cluster of three genes
required for fermentation. GENE 1 encodes maltose permease
which transports maltose into the cell (Cohen et al., 1985;
Chang et al., 1989; Cheng et al., 1989). GENE 2 encodes the
enzyme maltase responsible for the intracellular hydrolysis
of maltose (Dubin et al., 1985; Hoﬁg and Marmur 1986, 1987).
GENE 3 encodes the MAL-activator, a transcriptional
activator required for the maltose-inducible expression of
GENEs 1 and 2 (Chang et al., 1988). Expression of GENEs 1
and 2 is regulated at the level of transcription and is
induced by maltose and repressed by glucose (Charron et al.,
1986; Needleman et al., 1984). The MAL6 locus is shown in
Figure 1 (Needleman et al., 1984). Each gene is named
according to its function and the chromosomal locus to which
it maps. For example, at the MAL6 locus, the permease gene
(GENE 1) is called MAL61, the maltase gene (GENE 2) is
called MAL62 and the MAL-activator gene (GENE 3) is called
MAL63. GENES 1 and 2 are divergently transcribed. The

UAS the site for MAL63 protein (MAL63p) binding, was

MAL’
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Figure 1. Diagram of the MAL6 locus on chromosome VIII of
Saccharomyces cerevisiae. A restriction endonuclease map of
the chromosomal region containing the MAL6 locus is shown
(Dubin et al., 1988). The approximate location of the open
reading frames of each gene is shown above the map along
with the direction of transcription (Charron et al., 1989;
Cheng et al., 1989; Dubin et al., 1988; Kim et al., 1988;
Needleman et al., 1984). The DNA fragments indicated as
MAL63 and MAL64 are the yeast inserts used to subclone the
MAL63 and MAL64 genes, respectively, into the various
vectors for the experiments described here. Plasmid
pMJC6ACla contains the indicated yeast insert in the vector
YIp5ACla which was derived from YIpS5 by deletion of the
unique Clal site (Charron et al., 1988). Genomic fragment
pBamR10 is the fragment rescued from strain R10 which
contained the MAL64-R10 constitutive allele. Restriction
endonuclease sites are as follows: A, Aval; B, BamHI; Bg,
Bglll; C, clal; H, HindIII; Hp, Hpal; M, Mlul; N, NcoIl; P,
Pstl; R, EcoRI; S, Sall; Sm, Smal; Ss, Sstl; Xb, Xbal; Xo,

XhoI.
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localized within the 874 basepair MAL61-MAL62 intergenic
region by deletion analysis and by DNaseIl footprinting (Ni
and Needleman, 1990; Levine and Michels, 1992).

The five MAL loci have been cloned and compared both
structurally and functionally. All of the MAL loci show a
high degree of homology based on restriction enzyme analysis
and Southern analysis (Chow et al., 1983; Charron et al.,
1989). Additionally, functional homology is exhibited among
the loci based on complementation analysis (Charron et al.,
1989). The most extensive functional comparison was made
using the MAL1l and MAL6 loci where the MAL6 homologues were
shown to complement deletion/disruption mutations in the
MAL1 genes (Charron et al., 1986). In an analysis of all of
the MAL loci, GENE 3 from each of the loci was shown to
complement the MALl structural genes and the structural
genes (GENEs 1 and 2) from each locus was shown to
complement MAL13 (Charron et al., 1989). GENE 3 at the MAL6
locus (MAL63) has been characterized by its ability to
complement strains which only contain the structural genes
encoding maltose permease and maltase. These strains are
then able to activate the expression of the structural genes
and to subsequently ferment maltose (Chang et al., 1988).
The MAL63 gene was cloned and sequenced and found to contain
a cysteine-rich region near its N-terminal end which is
highly homologous to the DNA-binding domain found in GAL4p

(Needleman et al., 1984; Johnston and Dover, 1987; Kim and



49
Michels, 1988; Solliti and Marmur, 1988). A truncated
MAL63p (containing the first N-terminal 111 residues) was
expressed in E. coli and used to perform gel-shift assays
(Jeong Kim, Ph.D. thesis, 1991). Utilizing 40 basepair
double~-stranded oligonucleotides whose sequence was derived
from the UAS,, of the MAL61-MAL62 intergenic region, the
truncated MAL63p was shown to bind this DNA in a gel-shift
experiment illustrating that MAL63p is a DNA-binding
protein. The results of this study, those of Ni and
Needleman (1990) and Levine and Michels (1992) taken
together suggest that MAL63p binds to an 11 basepair
sequence, 5’/-GAAATTTTCGC-3’ possessing partial dyad
symmetry.

Mutations which result in the constitutive expression
of maltase and maltose permease have been isolated using
strains carrying different MAL loci. Selection of these
mutations was done either indirectly by reverting
nonfermenting mutant strains to maltose fermenters or, in
one case, directly from maltose fermenting inducible
strains. In the latter case, the constitutive mutations
were isolated in inducible strains carrying the MAL1l, MAL2,
MAL3, and MAL6 loci and all of the mutations were shown to
be linked to the MAL locus (Needleman and Eaton, 1974). Two
constitutive revertants of a mall strain were described by
Rodicio (1986). Both of the mutations were linked to MAL1

and one was found to be partially dominant to the wild-type
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MAL1 allele. Five MAL2-linked constitutive revertants of a
mal2 nonfermenting mutant strain were isolated by Zimmerman
and Eaton (1974). Three of the five were resistant to
glucose repression and all were partially dominant to the
inducible MAL2 allele. The MAL4 locus was originally
identified by Winge and Roberts (1950) as an X-ray induced
revertant of a maltose nonfermenting strain. A strain
carrying a MAL4 locus was later shown to synthesize high,
noninduced levels of maltase even in glucose grown cells
(Khan and Eaton, 1971). The constitutive allele MAL43-C
from this strain was cloned and later shown to encode an
altered MAL-activator responsible for both the constitutive
and glucose repression-insensitive phenotype (Charron and
Michels, 1987; Andrew Gibson, unpublished results). The
MAL43-C allele has been shown to be dominant to the wild-
type inducible MAL63 homoleogue. An inducible MAL43 allele

is not available in the stock collections.

The MAL64-constitutive mutations.

Constitutive mutations of a different type have been
isolated in strains carrying the MAL6 locus (ten Berge et
al., 1973 a,b; Dubin et al., 1986). ten Berge and coworkers
(1973, 1974) isolated maltose fermenting revertants in a
nonfermenting malé mutant strain, malé-13. The malé-13
allele was shown to contain a substitution of an

approximately 100 basepair region in MAL63 (Jeong Kim,
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personal communication). Most of these revertants
constitutively synthesized maltase and maltose permease,
were recessive to the wild-type allele and to the
nonfermenting malé mutants and were linked to MAL6. 1In
their analysis of these constitutive mutants, they
incorrectly proposed that the mutations were alleles of the
MAL63 regulatory gene. It was shown by Dubin et al. (1986)
that the genetic alteration producing the constitutive
phenotype in one of these revertants, strain C2, mapped to a
gene outside the MAL63-MAL61-MAL62 gene cluster which was
called MAL64.

A derivative of the constitutive strain C2, called 8-
2B, containing the MAL6-linked constitutive mutation was
used by Dubin et al. (1986) for their molecular genetic
analyses. Using gene replacement techniques, they showed
that deletion of the MAL63 sequences in strain 8-2B did not
alter the constitutive expression of the structural genes
illustrating that the constitutive mutation mapped outside
of the MAL63 gene and did not require the MAL63 gene for
constitutive activity.

The MAL61 and MAL62 genes were isolated from strain 8-
2B by plasmid rescue and no major structural differences
were evident between the wild-type MAL61-MAL62 genes and the
MAL61-MAL62 genes isolated from strain 8-2B (Dubin et al.,
1986) . Therefore, alteration of these two structural genes

such as insertion of a transposable element like Tyl had not
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occurred. In addition to containing the MAL6 locus, strain
8-2B contained a partially functional allele of MAL1 which
contains an active copy of the maltase gene, MAL12.

Deletion of the MAL61 and MAL62 genes produced a
nonfermenter with reduced but significant levels of
constitutively expressed maltase and this residual maltase
expression was shown to result from expression of the
unlinked MAL12 gene. Therefore, the constitutive mutation
in strain 8-2B was in a MAL6-linked trans-acting regulatory
gene but clearly not in the MAL63, MAL61 or MAL62 genes.
This constitutive, mutant allele was called MAL64-C2 and the
wild-type allele, MAL64.

Another constitutive revertant strain, called R10, was
isolated by Dubin et al. (1986) by reverting the
nonfermenting strain A9 to a fermenter. Strain A9 contains
a deletion/disruption of MAL63. Strain R10 was shown to
retain the original malé3::URA3 deletion/disruption and the
constitutive mutation was found to be linked to the MAL6
locus. The constitutive mutation in strain R10 was found to
be partially dominant to wild-type MAL63 and to the
mal63::URA3 deletion/disruption. Using molecular genetic
analyses similar to those described for the C2 mutation, the
R10 mutation was also shown to affect a trans-acting
regulatory function. Since the constitutive mutations in
strains €2 and R10 are linked to MAL6, epistatic to malé3

and encode a trans-acting factor, it was very possible that
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both mutations were alterations within the same MAL64 gene.
Given this, the MAL64 allele of strain R10 was referred to
as MAL64-R10. Using standard genetic analysis, the MAL64-
R10 constitutive mutation was shown to map 2.3 centimorgans
upstream of MAL63. Additionally, MAL64-R10 MAL63
recombinants obtained from this analysis were constitutive
demonstrating that MAL64-R10 is epistatic to both malé3A and
MAL63.

MAL64 and its constitutive allele, MAL64-C2 were cloned
by Dubin et al. (1988) and the location of MAL64 determined.
Approximately 12 kbp of DNA to the left of MAL63 was
isolated from strain 332-5A carrying the wild-type MALé6
locus and from strain 8-2B carrying the constitutive MAL64-
C2 allele by plasmid rescue. The MAL64-C2 allele was
localized within this region as follows. Using the
sequences derived from strain 8-2B, an 11.5 kbp region to
the left of MAL63 was deleted from strain 8-2B creating a
nonfermenter. A 3.4 kbp Clal fragment derived from the 8-2B
cloned sequences was shown to transform this nonfermenting
strain to a constitutive strain when present in single copy.
Additionally, integrative disruption of this fragment at a
HindIII site within this sequence inactivated the
constitutive allele. Therefore, the MAL64-C2
gene mapped in the region of this site. Similarly,
disruption of this 11.5 kbp region in strain R10 created a

nonfermenter indicating the constitutive R10 mutation also
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mapped to this region.

The role of the wild-type MAL64 gene in maltose
fermentation was investigated by disrupting this gene in a
wild-type inducible MAL6 strain 332-5A (MAL63 MAL64) (Dubin
et al., 1988). The ability of the malé4A MAL63 disruption
strain to ferment maltose was unaffected and the MAL61,
MAL62 transcripts and proteins remain maltose-inducible. It
appears then that the wild-type MAL64 gene does not play an
essential role in maltose fermentation in inducible MAL6
strains nor does it encode an essential protein under these
growth conditions. Clearly, only the MAL61, MAL62 and MAL63
gene products are required for inducible maltose
fermentation. Each of the five dominant MAL loci contains
the three genes which are structurally and functionally
homologous to MAL61, MAL62 and MAL63, but Southern analysis
of the cloned MAL loci has shown that besides MAL6, MAL3
contains a MAL64 counterpart (Charron et al., 1989; Michels
et al., 1992). This finding further supports the conclusion
that MAL64 is nonessential for maltose fermentation.

Dubin et al. (1988) used Southern analysis to determine
the structural homology betweep MAL63 and MAL64. Probes
from both the MAL61 and MAL63 genes show homology to the DNA
sequences containing MAL64. The results suggest that the
chromosomal region containing MAL64 represents a tandem
duplication of the DNA sequences derived from MAL63 and

portions of MAL61 but, because of a large number of sequence



55
variations, this duplicate copy is unable to function as an
activator of the MAL structural genes. Even given these
significant sequence differences, MAL64 is clearly able to
be activated by mutation to serve as a constitutive
activator of MAL gene transcription. The genetic or
evolutionary basis for this extensive variation is not
clear.

Transcriptional expression of MAL64 was investigated
using Northern analysis. A wild-type MAL6 strain (MAL63
MAL64), when grown under noninducing conditions, utilizing a
MAL64 specific probe, expresses low levels of a 2.0 kb
transcript (Dubin et al., 1988). When grown in maltose, the
levels of the 2.0 kb transcript increase and al.4 kb
transcript appears. When MAL64 was deleted (MAL63 malé64A)
both transcripts were undetectable. Synthesis of the 2.0 kb
constitutive and 1.4 kb maltose-inducible transcripts are
dependent on MAL63 since neither MAL64 transcript is
detected in a MAL63 deletion/disruption strain (malé3A
MAL64) grown in galactose or galactose plus maltose.
Constitutive strain, R10 (malé3A MAL64-~R10) constitutively
expresses high levels of the 1.4 kb and 2.0 kb species and
deletion of this allele results in loss of constitutive
synthesis of both transcripts. These results indicate that
the 2.0 kb and 1.4 kb transcripts are products of the MAL64
gene. Since wild-type strains (MAL63 MAL64) require the

presence of MAL63 in order to detect MAL64 transcripts but
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constitutive strains do not, this suggests that the
expression of MAL64 constitutive gene transcripts are
autoreqgulated. Two MAL63 homologous transcripts are
detected in inducible MAL6 strains, a constitutive 1.6 kb
transcript and a slightly maltose-inducible 2.0 kb
transcript (Needleman et al., 1984). Deletion of the MALé63
gene eliminates the 1.6 kb transcript but only reduced the
level of the 2.0 kb transcript (Dubin et al., 1988). This
shows that this 2.0 kb species is at least in part, derived
from another gene besides MAL63. The homology between MAL63
and MAL64 raised the possibility that the 2.0 kb transcript
detected by MAL63 probes was actually the product of the
MAL64 gene. The results presented by Dubin et al. (1988) do
not support this since normal levels of both the 2.0 and 1.6
kb MAL63 homologous transcripts are present in a MAL63
malé44 strain but when probed with MAL64-derived probes, no
homologous transcripts are detectable. These results
suggest that the 2.0 kb transcript is the product of another
gene having a greater homology to MAL63 than MAL64 and whose
expression is dependent on the MAL63 gene product.

The goal of my thesis research was to determine the
mechanism of constitutivity resulting from mutations in
MAL64. For this, we sequenced the MAL64, MAL64-C2 and
MAL64-R10 alleles. We found that the MAL64 and MAL63 gene
products are both 470 amino acids long and are 85%

identical. Surprisingly, the constitutive alleles contained
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nonsense mutations at codons 282 (MAL64-R10) and 307 (MAL64-
C2) creating constitutive activators by truncation of a
substantial portion of their C-terminal regions. We
constructed hybrid genes between MAL63, MAL64, and MAL64-C2.
The results suggest that the maltose-responsive region of
the MAL63-encoded activator is in the C-terminal half of the
protein but a required function for this region was also
uncovered. This region showed significant amino acid
sequence variation between MAL63 and MAL64 in the final C-
terminal residues 457-470. In MAL63 and not in MAL64, this
region is rich in acidic residues and contains a potential
casein kinase II phosphorylation site. We have shown that a
MAL63 allele containing a nonsense mutation at codon 457,
therefore deleting this site, is noninducible. For the
first time in our study on MAL63, we have been able to
detect MAL63p by overexpression in yeast and have shown that
overexpression of this activator does not result in a
constitutive phenotype. Lastly, we undertook experiments to
localize the transcriptional activation domain of MAL63p by
making MAL63 gene fusions to the DNA-binding domain of the
bacterial repressor gene, lexA and assaying the ability of
these encoded fusion proteins to activate transcription of a
reporter gene, lacZ, which contains LexAp binding sites in
its upstream promoter region. We found that only the full
length MAL63p, when fused to the LexA DNA-binding domain,

activates transcription, provided maltose is present, from
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the lacZ reporter gene. We were unable to create a
transcriptionally active LexA fusion protein when either the
N-terminal residues (1-215) or the C-terminal residues (216-
470) of MAL63p were separately fused to the DNA-binding
domain of LexA. However, we have shown that the final C-
terminal residues of MAL63p are required in this LexA-MAL63p
fusion for activity since deletion of these residues
abolishes the maltose-inducible transcription activation

function.
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Materials and Methods

Yeast strains. The yeast strains listed below were utilized

for various aspects of the work described in this thesis.

Included are the genotype of each strain and a literature

reference describing its origin.

8-2B (MATa MAL64-C2 mal63f13 MAL61 MAL62 MAL12 ura3-
52 leu2-3, 112 trpl ade) (Dubin et al., 1986)

R10O (MATa MAL64-R10 mal63A:URA3 MAL61 MAL62 MAL12
leu2-3, 112 trpl his) (Dubin et al., 1986)

340-22 (MATa mall3A MAL11-2 MAL12 ura3-52 ade)
(R.B. Needleman)

8c340 (AGT1 MAL12 MAL31 MAL32 his3 leu2-3, 112 adel
MEL1 GAL10-GAL4-URA3 integrated at the his3
locus) (Mylin et al., 1990a).

8c490 (AGT1 MAL12 MAL31 MAL32 his3 leu2-3, 112 adel
MEL1 ura3-52 ADH1-GAL4 cassette) (Mylin et al.,
1990a) .

332-5AAF1-5 (MATa malé64:LEU2 MAL63 MAL61 MAL62 mall3
malll MAL12 ura3-52 trpl his (Dubin et al.,
1988).

Bl16 (MAL23 MAL21 MAL22 malll MAL12 mall3 ura3-52
his3) (Our laboratory)

YPH500 (AGT1 MAL12 MAL31 MAL32 ura3-52 his3 leu2)

(Roger Brent)
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Bacterial and yeast strain growth. VYeast strains were grown
at 30°C on either rich media, YP (1% wt/vol yeast extract,
2% wt/vol peptone) or minimal media, SM (0.67% yeast
nitrogen base without amino acids) plus the appropriate
carbon sources, amino acids and nitrogen base supplement as
required (Sherman et al., 1986). The various carbon sources
were added to this media as indicated in each experiment.
Uninduced conditions is growth in 3% glycerol plus 2% lactic
acid. To this, 2% maltose was added for induced conditions,
or 2% glucose plus 2% maltose for repressed conditions.

E. coli strain, RR1 was grown in LB medium or LB medium
plus ampicillin if harboring an ampicillin resistant
plasmid. Bacterial strain JM109 recA-, used as a hosf
strain for M13 phage constructs, was plated on M9 media
[(0.6% (wt/vol) NaHPO, H,0, 0.3% (wt/vol) KH,PO,, 0.05%
(wt/vol) NaCl, 0.1% (wt/vol) NH,Cl, 1 mM MgsSO,, 0.2%

(wt/vol) glucose, 0.1 mM CaCl, and 0.01 mg/ml Bl thiamine)
and grown in liquid YT medium (0.8% tryptone, 0.5% yeast

extract and 0.5% NacCl).

Recombinant DNA techniques. DNA preparations, restriction
enzyme digestions and other DNA manipulations were done
according to procedures given in Ausubel et al. (1989) and
Maniatis et al. (1982). Several routine procedures involved
the use of commercial kits. Single-stranded M13 DNA was

prepared according to both Vieira et al. (1987) and
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protocols described by Amersham. Sequencing was done by the
dideoxynucleotide method using a kit from IBI (Sequenase
Version 2.0) (Sanger et al., 1977). All MAL64 sequences
close to the primer were able to be read so as to overlap
them at the centrally located EcoRI site and form a
continuous sequence from the two gene fragments.

Overlapping sequences were found by using the GAP program
available from the Genetics Computer Group provided in their
Sequence Analysis Software Package (Devereux et al., 1984).
Both DNA strands of MAL64 were sequenced in partially
overlapping steps using a series of oligonucleotides
complementary to previously sequenced regions.
Oligonucleotides were synthesized using the ABI
Oligonucleotide DNA synthesizer Model 380. The reagents and
purification procedures used were from Applied Biosystems
Inc. These MAL64-derived oligonucleotide primers were also
used to sequence the constitutive alleles. Labelling of DNA
was done by the random priming method using a kit from
Promega and radioactive ’P-dCTP from Amersham.
Oligonucleotide-directed site mutagenesis was carried out
using the M13 Muta-Gene In Vitro Mutagenesis kit from
Biorad. Gene fragments used for cloning were often isolated
from agarose gels with Gene Clean (Bio 101) before ligation

with T4 DNA Ligase (New England Biolabs).

Yeast transformation. Yeast strains were transformed by



62
making cells competent with 0.1 M lithium acetate using the
transformation method of Ito et al. (1983). Transformants
were selected on SD minimal media lacking the appropriate
amino acid(s). Integrative transformants were screened by
Southern analysis (Southern, 1975) to demonstrate that
insertion had occurred at the expected site and in single
copy. Transformants carrying episomal plasmids were
screened to show loss of the plasmid bourne nutritional
marker under nonselective growth conditions, that is, YPD
(1% wt/vol yeast extract, 2% wt/vol peptone and 2%

dextrose).

Plasmid rescue of the MAL64-R10 allele from constitutive
strain, R10. The plasmid pMJC6ACla (Figure 1) was targeted
to integrate at the BglII site 5’ of MAL63 in strain R10 by
digestion with BglII. Genomic DNA was isolated from a
transformant carrying a single integrated copy of the
plasmid (tested by Southern analysis), digested with BamHI,
and size-separated on a low-melting agarose gel. Fragments
of approximately 10-20 kilobases in size were extracted from
the gel, self-ligated and transformed into E. coli. A
single ampicillin resistant clone was found which harbored
plasmid pBamR10 containing a 12.5 Kkbp insert as shown in
Figure 1. Based on the results of Dubin et al. (1988), this
insert was expected to contain the MAL64-R10 allele and

genomic flanking sequences. The 3.5 kbp Clal fragment shown
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by Dubin et al. (1988) to contain MAL64 was then subcloned
from pBamR10 into the integrative plasmid, YIp5 (Rose and

Broach, 1991); this construct is called pMAL64R10.

Construction of plasmid YCpMAL63AR. To simplify the
construction of gene fusions between MAL63 and MAL64, a 5’
upstream EcoRI site in MAL63 had to be deleted. A Sall
fragment containing MAL63 was cloned into the M13 vector
mpl9 and used for in vitro mutagenesis as described above. A
52-base long oligonucleotide
(5’ACAATGCATATTACTATTGAGTTAAAATCAAATGCATCAATTGCGGGACCAT-3) ’/
complementary to the sequences flanking the EcoRI site
upstream of MAL63 but lacking the EcoRI sequence itself was
used to delete this site. Deletion of this site was tested
by loss of the EcoRI site by restriction enzyme digestion.
The mutagenized Sall fragment was then subcloned into the
integrative plasmid, YIp5. To avoid sequencing the entire
MAL63AR allele, the KpnI-BamHI fragment from this YIp5 clone
containing the entire yeast insert except for an
approximately 200 basepair region surrounding the deleted
EcoRI site, was then replaced by an identical fragment which
had not been subjected to mutagenesis. The Sall fragment
from this YIp5 clone was then subcloned into the yeast CEN
vector, YCp50 (Rose and Broach, 1991). This construct is

called YCpMAL63AR.
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Placement of the hemagglutinin epitope tag on the N-terminus
of MAL63p. Antibody directed against a peptide from the
influenza virus hemagglutinin protein is commercially
available (Berkeley Antibody Company, La Joclla, CA). A DNA
sequence encoding this peptide was inserted at the 5’-end of
MAL63, as follows, to provide an epitope-tagged allele of
MAL63 to be used for protein expression studies. For this
construction, we used an allele of MAL63 developed by Jeong
Kim (1991, Ph.D. thesis) in which an NcoI site was created
at the initiating methionine codon of MAL63 and an internal
NcoI site was deleted by oligonucleotide~directed in vitro
mutagenesis. This allele is referred to as MAL63/N. The
following oligonucleotides were made,

5/- TATCGATTAATACCATGGTTTAAATGTACCCATACGACGTTCCAGATTAC-3'
and

57 ~TATCGATTAATACCATGGATCCGGGACCACCCAAGCTAGCGTAATCTGGAAC-3'
which upon annealing and extension encode the peptide
MYPYDVPDYASLGGPGS. The first twelve residues of this peptide
encode the hemagglutinin peptide epitope recognized by the
12CA5 antibody (Wilson et al., 1984; Field et al., 1988).
The GGP residues are intended to create a hinge region so as
to expose the epitope for better antibody recognition. The
GS residues were added here to create a BamHI site for
identifying the presence of the epitope sequence. The
oligonucleotides were designed so that the 12 bases at the

3’ ends anneal to each other and contain flanking Ncol sites
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and this internal BamHI site. The annealing was done in
vitro, extended with all four deoxynucleotides using the
Klenow fragment of DNA polymerase, the reaction product was
run on a PAGE gel and an approximately 70 basepair fragment
was isolated, eluted and purified from the gel according to
Ausubel et al. (1989). Using a plasmid carrying the Sall
fragment containing the MAL63/N allele cloned into M13 mpl9,
the purified fragment was digested with NcoI and ligated to
the Ncol site at codon 1 of MAL63/N and the ligation mix
used to transform E. coli strain, MV1190. The resulting
transformants were screened for the presence of plasmids
containing the BamHI site within the inserted fragment. The
orientation of the epitope-encoding insert was determined by
sequencing this region and demonstrating that only a single
copy was present. The allele is referred to as MAL63/HA,

shown below:

N HA =HEMAGGLUTININ EPITOPE
MALG3

U A 3

JATG  ATG.,

8
6ﬁTYDVPDYASLGGP
The Sall fragment of this mpl9 clone was subcloned into

YCp50 to produce plasmid YCpMAL63/HA.

Expression of MAL63/HA from the GAL10 promoter. 1In order to
clone MAL63/HA downstream of the GAL10 promoter in the

overexpression vector, YEp51 (Broach et al., 1983), a Xhol
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site was created 60 basepairs upstream of the coding region
of MAL63/HA by in vitro mutagenesis of the mpl9 cloned
allele. The oligonucleotide used had the following
sequence: 5’/ -GTCTGTAAAGTGGAAAACTCGAGAACCCAGTTTTTTAGCTGCCTG-
3’/. Following the mutagenesis procedure, the full coding
region of MAL63/HA was sequenced to confirm the creation of
the XhoI site and no other unwanted mutations. An
approximately 2.3 kbp XhoI-Sall fragment including 60
basepairs upstream of the epitope-tagged MAL63/HA allele was
then subcloned into YEp51 which had been digested with SalI,

placing MAL63/HA downstream of the GAL10 promoter, to form

plasmid YEpMALG63/HA:

5

GAL10p _ HA MAL63 4
WWWVWIW\I\IVWW\Mp

N MALG3HA C

GAL4 protein

Creation of MAL63/HA-NS457. The EcoRI fragment containing
codons 215-470 of MAL63 was cloned into the M13 vector mpl8.
A mutagenic primer creating a translation termination signal

at codon 457 of MAL63 and a downstream BamHI site was used

for in vitro mutagenesis of this fragment. The sequence of

the oligonucleotide was

57 -GTCGTCTTCATCTTTGGAGGGATCCTTTAATTACAAAGGTTTAGAAATGGGCA-3".

The resulting clones were screened by digestion with Aval
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and BamHI and sequenced from the internal Clal site in this
EcoRI fragment through the termination codon and the BamHI
site. A cClal fragment in this mpl8 clone containing this
mutagenized region was used to replace the homologous
fragment in plasmid YCpMAL63/HA (see above). This allele is
referred to as MAL63/HA-NS457 and the plasmid as
YCpMAL63/HA-NS457. MAL63/HA-NS457 was fused to the GAL10
promoter of YEp51 for overexpression as follows. Plasmid
YEpMAL63/HA was digested with BamHI which cuts at the BamHI
site within the hemagglutinin tag sequence at the 5’-end of
the coding region and in YEp51 vector sequences downstream
of this MAL63/HA allele, and religated to produce
YEpMAL63/HAABam. The homologous BamHI fragment from
YCpMAL63/HA-NS457 was then subcloned into plasmid
YEpMAL63/HAABam at the BamHI site to form plasmid

YEpMAL63/HA-NS457.

Galactose-inducible expression of MAL63/HA and MAL63/HA~
NS457 in strains Sc340 and 8c490. The protocol of Mylin, et
al. (1990 a,b) was used. Strain Sc340 (URA3, his3, leu2,
adel) contains a GAL10-GAL4-URA3 cassette integrated at the
HIS3 locus and strain Sc490 (ura3-52, leu2, his3, adel)
contains an ADH1-GAL4 cassette integrated into its genome.
Both strains are nonfermenters and most likely contain MALIlg
and MAL3g sequences since they are derived from strain

$288C. This was confirmed by Southern analysis (data not
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shown). Both strains are also complemented by functional
MAL63 clones, enabling them to ferment maltose, thereby
confirming these findings. Strain Sc340 carrying either
plasmid YEpMAL63/HA or YEpMAL63/HA~NS457 was grown to
saturation in SM media lacking leucine containing 2%
glucose. An aliquot of the cells was then transferred to SM
media lacking leucine containing 3% glycerol and 2% lactate
and grown to an 0Dy, of 0.4. Galactose was then added to a
final concentration of 2% and the culture allowed to induce
for 2-4 hours. Cell extracts were prepared (see below) from
approximately 50 ml of this culture and the remaining cells
were spun down, resuspended in 100 ml of SM media lacking
leucine containing 2% maltose and allowed to grow for 1-2
hours. Cell extracts were prepared from 50 ml of this
culture and the remaining cells were spun down and
resuspended in SM media lacking leucine containing 2%
glucose and allowed to grow for up to 2 hours. Cell
extracts were prepared from this final culture. All
extracts were analyzed by Western blotting. For strain
Sc490 harboring either YEpMAL63/HA or YEpMAL63/HA-NS457,
cells were grown in SM media lacking leucine plus maltose or
glucose to an 0D, ~ 0.5-1.0. Extracts were prepared as

before.

Preparation of protein extracts. Protein extracts were

prepared according to Mylin et al. (1989). Cell culture



69
aliquots were chilled on ice for 10 minutes, pelleted at
4°C, washed once with cold water and once with breaking
buffer (lacking protease inhibitors and reducing agent).
Pellets could be stored at -70°C for less than 2 weeks.
Cells were allowed to thaw on ice for 30 minutes and then
resuspended in 0.3 ml of breaking buffer (50 mM NaPO, pH
7.2, 5 mM EDTA, 1 nM DTT, 1 mM PMSF, 0.2 mM Na;vo,, 2 uM
pepstatin, 0.6 uM leupeptin and 20 pug/ml aprotinin). An
equal volume of 0.45 mm glass beads was added and the cells
were broken with 6, 20 second pulses on a vortex mixer with
equal periods of rest on ice. Cell lysates were removed
from the beads, the beads were rinsed with 0.2 ml of fresh
breaking buffer and recovered extracts were combined.
Electrophoresis sample buffer concentrate 5X (5% SDS, 50%
sucrose, 50 mM Tris-Cl (pH 8.0), 5 mM EDTA, 160 mM DTT) was
then added to a final 1X concentration and boiled for 5
minutes. The extracts were centrifuged for 5 minutes at
room temperature and the supernatants were collected and

stored at -70°C for Western blot analysis and protein

estimation.

Protein determination. Protein concentrations in extracts
containing SDS were estimated by the Lowry method according
to Ausubel et al. (1989) using bovine serum albumen as a
standard and excluding deoxycholate from the trichloroacetic

acid precipitation step. Other protein extracts from g-



70
galactosidase assays or maltase assays were estimated using
the BioRad Protein Dye Reagent using bovine serum albumin as

a protein standard.

Protein—~A Sepharose purification of the anti-hemagglutinin
antibody from mouse ascites fluid. Mouse ascites fluid
containing anti-hemagglutinin antibody, 12CA5 was purchased
from the Berkeley Antibody Company (Babco). Purification of
the antibody was performed as outlined by Dr. Jeff Field
(Cold Spring Harbor; personal communication). Protein A-
Sepharose (Pharmacia) was resuspended and equilibrated in
0.05 M Tris, pH 7.5 and 2 ml of this suspension was placed
in a 3 cc syringe after placing a small piece of Whatman
paper in the mouth of the syringe. Ascites fluid was loaded
(0.5 ml) and allowed to flow through slowly and the
flowthrough collected. This flowthrough was loaded onto the
Sepharose column again, dripping slowly, collecting it again
and storing this final flowthrough at -20°C in 0.2% NaN,.
The column was then washed with 10 ml of Tris buffer
dripping slowly so as to allow for binding of the antibody
and removal of any unwanted materials. Antibody was eluted
with 0.1 M glycine, pH 2.9, fractions were collected (100
1l) and neutralized by addition of 100-200 ul of 1M Tris, pH
7.5. Aliquots of each fraction were dot blotted onto
nitrocellulose and probed with secondary antibody, anti-

mouse IgG peroxidase (Sigma) and developed by use of the ECL
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detection system (Amersham). Fractions containing antibody
were pooled together and dialyzed against 1X PBS buffer at
4°C overnight. These dialyzed fractions were stored in 0.2%

NaN; and kept at 4°C.

Western blotting analysis using the ECL detection systemn.
Aliquots of protein extracts and prestained protein markers
(Bethesda Research Laboratories) were run on a PAGE gel by
using the Laemmli method with an 8% separating gel and
processed according to the methods in Ausubel et al. (1989).
Protein gels were transferred to nitrocellulose for 1-2
hours at 80 volts in transfer buffer, pH 8, containing 20 mM
Tris, 150 mM glycine and 20% methanol. Filters were rinsed
with deionized, distilled water and stained with Amido Black
(Sigma) to ensure that an approximately equal protein
transfer had occurred since equal amounts of protein were
loaded onto the PAGE gels for stability studies. Filters
were destained in deionized water and blocked overnight at
4°C in blocking buffer (1X PBS from a 10X PBS stock
containing 80 g/1 NaCl, 2 g/1 KC1l, 6 g/l Na,HPO,, and 2 g/l
KH,PO, plus 10% nonfat dry milk and 0.1% Tween 20). Filters
were then incubated at room temperature on a Hoefer Red
Rocker for 2 hours with mouse anti-hemagglutinin antibody in
blocking buffer at a concentration of 1/50. Filters were
rinsed in 1X PBS buffer containing 0.1% Tween 20 for 15

minutes and then incubated with goat anti-mouse IgG (Sigma)
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at a concentration of 1/1000 for 1 hour at room temperature.
Filters were rinsed once again and then incubated with mouse
PAP antibody (Sigma) at a concentration of 1/1000 for 1 hour
at room temperature and rinsed for the final time for 15
minutes. An equal volume of each reagent contained in the
ECL detection kit (Amersham) was reacted with the filters
for 1 minute, drained of excess reagents, placed on a piece
of Whatman paper and covered with a piece of Saran wrap.

The filters were then exposed to ECL film (Amersham) for
different time periods (from 15 seconds to 10 minutes) and

developed.

Cloning of MAL63 into the lexA fusion plasmid, pSH2-1. The
approximately 1.0 kilobasepair EcoRI fragment of MAL63
containing codons 215 to 470 plus downstream sequences was
fused in frame to the DNA~binding domain of LexAp (codons 1-
87) in plasmid, pSH2-1 (Hanes and Brent, 1989). This fusion
was called pLexA:MAL63(215-470). It was also necessary to
clone the full length MAL63 gene downstream of the LexAp
DNA-binding domain. This was done by excising a BamHI-Sall
fragment from plasmid YEpMAL63/HA and cloning this into
pSH2-1 digested with BamHI and SalI. This joined the BamHI
site within the hemagglutinin epitope of MAL63/HA to the
BamHI site in the polylinker region downstream of codon 87
of lexA but the proper reading frame was not achieved in

this fusion. Therefore, the fusion plasmid was then
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digested at the unique BamHI site, the overhanging bases
excised with S1 nuclease (IBI) and the blunt ends religated.
Double-stranded sequencing (according to protocols from
Promega) of the resulting clones which lost the BamHI site
was done to determine that a proper reading frame could now
be established. One plasmid which contains codons 2-470 of
MAL63 (and none of the epitope residues) fused to codons 1-
87 of lexA is referred to as pLexA:MAL63(2-470). By
exchanging the C-terminal EcoRI fragment present in
pLexA:MAL63 (2~-470) with the homologous fragment which had
been mutagenized by creation of a nonsense mutation at codon
457 (see above), the clone pLexA:MAL63(2-456) was made
encoding a truncated MAL63p (residues 2-456) fused to
residues 1-87 of LexAp. Another fusion of MAL63 to the DNA-
binding domain of lexA containing only the N-terminal
residues 1-215 was kindly constructed by Andrew Gibson in
our lab by PCR techniques. Two oligonucleotide primers were
used to amplify these residues from a MAL63 clone: 5’-
CGGAATTCATGGGTATTGCGAAACAGTCT-3’ (which anneals to the
noncoding strand at codons 1-7) and
5/ -TGAGTTGAAGTTCACCGA-3’ (which anneals to the coding strand
at codons 219-224). In a PCR reaction, these
oligonucleotides were able to amplify a 678 basepair
fragment of MAL63 containing codons 1-224. This fragment
was then digested with EcoRI to generate a 651 basepair

fragment of MAL63 containing codons 1-215 and having EcoRI
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sticky ends. This digested fragment was then ligated in
frame into pSH2-1 digested with EcoRI. E. coli
transformants containing the 651 basepair EcoRI fragment
were screened by double-stranded DNA sequencing across the
fusion junction using an available primer which anneals to
the MAL63 insert. By sequencing, the orientation and
reading frame of the fusion was verified. This fusion was
called pLexA:MAL63(1-215). Since residues 1-215 of MAL63 do
not contain an internal termination codon, upon fusion of
these residues to LexAp, a termination codon was provided in
the polylinker region of pSH2-1 downstream of the EcoRI
site. This involved the addition of 24 residues
(FPGIRRPAAKLIPGEFLMIYDFYY), derived from polylinker
sequences, to the fusion pLexA:MAL63(1-215) before the
terminator was reached. A positive control plasmid which
activates reporter gene expression in this system,
pLexA:SNF2 (Laurent et al., 1991) and the reporter plasmid
(pSH18~-18) containing the GALl-lacZ fusion and six upstream
LexAp binding sites was given to us by Brehon Laurent from
the lab of Dr. Marian Carlson (Laurent et al., 1991; Hanes
and Brent, 1989). Rabbit antiserum raised against the LexA
protein was kindly provided by Roger Brent and used to assay
the levels of expression of the various LexA fusion
proteins. Plasmid pRSMAL63 was made in our lab by Andrew
Gibson which contains the ~ 3.2 Kbp Sall fragment of MAL63

cloned into the Sall site of plasmid, pRS315, which contains
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a LEU2 marker (Sikorski and Hieter, 1989).

Enzyme assays. Maltase activity was assayed according to
Dubin et al. (1985). pB-galactosidase activity was assayed
according to Ausubel et al. (1989) from crude extracts and
the specific activity of the enzyme was calculated.
Activities were calculated on three aliquots of extract and
on two separately grown cultures. Variations in activity
levels from individual cultures were no more than 15% for

both types of assays.
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Chapter I: Structural and functional comparison of MAL63,

MAL64, and the MAL64-constitutive alleles

Results

Cloning and localization of MAL64—-R10.

Figure 1 shows the structure of the MAL6 locus located
on chromosome VIII of Saccharomyces cerevisiae illustrating
the location of the MAL63 and MAL64 dgenes and the genomic
fragments used to subclone the two genes (Dubin et al.,
1988). Dubin et al. (1988) cloned and characterized the
constitutive allele, MAL64-C2. They showed that the MAL64-
C2 allele was contained within the 3.5 kbp Clal fragment
shown in Figure 1 and that MAL64-C2 encoded a dominant,
constitutive activator of the MAL structural genes. Using
the same plasmid rescue procedure, we isolated plasmid
pBamR10 (Figure 1) containing the MAL64-R10 allele from
strain R10 as described in Materials and Methods.

The homologous Clal fragments from the MAL6 locus of the
wild-type'strain and the two constitutive strains weres each
cloned into the integrative plasmid, YIp5 (Rose and Broach,
1991) and were called pMAL64 (containing the wild-type MAL64
gene), pMAL64C2 (containing the MAL64-C2 allele) and
PMAL64R10 (containing the MAL64-R10 allele). Transformants

carrying a single copy of plasmids pMAL64, pMAL64C2 and
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Figure 1. Diagram of the MAL6 locus on chromosome VIII of
Saccharomyces cerevisiae. A restriction endonuclease map of
the chromosomal region containing the MAL6 locus is shown
(Dubin et al., 1988). The approximate location of the open
reading frames of each gene is shown above the map along
with the direction of transcription (Charron et al., 1989;
Cheng et al., 1989; Dubin et al., 1988; Kim et al., 1988;
Needleman et al., 1984). The DNA fragments indicated as
MAL63 and MAL64 are the yeast inserts used to subclone the
MAL63 and MAL64 genes, respectively, into the various
vectors for the experiments described here. Plasmid
pMJC6ACla contains the indicated yeast insert in the vector
YIpS5ACla which was derived from YIp5 by deletion of the
unique Clal site (Charron et al., 1988). Genomic fragment
pBamR10 is the fragment rescued from strain R10 which
contained the MAL64-R10 constitutive allele. Restriction
endonuclease sites are as follows: A, Aval; B, BamHI; Bg,
BglII; C, Clal; H, HindIIXI; Hp, Hpal; M, MluI; N, NcoI; P,
Pstl; R, EcoRI; S, SalIl; Sm, Smal; Ss, Sstl; Xb, XbaIl; Xo,

XhoI.
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PMAL64R10 1in strain 340-2A were obtained by integration of
the plasmid at the chromosomal ura3-52 locus. Strain 340-2A
contains a natural variant of the MALl locus containing only
the structural genes encoding a maltose permease (the AGT1
gene encoding a general a-glucoside transporter) and maltase
(encoded by MAL12) and lacks sequences encoding a functional
MAL-activator (Charron et al., 1988; Han et al., submitted
for publication). The ability of these plasmids to turn on
maltase expression in strain 340-2A are presented in
Table 1. Clearly, pMAL64R10 contains the constitutive
MAL64-R10 allele. Both plasmids carrying the constitutive
alleles complement strain 340-2A and maltase expression in
these transformants is fully constitutive. Most notably,
maltase expression in the 340-2A transformants containing an
integrated pMAL64R10 plasmid under noninduced growth
conditions (GL) is twice that under maltose-induced
conditions. The basis for the "maltose repression" is not
clear but a similar phenomenon is seen with the MAL43-C
constitutive allele (Andrew Gibson, unpublished results).
The results in Table 1 also confirm the finding that the
wild-type allele of MAL64 is unable to complement strains
lacking a functional MAL-activator gene (Dubin et al.,
1988). While some inducible maltase expression is seen for
this allele, the level is inadequate to support
fermentation. In addition, both constitutive alleles appear

to be slightly insensitive to glucose repression. In 340-2A
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Table 1. Activation of maltase gene expression by MAL64,
MAL64~C2, MAL64-R10 and hybrid genes.
Plasmids were constructed as described in Materials and
Methods and were transformed into the yeast host strain 340-
2A, genotype AGT1 MALI12 (Charron et al., 1988; Han et al.,
submitted) .
8 Maltose fermentation was determined in Durham tubes
containing YP medium (Sherman et al., 1986) plus 2% (wt/vol)
maltose and is measured as the production of acid and gas 1~
3 days after inoculation.
b Maltase activity was determined as the rate of release of
p-nitrophenol from p-nitrophenyl-a-D-glucopyranoside (PNPG)
and is expressed as nanomoles of substrate split per minute
per milligram of protein at 30°C. GL indicates noninducing
growth conditions on YP media plus 3% (vol/vol) glycerol and
2% (vol/vol) lactic acid; GL+M indicates inducing growth
conditions on GL media plus 2% (wt/vol) maltose; GL+Glu
indicates repressed growth conditions on GL media plus 2%
(wt/vol) glucose; and GL+M+Glu indicates repressed growth
conditions on GL media plus 2% (wt/vol) each of maltose and

glucose.



Table 1. Activation of maltase gene expression by
MAL64, MAL64-C2 and MAL64-R10 hybrid genes

Maitase activity

Plasmid  Yeast Insert Fermentation GL MAL GLU M+GLU
None - - 16 38 4 3

pMAL64C2 +++ 635 725 55 54

+++ 1725 930 94 107
+++ 580 690 40 63

- 22 74 3 )
+4++ 1600 937 120 107

PMAL64R10 [ MAL

PMALBAWT/C2

PMALG4C2/64WT

pMALB4WT/R10

- 20 66 3 3

PMAL64R10/64WT |

YCpMALE3 [\ "WIALE3\ \| ++ 30 639 4 3

T8
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transformants carrying the maltose-inducible MAL63 gene on
plasmid YCpMAL63, even though MAL63 is not integrated in the
genome but is on a centromere plasmid, maltase synthesis is
induced approximately 30 to 35-fold by maltose and repressed
100 to 200-fold below the fully induced levels when glucose
is added to the medium. Maltase synthesis in 340-2A
transformants carrying the MAL64-constitutive alleles,

however, is repressed only approximately 10-fold by glucose.

Sequences of MAL64, MAL64-C2 and MAL64—-R10.

Dubin et al. (1988) found that integration of a DNA
fragment containing the URA3 gene into the HindIII site of
the 3.5 kbp Clal fragment containing the MAL64-C2 gene
(Figure 1) disrupted its function, indicating that MAL64 was
located near this site. The 1.2 kilobasepair BglII-EcoRI
fragment from MAL64 containing this HindIII site and the
adjacent 1.8 kilobasepair EcoRI fragment were each subcloned
into mpl8 and mpl9 so that both strands could be sequenced
(Yanisch-Perron et al., 1985).

Figure 2 shows the 2008 basepair sequence from the
region surrounding the HindIII site of the wild-type MAL64
allele beginning to the right of the 5’-BglII site shown in
Figure 1 and extending toward the MAL63 gene. Within this
sequence, a single large open reading frame of 1410
basepairs is found which encodes wild-type MAL64p, a deduced

protein of 470 amino acid residues in length as shown in
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Figure 2. Nucleotide sequence of the MAL64 gene and the
deduced amino acid sequence of the MAL64 protein (MAL64p).
The underlined region upstream of the initiating methionine
codon shows homology to the proposed MAL63p binding site of
the UAS,, found in the MAL61-MAL62 intergenic region. The
position of the EcoRI site at residues 215 and 216 used for
the construction of the hybrid genes is shown. The
positions of the nonsense mutations in the MAL64-C2 and
MAL64~R10 constitutive alleles are indicated above the wild-

type sequence.
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CTAGAGGATCTTITCGGATGCTACCACCCCIGTT
TATAACGTGTAAC L AAT QTG A A T T e ST T SO A CA G I T T CCCTAGC T T T T CTCACEAGAATTAATCCGCCGTACAATATT
TCGATCTTT T TAATGTTTCT CCCTGTGCATGCAGACCAATATTCGTAGAAGATAGAACCGCTCAGAAACATCTCTACAAMAGCTGAACCA
CTGCACTTTTTAGGACTCATATCATCACAGAAACAGGCCGTTTIGAGGAAAAAGATTATGTCACTACAGTCTACGAT CTTTGIGTTCAGE
AAATGATCCTTT I TCAMAAACTTTAACT CARTAGT T ATAAT P CAGTGTTT I CACTCTAGAGATTTTGAGTACCTGITATGTACCGCCCAG
GTCATIGCCTTIGCTGCGGEAT CATCCCACCCCCOTACTGTTGT I TCAGCAACCCGGGCTTAATATITTGTTTATTTATATCTATAACTT
GAGTACAGACAGCAAAAARACTTGAGITCAAGAGTTTITTCACTCTATGAACAMCAGAAAGTTATTATCARAAATTTITTTAAAAAGAT

ATGAGTATTGCAAGACAGTCGTGCGATTGCTGTCCTGTTCGTCCAGTAAAGTGTGACAGGAATARACCATGCAGCCGCTGCCATCAGCRC
M s I A R QS CDCCRUVRRUYVY XK CDRNIEKU®PZC ECSI RTZGCHNZ QR

AACTTGAATTGCATCTTATCTCGACCACTGAAGAAGAGGGGTCCAAAGTCTATAAGAGCAAAAAGCTTGAGAAAGATAGCAGAAGTACAG
N L ¥ ¢ I L S RPULIKI KU RGUPI K ST RAIKSTILRIEKTIATEUVaQ

ATGGTGAGTATGAATAGCAATATCATGG TCACACCTGTGGCGCTTATGAAGGTCCCARAGAAGGTGATTGAACAATGCTTAAGACTGTAT
M VvV S M NS NI NV TPV ALEETEK YVY?PKZ KU YVYTIES~ QT CILRITILY

CAGGATAACTTATACGTGATTTIGGCCTATGCTCTCTTATGATGATCTTCACAAGCTICTAGMGARARATATGACGACTGCTATACTTAC
Q DN L Y V I WPM LS Y DODILMH KLILETETZ KTYHDUDG GC?YTZY

TGTT I TITAGTGTCTCT I TCAGCAGCCACTCTGAGCGACTTGCAAACTGAGATAAGATCAGAAGAAGGAGTTCCGTTCACTGGTGAACAG
¢ F L VS L S AATULSDTULA QTTETITRSETEGV VY PTFTGTEQ

TTGTGT I CTCTTTGCATGTTATCGCGTCAAT TCATTGACGATCTGAGTAACAGCGATATATI TCCGAATCATGACATACTATTGCTTACAT
L ¢S LCHMULSURQTFTIDODTULSNSUDTITFRTIMH®TUYUYOCTLH

CGTIGTTACGCACAGTTTGCGGATACGAGAACTTCCTATAGACT T TCTIGTGAAGCTATCGGTATTATCAAAATGGGGGGATTTCATAGG
R ¢ ¥ A Q F A DT RTS YRULSOCCEAILIGTITLIIR KM MGG GT FHR

EcoRI

GAAGAAACTTATGAATICCTTCCCTTCGGTGAACAGCAACTCAGAAGGAAAGTTTACTATTIGCTTCTCATGACAGAGAGATACTATGCT
E ET Y E F L PF 6 E Q QL RRIEKUV Y Y L L LMTETRY Y A

GTATACTTCCATGTTGTCGCGAGTCTTGATGCGATAGTAGCACCACCACTACCTGAGATTGTAACAGACCCTCGTCTTTCTCTGGAAAGT
v Y FHV VASLODATIUVADZPPLUPETIVYTDPRIULSTULTE S
MAL64-R10
TGA
TTCCTTCGAGGTGATTAGAGT T T TTACTGTACCAGGAARGTG T TTCTT T GATGCTTTACGCACTAATT GTGTCAACGATTCTTSTACCGAA

F L EV I RV F TV PG K Cc F FDALRTNG GV VNDS SGCTE
MALE4=-C2
TGA

GAATCCTTAAGAAGGATATGGAATGAACTTCATACGG TATCACTCGCTGTAAAACCGTGETCTTACGGATACATAGATTTICTGTTTTCG
E S L RR T W NUEILUHTUV S L AV KPW S ¥ G Y I DF L F s

AGACATIGGGTCAGGACACTAGCCTGGAAACTAGTACTTCATATGAAAGGCATGCGGATGAAT T T TCTTTCTAGTGCTAGTAGTACACAT
R H W V¥V R T LAWK ULV L HMN KGM®RMNTFILS S AS S TH

ATACCAGTCAAAATTGCTAGGGACATGTTCGGAGACACGTTCT TAACTCCGAAAARCCTGTATGATGTACATGGTCCTGGAATACCGATG
r PV KI ARDMULGODODTT F L TO®PI KU NIULYDVHGPGTI P H

AAGGCATTAGAAATAGCCAATGCATTIGGTAGATG TCGTAAATAAGTATGATCACAATATGARGTTGGAAGCATGGAATGTTTTGTATGAT
K A L E I A NA LV OV VY N K Y DHNMETLTEA AUWNUVTLYD

GTATCTAAATT TG T T T TCT CTCTYCAAACACTGCAATAATAAAATGGTTGAGATGTTTTCAACGARATGCCARAATGCCTTAATTACACTA
v s K F VvV F S L K ¥ ¢ N N KM V EMTF ST KCQ N ALTI TL

CCAATTTCCAAACCTTTGCAATTCAATCACAATTCCAAAAACGATGAAAGCATAGTGCCT IGATTTGCTTCGACCTCCGTTCAC
P I S K P L Q L N H N S K N D E S I V P wow

Figure 2: DNA sequence of MAL64 and the deduced amino acid
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Figure 2. The sequence of the MAL64 coding region is 85%
identical on both the nucleotide and amino acid level to
that of the MAL63 gene (Kim et al., 1988) which encodes the
inducible MAL-activator at MAL6. Figure 3 aligns the
deduced amino acid sequences of MAL64p with that of the
MAL63p. Both genes encode proteins of 470 amino acid
residues in length. Variant residues in MAL64p are found
scattered throughout the segquence but are usually clustered
(see circled residues and residues in boldface type in
Figure 3). Within the proposed DNA-binding domain of MAL63p
(residues 8-34), differences in MAL64p are seen at residues
25 and 28 and a short cluster of variant residues is present
in the region immediately adjacent to residue 34. The
upstream sequences of the two genes are 58% identical (not
shown) if mismatched and unmatched bases are both included
in the calculation. Since transcription of MAL64 is
maltose~inducible and requires a functional MAL-activator
(Dubin et al., 1988), a search of the 574 basepairs of the
MAL64 upstream sequence revealed a potential MAL-activator
binding site at base positions =526 to -493 (Ni et al.,
1990; see underlined sequence in Figure 2). This site shows
a match of 22 out of 35 basepairs to a 34 basepair region
containing the proposed upstream binding site of the MAL-
activator in the MAL61-MAL62 intergenic region with only a
single one basepair gap. This 34 basepair sequence from the

MAL61-MAL62 upstream region includes the sequence of the in



86
Figure 3. Comparison of the deduced amino acid sequences of
MAL63p and MAL64p. The deduced sequence of MAL63p was
previously reported (Kim et al., 1988). Those residues in
MAL64p which differ from MAL63p are circled. The final 14
C-terminal acidic residues are in boldface type. The
italicized residues in the MAL64p sequence indicate the
positions of the termination codons found in the MAL64-R10

and MAL64~C2 alleles.
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vitro MAL63p footprint demonstrated by Ni and Needleman
(1990) which, when deleted, eliminates maltose-inducible
expression of MAL61 and MAL62 (Levine et al., 1992).

The position of the alterations in the MAL64-C2 and
MAL64-R10 alleles were further localized within the 3.5
kilobasepair Clal fragment by the swapping of genomic
fragments from MAL64, MAL64-C2 and MAL64-R10. For this,
hybrid genes were constructed as shown in Table 1 using the
conveniently located EcoRI site in approximately the middle
of the 3.5 kbp Clal fragment containing MAL64 (or the
constitutive alleles) and the BglII-Sall fragment containing
the MAL63AR allele. Sequence comparison of MAL63 and MAL64
(described above) demonstrated that this EcoRI site was in a
homologous position in both genes. Plasmids pMAL64,
pPMAL64C2 and pMAL64R10 were all digested with EcoRI to
delete the C-terminal EcoRI fragment and religated to
produce the plasmids, pMAL64ARI, pMAL64C2ARI and
PMAL64R10ARI. The 1.8 kilobasepair EcoRI fragments from the
wild-type and constitutive alleles were then individually
ligated into these constructs to produce the various hybrids
shown in Table 1. For example, the EcoRI fragment
containing the 3’ end of MAL64 in plasmid pMAL64 was
replaced with the homologous fragments from MAL64-C2 and
from MAL64-R10 to form plasmids pMAL64WT/C2 and
pPMAL64WT/R10, respectively. Conversely, the EcoRI fragment

containing the 3’-end of MAL64-C2 and MAL64-R10 in plasmids
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PMAL64C2 and pMAL64R10 was replaced with the homologous
fragment from wild-type MAL64 to form plasmids pMAL64C2/64WT
and pMAL64R10/64WT, respectively. These hybrid
constructions were introduced into strain 340-2A in a single
integrated copy at the chromosomal ura3-52 gene and the
phenotype of the transformants determined. As shown in
Table 1, only transformants carrying the pMAL64WT/C2 and
PMALG64WT/R10 hybrid plasmids fermented maltose and
synthesized constitutive levels of maltase comparable to
levels synthesized in transformants carrying the pMAL64C2
and pMAL64R10 plasmids, respectively. Transformants
carrying the pMAL64C2/64WT and pMAL64R10/64WT hybrid
plasmids did not ferment and only a slight (2-3 fold)
increase in maltose-induced maltase expression was observed
comparable to that observed for transformants carrying the
pPMAL64 plasmid. These results clearly indicate that the
alterations producing the constitutive phenotype lie in the
3’ EcoRI fragment of each constitutive allele.

For the MAL64-C2 allele, the entire coding region plus
approximately 500 basepairs of the upstream region was
sequenced. Only a single alteration from the wild-type
MAL64 sequence was found in MAL64-C2, a guanine to adenine
transition at basepair +921 creating a translation
termination site (nonsense mutation) at codon position 307
(Figure 2) located within the 3’~EcoRI fragment of MAL64-C2.

This result is consistent with the results from the
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MAL64/MAL64-C2 hybrids shown in Table 1. Based on the
results in Table 1, only the coding region of the 3’/-EcoRI
fragment from the MAL64-R10 allele was sequenced and
compared to MAL64. This MAL64-R10 fragment was shown to
contain a single base change, a guanine to thymidine
transversion at basepair +846 creating a premature
termination codon at residue 282 (see Figure 2). Thus, in
both constitutive alleles, MAL64 has been activated to
function as a constitutive transcription activator of the
MAL structural genes as a result of the loss of a

significant portion of the C-terminal region of the protein.

MAL64/MAL63 hybrid genes.

The results above suggest that the C-terminal portion
of MAL64p inhibits its ability to function as a
transcription activator. Moreover, in view of the fact that
the C-terminal truncations produced a constitutive
transcription activator, this region of MAL64p, and possibly
also MAL63p, might respond to the inducer, maltose. 1In
order to test this hypothesis, a series of MAL64/MAL63
hybrid genes were constructed. To facilitate the
construction of these hybrids, the upstream EcoRI site of
the MAL63 gene was deleted (as described in Materials and
Methods) to produce the plasmid YCpMAL63AR. The deletion of
this site had no effect on the inducible expression of MAL12

in strain 340-2A (see Table 2). Using plasmids YCpMAL63AR
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and YCpMAL64, hybrid gene fusions could be created by
exchanging the 3’ EcoRI fragments of MAL63 and MAL64
encoding amino acid residues 215 to 470 as well as sequences
3’ to the MAL64 coding region.

Plasmid YCpMAL64/63 carries the BamHI-EcoRI fragment
containing the promoter region and codons 1-215 of MAL64
fused in frame to the 3’ EcoRI fragment of MAL63. This
hybrid gene encodes a functional, maltose-inducible MAL~-
activator (Table 2) however, transformants carrying plasmid
YCpMAL64/63 grow slowly on maltose and fermentation is very
slow (5-7 days). In addition, the induced levels of maltase
are about 40% of those seen in transformants carrying
plasmid, YCpMAL63 expressiﬁg the wild-type MAL63 activator.
Because this hybrid activator gene is being expressed from
the maltose-inducible MAL64 promoter, it is likely to
require auto-induction perhaps lengthening the time course
of induction and fermentation and reducing levels of
expression seen in mid-log phase of growth. This has not
been studied further.

The inducible phenotype of the YCpMAL64/63 gene fusion
clearly supports the proposal that the maltose-responsive
domain lies in the C-terminus of the MAL63p. The
construction containing the 5’ SalI-EcoRI fragment of MAL63
and the 3’ EcoRI fragment of MAL64 (YCpMAL63AR/64) was
unable to complement strain 340-2A. These transformants

were noninducible, nonfermenters possessing similar levels
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Table 2. Activation of maltase gene expression by
MAL64/MAL63 hybrid genes. Single copy yeast plasmid clones
were constructed using the CEN plasmid YCp50 (Rose and
Broach, 1991) containing MAL64/MAL63 hybrid sequences as
described in Materials and Methods and transformed into
strain 340-2A. Cells were grown in SM medium lacking uracil
and containing the indicated carbon source(s). Conditions
for enzyme assays and fermentation tests were performed

similarly as presented in Table 1.



Table 2. Activation of maltase gene expression by MAL64/63 hybrid genes

Maltase Activity
(nM PNPG/min/mg protein)

Maltose
Plasmid Yeast Insert Fermentation GL GL+M GL+Glu GL+M+Glu
YCp50 None - 16 39 4 3
R S
YCpMAL63 ++ 30 639 3 4
S B/Bg A
YCpMAL63AR ++ 22 677 2 3
R
[+ Cc
YCpMAL64 p-----{ maes | mateq |------ i - 22 67 2 3
R
¢ R
YCpMAL64/63 p----- { maes [THAAIET + 20 260 2 3
sass _ tm” e
YCpMAL63AR/64-C2 LS atsec |----- | . 40 96 3 3
S B/Bg A R ¢ R
YCpMAL63AR/64 WAL | MALed |- ----- H . 20 53 2 2

£6
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of maltase expression as those seen in transformants
harboring the wild-type MAL64 gene, plasmid YCpMAL64. This
implies that MAL64 encodes a nonfunctional activator
possibly because the inhibitory effects of the C-terminal
region cannot respond to maltose.

If the C-terminal region of MAL63p contained only a
maltose-responsive domain then, based on the homology of
MAL63p and MAL64p, truncation of the C-terminus of MAL63p at
residues 282 or 307 should create a constitutive activator
as was found for both MAL64C2 and MAL64R10 proteins.

Plasmid YCpMAL63AR/64C2 fuses the 3’ EcoRI fragment of the
MAL64~C2 allele (containing a nonsense mutation at codon
307) to the 5’ SalI-EcoRI fragment of MAL63. This hybrid
gene product encodes a truncated protein with MAL63p
sequence from residues 1 to 215 and MAL64p sequence from
residues 216-306. Transformants carrying the
YCpMAL63AR/64C2 plasmid did not ferment maltose and were
only slightly inducible (Table 2) implying that the C-
terminal region of MAL63p contains, in addition to the
maltose-responsive domain, a domain which is required by
MAL63p for function. We initially thought that the slight
inducibility of this construct was significant and might be
enhanced by increasing the gene copy number of this hybrid.
The MAL63AR/64C2 hybrid gene was cloned into plasmid pHRS81,
which carries a LEU2-defective allele and which amplifies to

approximately 400 copies/cell in leucine-deficient medium.
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This hybrid gene was amplified by PCR where BamHI sites were
created for subcloning into pHR81. This construct was not
sequenced, however, upon amplification using PCR. Strain
340-2A carrying this plasmid was still unable to ferment
maltose when grown in leucine-deficient media (Andrew
Gibson, personal communication). The basis of this
fundamental difference between truncated MAL63p and

truncated MAL64p remains to be determined.

Discussion

The MAL63-encoded MAL-activator is a 470 residue
protein required for the regulation of transcriptional
expression of the structural genes encoding the maltose
fermentative enzymes. As a maltose-responsive activator of
transcription, it is expected that MAL63p, possibly in
conjunction with other factors which interact with it, will
be capable of localizing to the nucleus, binding to the

UAS responding to the presence of maltose and interacting

MAL 7
with the transcriptional machinery. Regions of the MAL-
activator show distinct homology to functional domains
recognized in other fungal and higher eukaryotic activators
of transcription (Guarente, 1987; Struhl, 1989b). The
region from residues 8 to 34 in MAL63p is rich in cysteine
and basic amino acids and is highly homolcgous to the well-

characterized DNA-binding domain of GAL4p (Johnston, 1987;

Johnston et al., 1986). In GAL4p, this region has been
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shown to bind zinc and, reportedly, all six cysteines
interact with two zinc ions to form a binucleate-metal-ion
cluster responsible for DNA-binding (Pan et al., 1989,
1990). Recent studies in our laboratory confirm that this
region of MAL63p is responsible for DNA-binding (Kim and
Michels, unpublished results). In the MAL64 proteins,
residues 8 to 34 differ from MAL63p at two sites, Asn-25 is
a Ser and Ile-28 is a His (see Figure 3). However, DNA-
binding of the MAL64p or constitutive MAL64p has not been
demonstrated at the UAS,, but these changes in MAL64p could
alter the function of MAL64p as compared to MAL63p at this
binding site. A similar finding is seen in the HAP1-18
allele as described previously. A mutation ét the base of
the DNA-binding domain results in a protein which increases
transcription of CYC7 (Kim et al., 1989). It is possible
that this mutation in HAP1 allows for the altered protein to
bind with a higher affinity to a component(s) of the general
transcription machinery. It is possible that this is the
reason why MAL63p and possibly the constitutive MAL64p both
bind to the UAS,, but activate maltase expression to
different levels.

Nuclear targeting sequences have been identified in
several proteins (Rihs et al., 1991; Robbins et al., 1991).
These sequences appear to consist of two clusters of basic
residues separated by approximately 10 other residues. The

MAL63p sequence from residues 41 to 55 conforms well to the
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reported consensus sequence and lies just C~terminal to the
proposed DNA-binding domain. These 15 residues of the
proposed nuclear targeting sequence vary between MAL63p and
MAL64p at two sites. One is a conservative change of Lys-54
in MAL63p to an Arg in MAL64p and the second increases the
number of basic amino acids in MAL64p by converting Gly-51
in MAL63p to a Lys. Single changes of this type reportedly
do not have significant effects on the targeting ability of
these sequences. It is interesting to note that many of the
known nuclear localization signals have closely associated
casein kinase II phosphorylation sites and that
phosphorylation of these sites enhances the nuclear target-
ing ability of the protein (Rihs et al., 1991). A casein
kinase II site is not located near the proposed NLS in
MAL63p or MAL64p, however, the final C-terminal 14 residues
of MAL63p contains a potential casein kinase II target site
(see boldface residues in Figure 3; Kuenzel et al., 1987;
Marchiori et al., 1988).

The results reported here localize the maltose-
fesponsive domain of the MAL63-encoded activator to its C-
terminal residues 216 to 470. Loss of this homologous
region, as only seen in the MAL64-C2 and MAL64-R10
mutations, leads to a constitutive phenotype indicating that
maltose induction involves the release from negative
control. However, a similar truncation of the maltose-

responsive domain in MAL63 does not result in a constitutive
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activator. In this regard, the MAL64-encoded activator is
similar to HAPlp and LEU3p of Saccharomyces and the
mammalian glucocorticoid receptor where large internal
deletions have been shown to lead to a constitutive
phenotype (Kim et al., 1990; Zhou et al., 1990; Godowski et
al., 1987). Two alternate models for this negative control
can be suggested. Either the maltose-responsive domain
interacts with another region of the MAL63 activator itself
or with a negative regulatory factor encoded by another
gene. In the absence of maltose, this interaction would
prevent the MAL63 activator from functioning as a
transcription activator. In the presence of maltose, the
MAL63 activator could undergo a conformational change needed
to release the inhibitory effects of the maltose-responsive
domain or release the negative regulatory factor. Thus,
deletions or other mutations in the maltose-responsive
domain of MAL63 would not exhibit this interaction and would
be constitutive. However, we only see this effect in the
MAL64 constitutive activators. Our results suggest that a
MAL-specific negative regulatory factor is not involved in
the regulation of maltose fermentation (see Chapter II
results). Efforts by us and by investigators in other
laboratories have failed to identify constitutive mutations
affecting only maltose fermentation in genes unlinked to the
MAL loci (Needleman and Eaton, 1974; Rodicio, 1986; A.

Gibson, unpublished results). This could be a result of the
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selection methods since most of the MAL-constitutives were
obtained by the reversion of maltose nonfermenting strains.
None the less, if a GAL8Op-like equivalent existed, it is
likely that it would have been identified since loss of
function mutations are expected to be relatively frequent.
Thus, we propose that either the maltose-responsive domain
itself inhibits the functional activity of the MAL63
activator or, if a negative regqulatory factor does exist, it
is an abundant and/or required gene function.

At this point we have not identified the function
inhibited by this negative regulation but several could be
suggested. The MAL63 activator could be prevented from
entering the nucleus in the absence of inducer by an
inhibitor protein as is seen for the glucocorticoid receptor
(Howard et al., 1988; Picard et al., 1987) and NF-xB (Ghosh
et al., 1990) or by a regulated nuclear targeting signal as
is the case for those proteins whose localization to the
nucleus is enhanced by phosphorylation at a nearby casein
kinase II phosphorylation site (Rihs et al., 1991). The
negative regulation could prevent or enhance a post-
translational modification process, such as phosphorylation
or proteolysis. The c-Myb nuclear oncoprotein is
phophorylated at a casein kinase II type site near its N-
terminal end (Luscher et al., 1990). Deletion of this site
leads to oncogenic transformation and allows the protein to

bind DNA independent of casein kinase II. Phosphorylation
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of GAL4p appears to correlate with its activity as an
activator and missense mutations which lie outside of the
DNA-binding domain affecting the phosphorylation of GAL4p
are noninducible (Mylin et al., 1990b). Alternately,
binding of MAL63p to the UAS,, or interaction with the
transcriptional machinery could be affected. For example,
the GAL80p interacts with the C-terminal acidic domain of
GAL4p inhibiting interaction with the transcriptional
machinery (Johnston, 1987; Ma et al., 1987b). Dominant
constitutive mutations in this region have been isolated
(Salmeron et al., 1990). Constitutive mutations were also
obtained by Marczak and Brandriss (1989, 1991) in PUT3, the
transcriptional activator of the proline degradation genes
indicating that interference with transcription activation
is occurring in repressed growth conditions but the
constitutive mutations eliminate this repression.

The extensive homology between MAL63 and MAL64 suggested
to Dubin et al. (1988) that the chromosomal region
containing MAL64 represents a duplication of MAL63 and
surrounding sequences. If this is the case, then the
sequence variations between the two genes could have
resulted from the accumulation of random mutations.
Alternately, MAL64 could be a related but functionally
distinct activator perhaps involved in the fermentation of a
different a-glucoside such as isomaltose and a-

methylglucosidase. Actually, constitutive MAL strains have
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been shown to contain high levels of a-methylglucosidase.
Several MGL genes, for a-methyl glucoside fermentation, have
been shown to be telomere-linked (Schild et al., 1992). The
sequence homology between MAL63 and MAL64 genes, while
suggestive of functional homology, might be misleading. The
results reported here, in fact, indicate a fundamental
difference between the truncated, constitutive MAL64
activator proteins and the nonfunctional, truncated MAL63p.
The constitutive MAL64-C2p is functionally independent of
the C-terminal region of the protein while MAL63p is not.
None the less, MAL63p and most likely, the constitutive
MAL64p binds to the same DNA sequence. An example of a
similar phenomenon is seen in the mineralcorticbid (MR) and
glucocorticoid (GR) receptors. MR and GR receptors exhibit
sequence homology particularly in their DNA-binding domains
(Amero et al., 1992) and both bind to a composite GRE
element containing the GR/MR binding site and an AP-1
binding site but MR and GR have different physiological
effects (Payvar et al., 1983). For example, GR can enhance
transcription from this composite GRE site when AP-1
consists of c-Jun homodimers but represses transcription
when AP-1 is composed of c-Jun/c-Fos heterodimers. MR fails
to repress at this site (Diamond et al., 1990). Thus, at
this composite GRE, the distinct behaviors of MR and GR
could reflect differing interactions with AP-1 or other

nonreceptor factors. This hypothesis is supported by the
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finding that the N-terminal domain of GR can confer the
ability of a GR-MR chimeric protein to repress transcription
at this composite GRE site (Pearce and Yamamoto, 1993).
Another example of members of a related family of factors
exhibiting differential behavior but sharing a common DNA-
binding site are the octamer binding proteins, Oct-1 and
Oct-2. Only the Oct-2 C-terminal activation domain fused to
either the Oct-1 or Oct-2 DNA-binding domain can allow for
octamer-linked transcription of the B-globin gene (Tanaka
and Herr, 1990). This shows that Oct-2 can utilize a region
outside of its DNA-binding domain to activate transcription.
In light of these findings, MAL63p and the constitutive
MAL64p could also be operating in a similar fashion where

each can bind to the UAS,, but interact with a different

L

factor(s) leading to the differential levels of maltase gene

expression we observe under different growth conditions.
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Chapter II: Detection and overexpression of an epitope-
tagged allele of MAL63.

Results

Construction of an epitope-tagged allele of MAL63.

In order to assay the presence of wild-type or mutant
MAL63p under various growth conditions, it was necessary to
develop a specific antibody directed against the activator
protein. For this, we chose to use recombinant DNA
methodology to place a highly antigenic peptide sequence (an
epitope tag) at the N-terminal end of MAL63p. The epitope
we used is a peptide fragment from the H. influenzae
hemagglutinin protein (Wilson et al., 1984). An
oligonucleotide sequence encoding the 17 amino acids,
including the 12 amino acid hemagglutinin epitope, was
inserted at the Ncol site at the 5’-end of the MAL63 coding
region according to the procedures outlined in Materials and
Methods. The tagged allele is referred to as MAL63/HA.

The ability of the tagged allele to activate maltase
gene expression was tested to insure that the proximity of
the epitope to the DNA-binding domain did not interfere with
specific binding or possibly, transcription activation.
Table 3 compares the level of maltase activity in strains of
340-2A transformed with either the wild-type MAL63 gene

(YCPMAL63), the MAL63/N allele constructed by Kim (1991) by
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Table 3. Activation of maltase gene expression by the
epitope-tagged MAL63/HA allele. Fermentation tests and
maltase assays were done as described in Table 1 except that
cells were grown in SM media lacking uracil plus the

indicated carbon source(s).
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TABLE 3. Activation of maltase gene expression in 340-2A by

MAL63 before and after hemagglutinin epitope addition

Maltase activity®

(nM PNPG/min/mg protein)

Plasmid Fermentation® GL GL+M GL+Glu GL+Glu+M
YCp50 _ 16 38 4 3
YCpMALG63 ++ 30 639 4 3
YCpMAL63/N ++ 22 601 1 5

YCpMAL63/HA ++ 31 460 2 4
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placing an Ncol site at codon 1 of MAL63 (YCpMAL63/N) and
the MAL63/HA epitope-tagged allele (YCpMAL63/HA) all carried
on a CEN plasmid and expressed from the MAL63 promoter. All
three strains are maltose fermenters and expression of
maltase is clearly inducible. Induced levels of maltase are
comparable in strains 340-2A[YCpMAL63] and 340~
2A[YCpMAL63/N] but are slightly lower in the strain carrying
the tagged allele indicating that the tagged MAL63/HA
protein (MAL63/HAp) appears to have retained its maltose-
inducibility but transcription activation is reduced perhaps
resulting from affects on DNA-binding. Alternately, the
epitope-tagged mRNA or protein could be slightly unstable.

The ability to detect the tagged MAL63/HAp in extracts
from the strain, 340-2A[YCpMAL63/HA] was tested using
Western analysis. Extracts were made from cells grown in
SM media lacking uracil but containing 3% glycerol, 2%
lactate and either 2% maltose or 2% glucose. Western blots
were probed using the monoclonal anti~hemagglutinin antibody
according to the procedures outlined in the Materials and
Methods. No MAL63/HAp could be detected (results not
shown). The inability to detect the protein could result
from low abundance because of low levels of expression
and/or rapid turnover of the activator, instability during
the extraction procedure or a problem with detecting the
epitope in this fusion protein. Other workers utilizing the

hemagglutinin epitope have reported difficulties detecting
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their tagged products, particularly with proteins of low
abundance, and have solved this problem by inserting
multiple copies of the epitope. We decided against this
approach because the singly-tagged allele of MAL63 had
slightly reduced activity as a transcription activator
(Table 3). Instead, we decided to increase the expression

levels of the tagged allele.

Expression of MAL63/HA from the GAL10 promoter.

For this, we utilized the galactose-inducible GAL10
promoter which is induced 1000-fold over glucose-repressed
levels by the addition of galactose to the growth media
(Johnston, 1987). The process of cloning MAL63/HA
downstream of the GAL10 promoter in the high copy expression
plasmid YEp51 is described in Materials and Methods. 1In
summary, a Xhol site was created 60 basepairs upstream of
the MAL63/HA open reading frame and the XhoI-Sall fragment
containing the full MAL63/HA gene was cloned into plasmid
YEp51 at the Sall site located within the GALIO promoter.
This plasmid, referred to as YEpMAL63/HA, was introduced
into either strain Sc340 or Sc490. Sc340 harbors a GAL10-
GAL4 cassette integrated into its genome which provides for
the galactose-inducible, and very abundant, synthesis of
GAL4p which in turn allows for the abundant expression of
genes fused to the GAL10 promoter, such as in our case, the

MAL63/HA allele (Schultz et al., 1987). Strain Sc490
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contains an ADH1~-GAL4 cassette integrated in its genome in
addition to the normal wild-type copy of genomic GAL4. This
strain allows for constitutive expression of GAL4 which can
then turn on the expression of another gene placed
downstream of the GAL10 promoter without the need for
galactose. Strains Sc340 and Sc490 are otherwise isogenic
to one another and were shown by Southern blot analyses to
contain the maltose permease and maltase structural genes,
AGT1 MAL12 (MALl1-linked) and MAL31 MAL32 (MAL3-linked),
respectively. Both strains are maltose nonfermenters and
apparently do not contain MAL-activator function. Plasmid
YEpMAL63/HA was then transformed into strains Sc340 and
Sc490. Interestingly, Sc340 transformants carrying
YEpMAL63/HA were maltose fermenters in the absence of
galactose indicating that galactose-independent expression
of MAL63/HA was occurring, most likely from the MAL63-
derived 60 basepairs of promoter sequences remaining in the
construction.

Galactose-inducible expression of MAL63/HA was studied
in strain, Sc340[YEpMAL63/HA]}. Induction was carried out as
described in Materials and Methods and expression of
MAL63/HAp fusion was monitored by Western analysis. The
predicted molecular weight of the MAL63/HAp fusion is 53,900
Daltons. As shown in Figure 4, detection of a protein with
this approximate molecular weight was possible after 2 hours

of galactose induction and the levels increased continuously
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Figure 4. Overexpression of MAL63/HA by galactose induction
off the GAL10 promoter. Strains Sc340[YEp51] and
Sc340[YEpMAL63/HA] were grown in SM media lacking leucine
but containing 3% glycerol and 2% lactate to an 0Dy,
of approximately 0.4, galactose was added to a final
concentration of 2% and cell aliquots were taken at zero
time (no galactose added), 2 hours, 4 hours and 6 hours
after galactose addition. Proteins were extracted and a
Western blot was performed using anti-hemagglutinin
antibody. Lanes 1-6: 50ug of protein from
Sc340[YEpMAL63/HA] grown in 3% glycerol and 2% lactate (Lane
1), after 2 hours of galactose induction (Lane 2), after 4
hours of galactose induction (Lane 3), after 6 hours of
galactose induction (Lane 4), Lanes 5 and 6 identical to
Lanes 3 and 4, respectively. Lanes 7-9: 50ug of protein
from negative control strain Sc340[YEp51] grown in 3%
glycerol and 2% lactate (Lane 7), after 2 hours of galactose
induction (Lane 8) and after 4 hours of galactose induction

(Lane 9).
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over the six hour induction period. No signal was detected
in the control strain Sc340[YEp51], carrying the vector
alone under similar conditions of galactose induction.

Stability of the MAL63/HAp under different growth
conditions was tested. Cells were induced with galactose
for 3.5 hours, transferred to maltose media for 1.5 hours
with or without cycloheximide (100 pg/ml). The maltose
grown culture was then transferred to glucose media and the
maltose plus cycloheximideculture was transferred to glucose
media plus cycloheximide and both were allowed to grow for
an additional 1.5 hours. Cell extracts were prepared after
3.5 hours of galactose induction, after 1.5 hours of growth
in maltose (+ or - cycloheximide) and also after 1.5 hours
of additional growth in glucose (+ or - cycloheximide) and
equal amounts of protein extract were analyzed by Western
blot analysis. The results are shown in Figure 5A. It is
clear from the maltose culture exposed to cycloheximide that
the MAL63/HAp is unstable. According to Figure 5A, we can
estimate the half-life of the protein to be approximately
1.5 hours in maltose media and perhaps somewhat shorter in
glucose media. It is also apparent that, in the absence of
cycloheximide, continued transcription and/or translation of
MAL63/HA is occurring. Based on the studies of Mylin et al.
(1991), the transcription of the GAL10-GAL4 cassette is
repressed following the addition of glucose to the media but

translation of pre-existing transcript is likely to
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Figure 5A. Western analysis of cell extracts from strain
Sc340[YEpMAL63/HA]. Cells were induced in galactose for 3.5
hours, then resuspended in maltose media (+ or - 100 ug/ml
cycloheximide) for 1.5 hours and then transferred to glucose
media (+ or - 100 ug/ml cycloheximide) and extracts
prepared. Lane 1l: 60 pg of extract after 3.5 hours of
galactose induction. Lanes 2-3: 60 ug of extract after
cells were resuspended in maltose media for 1.5 hours
without (Lane 2) or with cycloheximide (Lane 3) added to
culture media. Lane 4: identical to Lane 1. Lanes 5-6: 60
g of extracted protein after growth in glucose without
added cycloheximide (Lane 5) or with cycloheximide (Lane 6).
Lanes 7-8: identical to Lanes 5 and 6, respectively except
50 ug of extracted protein was loaded. Lane 9: identical to
Lane 3.
Figure 5B. Western analysis of decreasing amounts of protein
extract from Sc340[YEpMAL63/HA]. Cells were induced in
galactose for 3.5 hours and protein extracts prepared.
Lanes 1-6: 60 pg (Lane 1), 50 ug (Lane 2), 40 pg (Lane 3),
30 u4g (Lane 4), 20 pg (Lane 5) and 15 pg (Lane 6) of protein
extract. Lane 7: 20 ug of extract after addition of maltose
for 1.5 hours without addition of cycloheximide (see Figure
5A above). Lanes 8-9: 50 pug (Lane 8) and 40 pug (Lane 9) of
extract after growth in glucose for 1.5 hours without

cycloheximide (see Figure 5A above).
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continue. In glucose, pre-existing or newly translated
GAL4p would be converted to its dephosphorylated form and
become inactive, unable to turn on expression of a gene from
the GAL10 promoter (Mylin et al., 1989, 1990). However, in
maltose, the GAL4p is abundant enough and it is likely to
remain active in promoting transcription of the GAL10-
MAL63/HA fusion gene. Therefore, the levels of MAL63/HAp we
are seeing in Lanes 2, 5 and 7 without added cycloheximide
in Figure 5A are the result of a variety of factors (levels
of active GAL4p and thus transcription rates of MAL63/HA,
half-life of the MAL63/HA mRNA, half-life of MAL63/HAp in
maltose versus glucose media). It should also be noted from
Figure 5B that MAL63/HAp appears to represent a single
protein species.

Constitutive expression of MAL63/HAp was studied in
strain Sc490[YEpMAL63/HA]. The ADH1-GAL4 cassette in strain
Sc490 allows for constitutive expression of GAL4 in any
fermentable carbon source but not in lactate where
expression decreases from 2 to 10 fold (Denis et al.,
1983b). Protein extracts from the strain,
Sc490[YEpMAL63/HA] were analysed by Western blot analysis
following growth in selective media supplemented with
maltose or glucose as a carbon source. Figure 6 clearly
indicates that the MAL63/HAp is expressed in both maltose-
and glucose-grown cells but that the level is slightly

reduced in the glucose-grown cells. It is not clear whether
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Figure 6. Detection of MAL63/HAp in strain Sc490. Strain
Sc490[YEpMAL63/HA] was grown in SM media lacking leucine
plus maltose or glucose. Protein extracts were prepared and
subjected to Western analysis using the anti-hemagglutinin
antibody. Lanes 1-2: 50 ug of protein extract from maltose-
grown (Lane 1) or glucose-grown (Lane 2) cells. Lane 3: 8
ug of reduced anti-hemagglutinin antibody. Lane 4: 50 ug of
protein extract from the control strain Sc490[YEp51] grown

in selective media plus glucose.
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this is a reflection of possible differences in the
functional activity of the GAL4p in these different growth

conditions or differences in the half-life of MAL63/HAp.

Activation of maltase expression by MAL63/HA.

These two MAL63/HA expression systems can be used to
characterize the regulation of transcription activation by
the MAL-activator. 1In a number of yeast regulated systems,
a specific repressor protein acts to prevent activation of
the structural genes by interfering with the activator’s
function. This mechanism is seen in the interactions
between GAL4p and GAL80p. In the absence of galactose,
GAL4p interacts with GAL80p (present in limiting amounts)
preventing transcription of the GAL genes but when galactose
is present, GAL4p becomes phosphorylated and able to
activate transcription even though it can still be
associated with GAL80p (Ma et al., 1987b; Johnston et al.,
1987; Parthun et al., 1992). Constitutive expression of the
GAL genes can occur either by overproduction of the GAL4
gene, resulting in titration of GAL80p or when GAL80 is
deleted (gal80A) (Johnston and Hopper, 1982; Torchia et al.,
1984). Another yeast gene, PHO4, encodes a transcription
factor which positively regulates the transcription of genes
encoding repressible acid phosphatase (rAPase) (Rogers et
al., 1982; Thill et al., 1983). When phosphate levels are

low in the cell, PHO4p activates transcription of the
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structural genes encoding rAPase. However, when phosphate
levels are high, the PHO80p, a negative regulatory factor is
proposed to interact with PHO4p, thereby preventing
transcription of these structural genes (Ogawa et al.,
1990). To test the possible presence of a negative
regulator of the MAL-activator, we used the galactose-
inducible MAL63/HA expression system described above.

Strains Sc340[YEp51] and Sc340[YEpMAL63/HA] were both
grown to mid-log phase in glycerol-lactate media and
expression of MAL63/HA induced by the addition of 2%
galactose. Cell samples were taken at 1 hour intervals for
six hours, total protein was extracted and the level of
maltase activity determined. As shown in Figure 4, the
level of MAL63/HAp increases continuously during the six
hour induction period. Never the less, no significant
expression of maltase is seen throughout the six hour
induction with galactose as illustrated in Figure 7,
indicating that abundant expression of MAL63/HAp does not
allow for constitutive activation of the MAIL structural
genes.

The presence of the inducer, maltose, is required for
MAL gene expression. Strains Sc340[YEp51] and
Sc340[YEpMAL63/HA] were grown to mid-log phase and induced
with galactose plus maltose (2% final concentration of each)
for five hours. Following this, the cells were transferred

to glucose (2%) and grown for an additional two hours.
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Figure 7. Activation of maltase gene expression by
Sc340[YEpMAL63/HA] upon galactose induction alone (solid
line) and upon induction in the presence of galactose plus
maltose (dashed line). Extracts were prepared as indicated

in Table 1 and maltase activities were calculated.
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Cell samples were taken after every hour and maltase assays
performed. As shown in Figure 7, maltase activities in
strain Sc340[YEpMAL63/HA] increased continuously during the
five hours of induction in galactose plus maltose. The
transfer of cells to glucose media leads to an approximately
50% decrease in the level of maltase activity. The levels
of maltase activity were low throughout this study for the
control strain Sc340[YEp51] (data not shown). Maltase
enzyme is stable in the presence of glucose in the media
(Cheng et al., 1991). The decrease in maltase enzyme levels
probably reflects the continued growth of the cells in the
absence of continued synthesis of maltase in the presence of
glucose. This is supported by the results obtained in
strain Sc490[YEpMAL63/HA] (see below).

Strains Sc490[YEpMAL63/HA] and Sc490[YEp51] were grown
in selective media containing 2% maltose, 2% glucose, or 2%
maltose plus 2% glucose. Extracts were prepared and maltase
activities determined (Table 4). It is apparent that the
MAL63/HAp is activated to express maltase only in the
presence of maltose. Clearly, even though the levels of
MAL63/HAp vary by only 2-3 fold in these different growth
conditions (see Figure 6), there is no evidence of induction
of the maltase gene in the presence of glucose, even in the
presence of maltose. It appears then that the effect of
glucosé overrides that of maltose. It should be said that

Figure 6 does not present a Western blot done on extracts
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Table 4. Maltase activities of strains Sc490([YEp51] and
SCc490[YEpMAL63/HA] when cells were grown in
glycerol+lactate, maltose, glucose, and maltose plus
glucose. Enzyme assays were performed as previously stated

in Table 1.
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TABLE 4. Maltase activities of strains Sc490[YEpS51] and
Sc490[YEpMAL63/HA] upon growth in maltose, glucose, and

maltose plus glucose

Maltase activity®

(nM PNPG/min/mg protein)

Strain GL MAL GLU MAL+GLU
Sc490 17 17 1 1
[YEp51]

Sc490

[YEpMAL63/HA] 19 1633 1 2
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prepared from this strain grown in maltose plus glucose but
it is presumed that levels of MAL63/HAp would be comparable

to those found when cells were grown in glucose alone.

Discussion

We describe here the detection of the MAL-activator
encoded by MAL63 using epitope-~-tagging, the high level
expression of this tagged allele from a heterologous
promoter (GAL10) and the use of this expression system to
investigate the regulation of the MAL-activator as a
transcription activator. The epitope we used to tag the
MAL63-encoded MAL-activator is derived from the Haemaphilus
influenzae virus. In our case, a single copy of the
epitope, a 12 amino acid residue sequence, was placed at the
N-terminal end of the MAL63p. The tagged allele is referred
to as MAL63/HA. The proximity of the epitope to the DNA-
binding domain of the MAL-activator appears to have only a
slight effect on the maltose-inducibility of the tagged
protein as compared to the wild-type MAL-activator.

This hemagglutinin epitope has been successfully used to
detect other yeast proteins such as the nuclear pore protein
encoded by NUP1, adenyl cyclase encoded by CYR1, and subunit
B of RNA polymerase II encoded by RPBI (Davis et al., 1990;
Field et al., 1988; Kolodziej et al., 1990). 1In these three
proteins, a single copy of the epitope was placed at either

the N-terminus or in the middle of the protein. In one
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case, three copies of the epitope were placed within the
yeast cyclin B protein since one copy was not sufficient for
immunodetection (Bruce Futcher, personal communication).

We were unable to detect the tagged MAL63/HAp when
expressed from its own promoter even though protein levels
were adequate to activate MAL gene expression. In order to
express the MAL63/HAp at higher levels detectable by Western
analysis, we placed the MAL63/HA dene fusion downstream of
the galactose-inducible GAL10 promoter in the multicopy
plasmid, YEp51. The construction included 60 basepairs of
the MAL63 promoter. Expression of this construction was
studied in two strains: Sc340 carrying a GAL10-GAL4 cassette
integrated in its genome where we were able to achieve
abundant MAL63/HAp expression following galactose induction,
and Sc490 carrying an ADH1-GAL4 cassette integrated in its
genome where constitutive MAL63/HAp expression was observed,
albeit, at slightly lower levels than in the galactose-
induced strain Sc340[YEpMAL63/HA]. We were able to use
these two expression systems to explore the regulation of
the MAL63-encoded MAL-activator as a transcription
activator.

We used the galactose-inducible expression system to
study the stability of the MAL63/HAp. The results indicate
that MAL63/HAp is moderately unstable with a half-life of
approximately 1.5 hours in maltose. The MAL63/HAp appears

to be slightly more unstable in glucose. Our
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immunodetection of MAL63/HAp indicates that only a single
protein species is present during growth in galactose,
maltose or glucose. However, it is possible that the
methods used here (e.g. gel conditions) are not adequate to
detect slight changes in protein mobility caused by changes
in phosphorylation or perhaps other modifications. We
cannot rule out the possibility that MAL63/HAp could be
post-translationally modified under particular growth
conditions as is seen with GAL4p. GAL4p is phosphorylated
to a slower migrating species in the presence of galactose
and is subsequently dephosphorylated in glucose (Mylin et
al., 1989, 1990). A more detailed study must be undertaken.

The most significant result of these studies is the
finding that extremely high levels of MAL63/HAp do not lead
to constitutive maltase gene expression in the absence of
maltose. This implies that a negative regulator of limited
abundance which interacts with the MAL-activator, comparable
to GAL8Op, is not used to regulate maltose induction. This
result is consistent with the fact that constitutive
mutations have not been obtained in other genes besides GENE
3 or GENE 4 of the MAL loci (Needleman, Ph.D. thesis). If
there were limiting levels of a negative regulator, the
abundant expression of MAL63/HAp would titrate out this
factor leading to constitutive expression of maltase. This
finding with MAL63/HAp is similar to what was seen when the

PUT3 gene was placed on a high copy plasmid, that is, this
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system remained proline-inducible (Marczak et al., 1989).
For other yeast activators such as ADR1, GAL4 and PHO4,
increases in their gene dosages does result in constitutive
or partially constitutive phenotypes since inhibitory
proteins GAL8Op and PHO80p are titrated out by the
overabundant GAL4p and PHO4p, respectively (Blumberg et al.,
1988; Johnston and Hopper, 1982; Parent et al., 1987). For
another activator, HAP1l, overexpression of this
transcription factor reveals an interaction between HAPlp
and an unidentified factor(s) termed X (Fytlovich et al.,
1993). Upon hemin addition, this interaction is abolished
resulting in the heme~regulated induction of transcription
activation.

The inability of overexpressed MAL63/HAp to cause
constitutive expression of maltase does not rule out the
possibility that a negative regulator is present but, if so,
this repressor is an abundant protein and is essential,
since nonfunctional constitutive mutations have not been
isolated. Another possibility is that the MAL-activator
inhibits itself. We see an example of this type of
inhibition with the LEU3 activator. LEU3p binds to a UAS
template independent of the presence of a~IPM as inducer
(Sze et al., 1992). Only when a-IPM is added in vitro to
extracts containing LEU3p will activation occur. In the
absence of ¢-IPM, LEU3p will inhibit transcription from this

UAS ., template (Sze et al., 1992). It is therefore
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predicted that o~IPM works to convert LEU3p from a repressor
to an activator by a possible conformational change. All of
these possibilities for the functioning of the MAL-activator
need to be studied further.

Studies with the constitutive expression of MAL63/HAp
in strain Sc490 enabled us to lock at the effects of glucose
on the functioning of the MAL-activator. MAL63/HAp was
detectable in strain Sc490[YEpMAL63/HA] under maltose or
glucose growth conditions. The expression of maltase in
this strain requires the presence of maltose as also seen in
the galactose-inducible system. Glucose fully inhibits
maltase gene expression in this strain even when maltose is
also present in the medium. This could be the result of
either inducer exclusion, inhibitory effects of glucose on
the MAL63/HAp itself or effects of other factors involved in
maltase gene expression (e.g. MIGl) (Nehlin et al., 1990).
MIG1 encodes a zinc-finger protein involved in glucose
repression of various genes such as SUC2. While
overexpression of MIG1 inhibits the expression of SUC2,
deletion of the MIG1 gene interferes with glucose repression
of SUC2 (Nehlin et al., 1990). In order to see whether MIG1
could play a role in the glucose repression of MAL63,
overexpression of MIG1l, even in the absence of glucose, was
shown to inhibit maltose-induction of maltase implying that
MIGlp competes with the MAL-activator for expression versus

repression of the MAL genes (Zhen Hu and Corinne Michels,
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unpublished results). Further studies are needed to
determine if glucose acts directly on the MAL-activator by
some post-translational modification such as phosphorylation
or turn-over or if the effects are indirect and mediated by

factors such as MIGlp.
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Chapter III. Identification of a required functional domain

of the MAL-activator.

Results

The transcription activation domains of several yeast
transcription factors have been localized to the C-terminal
region of the protein. These include GAL4, LAC9, HAP1 and
LEU3 (Ma et al., 1987a; Pfeifer et al., 1989; Friden et al.,
1989). Like GAL4p, the C-terminal region of MAL63p is rich
in acidic residues and could form a B-sheet structure like
the one recently predicted for the activation domain of
GAL4p (Leuther et al., 1993; Van Hoy et al., 1993). Using a
"peptide structure" program from the GCG program package
which predicts protein secondary structure according to the
Chou and Fasman method, it is predicted that residues 446
through 460 in MAL63p are capable of forming a f-sheet
structure (Devereux and Smithies, 1984). Additionally,
residues 460 to 467 of MAL63p are rich in acidic residues
with a serine residue at codon 462 which could represent a
potential casein kinase II phosphorylation site (Kuenzel et
al., 1987; Marchiori et al., 1988). For these reasons, the
C-terminal region of MAL63p could be involved in
transcription activation. We set out to test this

hypothesis.

The MAL63/HA-NS457 allele.
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An allele of MAL63/HA containing a premature

translation stop at codon 457 was constructed by in vitro
mutagenesis. The allele was cloned into the yeast CEN
vector, ¥YCp50, transformed into strain 340-2A which lacks a
MAL-activator and the ability to activate maltase gene
expression was determined (Table 5). Clearly, the loss of
the final 14 C-terminal residues are critical for function
in the MAL63-encoded MAL-activator. Also, this plasmid was
transformed into a MAL6 strain, 332-5AAF1-5 (MAL63 malé64A)
to see if this mutant allele was recessive to the wild-type
MAL63 gene present in the genome of this strain. Indeed,
this strain harboring the MAL63/HA-NS457 allele remained a
maltose fermenter and expressed comparable levels of maltase
when grown in maltose media as did the untransformed strain,
332-5AAF1-5 (data not shown). This mutant allele appears
then to be recessive to the wild-type activator gene.

To confirm that the loss of activation was not due to
the creation of a highly unstable mutant protein, we
attempted to detect MAL63/HA-NS457p by Western blot analysis
of protein extracts from the transformed strain. Expression
of the mutant gene product in this construction was from its
own promoter. Again, as was found for the MAL63/HA allele,
we were unable to detect the mutant protein. It was
necessary to utilize strains and plasmids capable of
overexpressing the mutant allele so that maltase expression

could be studied under conditions where MAL-activator
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Table 5. Activation of maltase gene expression by MAL63/HA
and MAL63/HA-NS457. Plasmid YCpMAL63/HA contains the
approximately 3.2 kb SalIl fragment containing the MAL63/HA
allele (described in Chapter II) in the vector YCp50.
Plasmid YCpMAL63/HA~NS457 is identical except for the
introduction of the termination signal at codon 457. Both
plasmids were transformed into the maltose non-fermenting
strain 340-2A (AGT1 MAL12 MAL31 MAL32). Fermentation tests
and maltase assays were done as described for Table 1 except
that cells were grown in SM media lacking uracil plus the

indicated carbon source(s).
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TABLE 5. Activation of maltase gene expression by MAL63/HA

and MAL63/HA-NS457

Maltase activity®

(nM PNPG/min/mg protein)

Plasmid Fermentation?® GL GL+M GL+GLU GL+GLU+MAL
YCp50 - 16 38 4 3
YCpMAL63/HA ++ 31 460 2 4
YCpMAL63/HA~NS457 - 12 34 3 4
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protein levels were detectable.

The mutant allele, MAL63/HA~-NS457 was fused to the GAL10
promoter using the YEp51 plasmid as described in the
Materials and Methods and this plasmid is referred to as
YEpMAL63/HA-NS457. It should be noted that, as before, 60
basepairs of the native MAL63 promoter are retained in this
construction.

The expression of GAL10-MAL63/HA-NS457 in strain Sc340
containing the galactose-inducible GAL10-GAL4 cassette was
studied. Strain Sc340 does not ferment maltose because it
lacks a functional MAL-activator gene. It does contain MAL1
and MAL3-linked genes encoding maltose permease and maltase
(AGT1 MAL12 MAL31 MAL32). Strains Sc340[YEpMAL63/HA-NS457]
and Sc340[YEpMAL63/HA] were induced with galactose and then
transferred to media containing maltose or glucose. Protein
extracts were prepared from cells following galactose
induction and following the subsequent growth in maltose and
glucose and analyzed by Western analysis. The results are
shown in Figure 8. Mutant protein is clearly detected under
these conditions, albeit at a lower level. (Note that five
times as much total protein extract from the strain carrying
the mutant allele was loaded per lane as compared to the
extracts from the strain carrying GAL10-MAL63/HA. This
lower level of expression could be the result of a reduction
in expression from the GAL10 promoter and might not be

related to the instability of the mutant protein).
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Figure 8. Western analysis of strains harboring the
galactose-inducible MAL63/HA and MAL63/HA-NS457 alleles.
Plasmids YEpMAL63/HA and YEpMAL63/HA-NS457 carrying the
GAL10-MAL63/HA and GAL10-MAL63/HA-NS457 fusion genes were
transformed into strain Sc340 carrying the galactose-
inducible GAL10-GAL4 cassette. The strains were induced
with galactose as described in Materials and Methods for 3.5
hours and then transferred to media containing either 2%
maltose or 2% glucose for 1 or 2 hours, as indicated in the
figure. Lanes 1-3: 30 ug of protein extracts from
Sc340[YEpMAL63/HA] after 3.5 hours of galactose induction
(Lane 1), after transfer to maltose media for 1 hour (Lane
2) or glucose media for 1 hour (Lane 3). Lane 4: 15 ug of
reduced anti-hemagglutinin antibody indicating the heavy (55
kDa) and light chain (25 kDa) polypeptides. Lanes 5-7: 150
g of protein extracts from Sc340[YEpMAL63/HA-NS457] after
3.5 hours of galactose induction (Lane 5), 1 hour after
transfer to maltose media (Lane 6) and 2 hours after

transfer to maltose media (Lane 7).
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Strain Sc340[YEpMAL63/HA-NS457] was induced with either
galactose alone (2%) or galactose (2%) plus maltose (2%) and
maltase gene expression was followed for up to 5 hours. No
increase in maltase levels in this strain over those seen in
strain Sc340[YEp51] carrying the vector alone was detected
in either growth condition over the entire time course (data
not shown). In a similar experiment, shown in Figure 7 of
Chapter II, using strain Sc340[YEpMAL63/HA] carrying the
epitope-tagged, wild-type MAL63 allele, a 50-fold induction
of maltase expression was seen at the end of 5 hours when
both galactose and maltose were present in the media. These
results clearly support the hypothesis that the C-terminal
14 residues of MAL63p ére required for function.

As further evidence, we investigated the activation of
maltase expression and MAL-activator protein levels in
strain Sc490[YEpMAL63/HA-NS457]. Sc490 is isogenic with
strain Sc340 except it carries the ADH1-GAL4 cassette and
produces GAL4p constitutively in media containing
fermentable carbon sources. Cells were grown in maltose or
glucose, protein extracts prepared and analyzed for MAL-
activator levels by Western blotting (see Figure 9).
Comparable levels of MAL-activator expression are seen in
both the strain carrying the mutant allele MAL63/HA-NS457
and the wild~type MAL63/HA allele. Maltase expression in
strain Sc490[YEpMAL63/HA-NS457] is shown in Table 6 where no

significant increase in maltase expression is seen in
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Figure 9. Western blot analysis of strains constitutively
expressing high levels of the mutant protein, MAL63/HA-
NS457p and MAL63/HAp. Strains Sc490[YEpMAL63/HA] and
Sc490[YEpMAL63/HA-NS457] were either grown in SM media
lacking leucine plus 2% maltose or 2% glucose. Lanes 1 and
2: 150 ug of extract from strain Sc490[YEpMAL63/HA-NS457]
grown in maltose. Lane 3: 100 ug of extract from strain
Sc490[YEpMAL63/HA-NS457] grown in glucose. Lane 4: 100 ug
of extract from strain Sc490[YEpMAL63/HA] grown in glucose.
Lane 5: 100 ug of extract from strain Sc490[YEpMAL63/HA]
grown in maltose. Lane 6: 100 ug of extract from negative

control strain Sc490[YEp51] grown in glucose.
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Table 6. Activation of maltase gene expression in strain
Sc490([YEpMAL63/HA-NS457]. Maltase activities of extracts
from strains Sc490[YEp51] and Sc490[YEpMAL63/HA-NS457] were
determined as described in Materials and Methods. Cells
were grown in SM media lacking leucine plus either 3%
glycerol and 2% lactate, 2% maltose, 2% glucose, or 2%

maltose plus 2% glucose.
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TABLE 6. Activation of maltase gene expression in strain

Sc490[YEPMAL63/HA-NS457]

Maltase activity®

(nM PNPG/min/mg protein)

Strain GL MAL GLU MAL+GLU
Sc490

[YEp51] 17 17 1 1
Sc490

[YEpMAL63/HA-NS457] 18 20 1 1
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maltose growth conditions. However, Table 4 of Chapter II
shows an 85-fold induction of maltase expression in strain
Sc490[YEpMAL63/HA] under these same conditions. Thus, the
results of Figure 9 and Table 6 clearly indicate that
truncation of the final C~terminal 14 residues of the MAL63-
encoded MAL-activator removes sequences essential for its

function.

LexA—-MAL63 gene fusions.

To explore the possibility that this acidic region of
MAL63p constitutes the transcription activation domain, we
made use of a system developed by Hanes and Brent (1989).
Their approach utilizes the DNA-binding aétivity of the E.
coli repressor protein LexA. The E. coli LexA protein (202
amino acids) represses transcription of several bacterial
genes involved in the SOS response (Brent and Ptashne,
1980). LexA protein (LexAp) binds as a dimer to its
operator site (R. Brent, Ph.D. thesis, 1982). LexAp
contains an amino-terminal domain (residues 1-87) that
allows for binding to a short operator DNA sequence with
weak dimerization contacts and a carboxy-terminal domain
(residues 88-202) that contains a dimerization domain and a
hinge region connecting the two domains (R. Brent, Ph.D.
thesis, 1982). The N-terminal fragment of LexAp binds
operator DNA with reduced efficiency since it is lacking a

dimerization domain. As a result, this N-terminal fragment
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induces the transcription of genes normally repressed by
native LexAp in E. coli (Brent and Ptashne, 1985).

In yeast, one can utilize the ability of LexA protein
to bind operator DNA by fusing the DNA-binding domain of
LexAp (residues 1-87) to sequences from a eukaryotic protein
believed to contain a transcription activation domain.
Native bacterial LexA protein will repress transcription
from a GALl1-lacZ reporter plasmid if it is bound to LexA
operators positioned downstream of the UAS, but upstream of
the transcription start site (Brent and Ptashne, 1984). No
repression is observed when the operator is close to, but
upstream of the UAS (Brent, 1985). However, LexA fusion
proteins which contain a transcription activation function
from a heterologous protein will activate target gene
transcription in yeast provided the gene contains one or
more LexA operator sites positioned upstream of their
transcription initiation sites (Lech et al., 1988).

Function of these fusion proteins can then be monitored by
following expression of a lacZ reporter gene containing up
to six copies of the LexAp operator binding site within its
promoter sequence. The multiple copies of the binding site
enhances the ability of these LexA fusion proteins to
activate transcription of the reporter gene. It is
important to remember that residues 1 to 87 of LexAp lack a
dimerization domain but that dimerization is required for

the LexAp to bind DNA and thus this dimerization function
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must be provided by the protein under study (Kim and Little,
1992).

This method was first used to define the transcription
activation domains of the GAL4p and GCN4p activators (Brent
and Ptashne, 1985; Hope and Struhl, 1986). Fusions made
between the DNA-binding domain of LexA to residues 74-881 of
GAL4p or residues 1-125 of GCN4p are both able to induce the
expression of the reporter gene, lacZ containing upstreanm
LexAp binding sites in the promoter sequences. Other
experiments have been done fusing the mammalian Fos
oncoprotein to LexA showing that this is also a strong
activator of transcription (Lech et al., 1988). Another
yeast factor, IME1l, required for expression of the gene IME2
and other genes required for meiosis, was shown to encode a
transcription activator in this system (Smith et al., 1993).
The full length IME1l gene was fused to the DNA-binding
domain of lexA and shown to activate a lacZ reporter gene
containing LexAp binding sites in its upstream region.

Also, fusion of only the tyrosine-rich region present in
IMElp to LexAp activates transcription of lacZ to 25% of the
level seen with the full length fusion of IMEl to lexA.
Early studies showing that a 79 amino acid residue E. coli
genomic sequence having a net charge of -10 but containing
no yeast sequences, when fused to lexA, is able to turn on
lacZ reporter gene expression in yeast led researchers to

believe that an amphipathic acidic a-helical region was
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required for interaction with the transcription machinery
(Ma and Ptashne, 1987c). However, recent studies from
Stephen Johnston and coworkers have not supported this
conclusion and have shown that the activation domain in
GAL4p is capable of forming a B-sheet structure which is
functional in this conformation (Leuther et al., 1993; Van
Hoy et al., 1993).

For our experiments, the lexA sequence encoding the DNA-
binding domain (codons 1-87) was fused to the full length
MALL63 gene (codons 2-470), to the 5’/-half of the MAL63 open
reading frame (codons 1-215), to the 3’-half of the MAL63
open reading frame (codons 215-470) as well as to the MAL63
mutant allele (codons 2-456) containing the translation
termination signal at codon 457. These fusion genes and the
lacZ reporter plasmid, pSH18-18 (containing 6 LexAp operator
binding sites upstream of a GALl-lacZ fusion gene) were
doubly transformed into a maltose fermenting strain B16,
containing a fully functional MAL2 locus and a partially
functional allele of MAL1 with the genotype malll MAL12
mall3, and into the nonfermenting strain YPH500, which lacks
a functional MAL-activator gene but contains the structural
genes AGT1 MAL12 and MAL31 MAL32. Expression of B-
galactosidase was determined for each transformed strain and
the results are shown in Table 7. Included in Table 7 as
controls are the parent plasmid, pSH2-1, containing only the

LexA DNA-binding domain and plasmid, plexA:SNF2, which
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Table 7. p-galactosidase expression in the MAL+ strain, B16
and the MAL- strain, YPH500 doubly transformed with the lexA
fusion plasmids and the lacZ reporter plasmid. Assays were
performed as stated in Materials and Methods. Cells were
grown up in SM media lacking uracil and histidine (and
leucine for the YPH500 transformant harboring the plasmid,
PRSMAL63) and including the indicated carbon sources.
Expression is given in units of specific activity. ND = not

determined.



Table 7. Beta-galactosidase expression in B16 and YPH500

MAL2 MAL-activator
LexA Fusion Activator strain deletion strain
B16[pSH18-18] YPHS500[pSH18-18]

GAL MAL GLU GAL GAL+MAL GLU

‘ LexA <1 <1 <i 3 3 4

2 215 470
LexA :MAL63(2-470) 1 3 1 2 400 4
LexA :MAL63(2-456) ND ND ND 7 6 9
LexA :MAL63(1-215) <1 <1 <1 3 4 3
LexA :MAL63(215-470) <1 <1 <1 2 1 2

LexA :SNF2 15 457 755 1200 3300 840

LY
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expresses a LexA:SNF2 fusion protein with transcription
activation function (Laurent et al., 1991). Proper
expression of the various LexA fusion proteins was monitored
by Western blot analysis of total cell extracts from the
strains above probing with anti-LexA antibody (given to us
by Roger Brent). All of the LexA fusion proteins are
expressed at high constitutive levels (data not shown).

The full length fusion of MAL63 to lexA was able to
provide activator function in the MAL-activator deletion
strain, YPH500 in the presence of maltose. The fusion
lexA:MAL63 (2-456), however, does not allow for the
expression of lacZ under any growth condition and indicates
that residues 457-470 are required for transcription
activation and/or dimerization. Neither the 5’-half or 3/-
half alone of MAL63 fused to codons 1-87 of lexA was able to
provide a similar function [see fusions lexA:MAL63(1-215)
and lexA:MAL63(215-470)]. This could be because the
activation domain is disrupted in each construction (perhaps
the region from residues 200-300 is required intact for
activation) or it could be due to the fact that residues of
MAL63p which contain the activation domain do not provide a
dimerization domain, thereby, preventing binding of these
fusions to the LexAp binding site. To test this, these two
halves of MAL63 were fused separately to codons 1-202 of
lexA which encodes the full length LexAp containing a

dimerization domain and were tested for transcription
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activation function. Neither of these constructions were
able to activate lacZ gene expression (Andrew Gibson,
unpublished results). Taken together, these results might
indicate that the full length MAL63p is required intact for
it to activate gene transcription.

Table 7 shows, most importantly, that in order for
pLexA:MAL63 (2-470) to activate transcription of lacz,
maltose must be present in the media since there is no
activation when cells are grown in galactose or glucose.
Therefore, maltose is required by MAL63p to activate
transcription of the lacZ gene. This is not to imply that
maltose itself binds to MAL63p. This would have to be
investigated further.

None of the MAL63 fusions to lexA are functional in the
MAIL+ activator strain, B16 including the lexA fusion to the
full coding region of MAL63 (codons 2-470) (see Table 7). To
determine if the inability of the LexA:MAL63(2-470)p fusion
to activate reporter gene expression in the MAL+ strain is
related to the presence of the wild-type activator (MAL23)
in strain B16 and not to differences in the backgrounds of
strains B16 and YPH500, we transformed the wild-type MAL63
gene controlled by its own promoter, cloned onto the pRS315
plasmid (pRSMAL63) (constructed by Andrew Gibson) into
strain YPH500[pSH18-18] + [plexA:MAL63(2-470)] (Sikorski et
al., 1989). This transformed strain was then tested for

expression of the reporter gene, lacZ and found that lacZ
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gene expression was activated, albeit at a slightly lower
level. Whereas the strain containing plexA:MAL63(2-470)
exhibits a B-galactosidase specific activity in maltose of
400 (see Table 7), addition of pRSMAL63 to this strain
decreases the level of B-galactosidase activity in maltose
to 240 (data not shown). This lowered level of activation
could reflect the possible formation of LexA:MAL63 (2-
470)p/MAL63p heterodimers which are unable to bind to the
LexAp binding site. However, this is not very likely since
there is such a high constitutive level of LexA:MAL63 (2~
470)p expression compared to the wild-type MAL63p that
formation of heterodimers should be at a low level.
Alternately, this lowered B-galactosidase activity could
reflect competition between the LexA:MAL63(2-470)p and wild-
type MAL63p for a common factor found in limiting amounts
but necessary for MAL63p to activate transcription, that is,
a coactivator. LacZ expression was not seen in strain B16
harboring plexA:MAL63(2-470) but was only slightly reduced
in strain YPH500 harboring plexA:MAL63(2-470) and pRSMALG63,
indicating that differences in strain backgrounds could have
led to the differences in lacZ expression levels exhibited
in strains B16 and YPH500. However, another possibility is
that a MAL23~-specific effect could have inhibited the
function of the LexA:MAL63(2-470)p in strain B16 (discussed

below) .
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Discussion

Previous studies have demonstrated that MAL63 as well
as the other GENE 3 homologues, encodes a positive regulator
required for the fermentation of maltose (Chang et al.,
1989). DNA sequence analysis of MAL63 identified a
cysteine-basic amino acid rich region near the N-terminus
(residues 8-27) that is highly homologous to the DNA-binding
domains of other yeast transcription activators (Kim and
Michels, 1988). An E. coli synthesized MAL63p fragment
consisting of the N-terminal residues 1-111 was shown to

bind to DNA sequences derived from the UAS of the MAL61

MAL
and MAL62 promoter region. These results identified MAL63p
and cysteine residues Cys-11, Cys~-24 and Cys-27 and proline-
23 as being necessary for this binding. Clearly, MAL63p is
a DNA-binding, transcription activator protein. In this
study, we hoped to localize the region of the MAL63p
involved in transcription activation and to investigate the
function, if any, of the final C-terminal acidic region of
the protein.

Acidic activation domains were originally thought to be
made of "acid blobs" that interacted with their target
factors through ionic interactions (Sigler, 1988). However,
this model was not applicable in certain cases. Point
mutations in nonacidic residues of the VP16 or GAL4

activation domains, in particular, can decrease activation

significantly showing that there is no real correlation
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between negative charge and activation potential (Leuther et
al., 1993). Additionally, Ptashne and coworkers had
suggested that amphipathic a-helices formed within the
acidic activation domains allowing the acidic residues to
lie on one face of the helix (Giniger and Ptashne, 1987; Ma
and Ptashne, 1987c; Ptashne, 1988). In this way, the acidic
residues were proposed to be positioned so as to enhance
interaction with positively charged residues of target
protein(s) in the transcription machinery. However, the
idea that these acidic activation domains (AADs) could adopt
an a-helical structure must be reevaluated due to the
following findings. Recent work done with synthetic
peptides representing the activation domains of GAL4p and
GCN4p has shown that these peptides can form a B~-sheet
structure at pH 6 and are not a-helical as previously
suspected (Van Hoy et al., 1993; Leuther et al., 1993). 1In
addition, under these same in vitro conditions, the GAL4 C-
terminal 34 amino acid peptide can block the association
between GAL4p and GAL80Op indicating that the B-sheet
structure of this peptide is biologically functional. The
final 25-35 C-terminal residues of MAL63p were analyzed
using the "Peptide structure" program from the GCG package
and residues 446 through 460 were found to have the
potential to form a B-sheet type structure (Zhen Hu,
personal communication). We felt that this C-terminal,

acid-rich region of MAL63p might function as the activation
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domain and our studies here hoped to test this hypothesis.

A nonsense mutation at codon 457 of MAL63 which deletes
the final C-terminal 14 residues is not functional as a
transcription activator. Even when overexpressed, to
abundant and easily detectable levels, and in the presence
of maltose, no induced expression of maltase was observed.
This result demonstrates that these C-terminal residues
could be required for maltose-induced transcription
activation. In an effort to determine if this region was
involved specifically in transcription activation, we
constructed a series of lexA-MAL63 fusion genes using the
lexA DNA-binding domain (codons 1-87) and monitored their
function as transcription activators for the lacZ reporter
gene containing LexAp binding sites in its upstream promoter
sequences. It is clear that the fusion lexA:MAL63(2-470) is
capable of providing a transcription activator for lacZ gene
expression only in the presence of maltose. How maltose
works to create this functional activator is unknown but
could involve some conformational change or post-
translational modification in the protein. This possibility
needs to be looked at further. Once the C-terminal residues
457-470 are truncated from this fusion, however, the
aétivation function is abolished (see lexA:MALG63 (2-456)
activity in Table 7). Therefore, these residues are
required for maltose-induced transcription activation and/or

dimerization by MAL63p which in turn, could be necessary for
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activation. We were unable to localize the activation
function in MAL63 to its C-terminal region alone where these
required residues are located. This could mean one of two
things: 1) the C-terminal domain of MAL63p is necessary but
not sufficient to activate transcription and also requires
its N-terminal domain or 2) in order for the MAL63p to
activate transcription, it must be in its full length form
since a conformational change in the protein could be
essential for it to interact with the general transcription
machinery.

Oour results might also be suggesting that an auxiliary
factor could be required for transcription activation by
MAL63p. Since the activity of LexA:MAL63(2-470)p fusion is
abolished in strain Bl16 expressing a wild-type MAL23-
activator at only single copy levels, this result could
imply that a coactivator or adaptor protein is required by
MAL63p but is unavailable since it also binds to the MAL23p.
This coactivator might be sequestered and unavailable for
binding to MAL63p, thereby, preventing activation by the
LexA:MAL63(2-470)p. The various LexA:MAL63 fusion proteins
are all expressed at high constitutive levels from the ADH1
promoter and, as such, are present in much higher amounts
than those of the wild-type MAL23p. Therefore, this effect
is significant since it indicates that the LexA:MAL63(2-
470)p cannot activate transcription on its own and requires

some background factor not available in strain Bl16. To
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confirm the presence of an adaptor molecule, function of the
LexA:MAL63(2-470)p in strain B16 will have to be tested upon
deletion/disruption of the genomic copy of MAL23. This
remains to be tested.

Several examples of transcription coactivators or
adaptors have been described. For example, the TATA box
binding protein (TBP) of Drosophila exists as a tight
complex called the TFIID fraction containing six TBP-
associated factors (TAFs) where one or more of these TAFs is
required as a coactivator(s) for activated transcription
(Dynlacht et al., 1991). The ADA2 gene encodes an adaptor
protein which is required for the functioning of certain
acidic activation domains present in VP16 and GCN4 proteins
(Berger et al., 1992). HAPlp has recently been shown to
bind to a factor(s) upon binding to its target sequences in
vitro (Fytlovich et al., 1993). However, upon addition of
hemin, a new complex forms with a reduced molecular mass.
The function or identification of this factor(s) has not yet
been determined. 1In addition to GAL4p interacting with its
inhibitor GAL80p, a new factor has been identified which is
required for GAL4p to bind to the UAS,, sequence in vitro
(Parthun et al., 1992). This factor is highly basic
(containing 21% of lysine and arginine residues) and encoded
by the EGD1 gene (enhancer of GAL4 DNA binding). This EGD1p
was isolated in the flowthrough fraction upon affinity

purification of the GAL4p. Purified GAL4p was not capable
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of forming a stable complex with DNA by gel retardation
assays but addition of this flowthrough fraction containing
EGD1lp restored complex formation. Deletion of EGD1 results
in a decreased rate and level of galactose induction of
GAL10 mRNA so this factor could very well be involved in
GAL4p DNA-binding in vivo. Another factor which acts in B-
cells, NF-EM5 binds to DNA at the immunoglobulin k¥ gene 3’
enhancer with the help of another protein, PU.1 (Pongubala
et al., 1993). This factor, PU.l1l needs to be phosphorylated
at serine-148 (a consensus site for casein kinase II
phosphorylation) in order to interact with NF-EM5, to allow
NF-EM5 to bind to the kE 3’ enhancer probe and to enhance
transcription activation.

The factor that could be required for MAL63p activation
is unlikely to be required for DNA-binding since it is
needed for lacZ reporter gene expression which uses LexAp
binding ability to the LexAp binding sites and not MAL63p
binding to the UAS,, . Most likely, our results imply that
this factor could be required for transcription activation.
The possible existence of this factor is being explored.

On the basis of all of the results presented in this
thesis, I would like to propose a tentative model of how the
MAL63 activator might work to activate gene expression in
response to maltose. The results of Chapter I show that a
maltose regulable domain is present in the C-terminal half

of MAL63p. Truncation of this domain, as seen in the
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MAL63/MAL64-C2 gene fusion, does not lead to the creation of
a constitutive activator as we might have expected based on
the results with the constitutive MAL64 alleles. Therefore,
the C~-terminal domain of MAL63p also appears to contain a
domain required for maltose-regulated induction. Despite
the high degree of homology between MAL64p and MAL63p,
MAL64p does not require the C-terminal region for
activation.

Figure 10 presents a diagram of the domains of the
MAL63 activator including the DNA-binding domain (Kim,
1991), the potential nuclear localization sequence (NLS),
the required C-terminal acidic region (residues 456-470) and
the region required for maltose induction. The results of
Chapter II demonstrate that overexpression of MAL63p does
not lead to the constitutive expression of the maltose
fermentative genes indicating that a limiting negative
regulatory factor, comparable to a GAL80-like repressor, is
not involved in the MAL regulatory system. However, the
participation of an abundant or essential factor cannot be
ruled out. Additionally, maltose is required to induce the
transcriptional activity of the MAL63p even when MAL63p is
overexpressed. The results in Chapter III indicate that the
final 14 C-terminal residues of MAL63p are essential for its
transcription activation function and/or dimerization
function. Activity of the lexA-MAL63 fusion activator

requires maltose for reporter gene induction indicating that
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Figure 10. The functional domains of the MAL63 activator.
The confirmed DNA-binding domain, potential NLS and acidic
regions are indicated. The acidic region in the final 14 C-
terminal residues is indicated as being required for either

transcription activation function and/or dimerization.



Transcription acﬁvwr dimerization?

NKPCNRCIQRNLNG
j 133 149 309 326

1 8  34/41 55 103 116 200 , 287 301 460 470

DNSKDEDDIP

Acidic

KKRGPKSIRAGSLKK

Maltose-responsive domain

Figure 10: Domains of the MAL63 activator

6GT



160
maltose does not regulate nuclear localization or DNA-
binding.

In summary, we propose the following model for the
maltose induction of MAL63p transcription activation.
Maltose, or a metabolite of maltose, either binds to MAL63p
directly or creates an altered physiological state in the
cell, such as a pH change or ca*? flux change, which leads
to a post-~translational modification of MAL63p or the
binding of a signal molecule. This in turn induces a
conformational change within MAL63p or the release of a
repressor protein. If a repressor protein is involved, it
must be either an extremely abundant protein, an essential
protein or encoded by multiple genes. We do not favor the
existence of this repressor. Maltose induction appears to
enhance the interaction between MAL63p and the general
transcription machinery at the UAS,, and not affect nuclear
localization or DNA-binding. Our results did not allow us
to localize the transcription activation domain of MAL63p.
Perhaps several regions of the protein interact with one
another in the presence of inducer to activate
transcription. Alternately, the activation domain could be
localized to a smaller region of the protein, for example,
within the first 282 residues as was found for MAL64-R10p,
but that MAL63p requires a functional domain found in the C-
terminal half of the protein for proper formation/activation

of the transcription activation function.



161l

REFERENCES

Amero, S.A., Kretsinger, R.H., Moncrief, N.D., Yamamoto,
K.R., and Pearson, W.R. 1992. The origin of nuclear
receptor proteins: A single precursor distinct from other
transcription factors (review). Mol. Endocrinol. 6: 3-7.

Angel, P., Allegretto, E.A., Okino, S.T., Hattori, K., and
Boyle, W.J. 1988. Oncogene Jun encodes a sequence-specific
trans-activator similar to AP-1. Nature 332: 166-171.

Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D.,
Seidman, J.G., Smith, J.A., and Struhl, K. 1989. Current
protocols in molecular biology. John Wiley & Sons, N.Y.

Baichwal, V.R., Cunningham, T.S., Gatzek, P.R., and Kohlhaw,
G.B. 1983. Leucine biosynthesis in yeast: identification
of two genes (LEU4, LEU5) that affect a-isopropylmalate
synthase activity and evidence that LEUl1 and LEU2 gene
expression is controlled by a-isopropylmalate and the
product of a regulatory gene. Curr. Genet. 7: 369-377.

Beier, D.R., Sledziewski, A., and Young, E.T. 1985.
Deletion analysis identifies a region, upstream of the ADH2
gene of Saccharomyces cerevisiae, which is required for
ADRl1-mediated derepression. Mol. Cell. Biol. 5: 1743-1749.

Bemis, L.T. and Denis, C.L. 1988. Identification of
functional regions in the yeast transcriptional activator
ADR1. Mol. Cell. Biol. 8: 2125-2131.

Berg, J.M. 1989. DNA binding specificity of steroid
receptors. Cell 57: 1065-1068.

Berger, S.L., Pina, B., Silverman, N., Marcus, G.A.,
Agapite, J., Regier, J.L., Triezenberg, S.J., and Guarente,
L. 1992. Genetic isolation of ADA2: A potential
transcriptional adaptor required for function of certain
acidic activation domains. Cell 70: 251-265.

Blumberg, H., Eisen, A., Sledziewski, A., Bader, D., and
Young, E.T. 1987. Two zinc fingers of a yeast regulatory
protein shown by genetic evidence to be essential for its
function. Nature 328: 443-445,

Blumberg, H., Hartshorne, T.A., and Young, E.T. 1988.
Regulation of expression and activity of the yeast
transcription factor ADR1. Mol. Cell. Biol. 8: 1868-1876.

Bohmann, D., Bos, T.J., Admon, A., Nishimura, T., Vogt,



162

P.K., Tjian, R. 1987. Human proto-oncogene c-Jun encodes a
DNA-binding protein with structural and functional
properties of transcription factor, AP-1. Science 238:
1386-1392.

Brent, R. and Ptashne, M. 1980. The lexA gene product
represses its own promoter. Proc. Natl. Acad. Sci. USA 77:
1932-1936.

Brent, R. 1985. Repression of transcription in yeast: A
review. Cell 42: 3-4.

Brent, R. and Ptashne, M. 1984. A bacterial repressor
protein or a yeast transcriptional terminator can block
upstream activation of a yeast gene. Nature 312: 612-615.

Brent, R. and Ptashne, M. 1985. A eukaryotic
transcriptional activator bearing the DNA specificity of a
prokaryotic repressor. Cell 43: 729-736.

Brisco, P.R.G., Cunningham, T.S., and Kohlhaw, G.B. 1987.
Cloning, disruption and chromosomal mapping of yeast LEU3, a
putative regulatory gene. Genetics 115: 91-99.

Broach, J.R., Li, Y.~Y., Chen Wu, L.-C., Jayaram, M. 1983.
Vectors for high-level, inducible expression of cloned genes
in yeast. Experimental manipulation of gene expression.
Acadenmic Press, Inc., pp. 83-115.

Buchman, A.R. and Kornberg, R.D. 1990. A yeast ARS-binding
protein activates transcription synergistically in
combination with other weak activating factors. Mol. Cell.
Biol. 10: 887-897.

Buratowski, S., Hahn, S., Sharp, P.A., and Guarente, L.
1988. Function of a yeast TATA element-binding protein in a
mammalian transcription system. Nature 334: 37-42.

Carey, M., Kakidani. H., Leatherwood, J., Mostashari, F.,
and Ptashne, M. 1989. An amino-terminal fragment of GAL4
binds DNA as a dimer. J. Mol. Biol. 209: 423-432.

Catelli, M.G., Binart, N., Jung-Testas, I., Renoir, J.M.,
Baulieu, E.E., Feramisco, J.R. and Welch, W.J. 1985.

The common 90-kD protein component of non-transformed 8S
steroid receptors is a heat shock protein. EMBO J 4:
3131~-3135.

Cavallini, B., Huet, J., Plassat, J.-L., Sentenac, A., Egly,
J.-M., and Chambon, P. 1988. A yeast activity can
substitute for the Hela cell TATA box factor. Nature 334:
77-80.



163

Chang, Y.S., Dubin, R.A., Perkins, E., Forrest, D., Michels,
C.A., and Needleman, R.B. 1988. MAL63 codes for a positive
regulator of maltose fermentation in Saccharomyces
cerevisiae. Curr. Genet. 14: 201-209.

Chang, S., Dubin, R.A., Perkins, E., Michels, C.A. and
Needleman, R.B. 1989. Identification and characterization
of the maltose permease in a genetically defined strain of
Saccharomyces. J. Bacteriol. 171: 6148-6154.

Charron, M.J., Dubin, R.A., and Michels, C.A. 1986.
Structural and functional analysis of the MAL1 locus of
Saccharomyces cerevisiae. Mol. Cell. Biol. 6: 3891-3899.

Charron, M.J., and Michels, C.A. 1987. The constitutive,
glucose~-repression-insensitive mutation of the yeast MAL4
locus is an alteration of the MAL43 gene. Genetics 116: 23-
31.

Charron, M.J. and Michels, C.A. 1988. The naturally-
occurring alleles of MALl1 in Saccharomyces species evolved
by various mutagenic processes including chromosomal
rearrangement. Genetics 120: 83-93.

Charron, M.J., Read, E., Haut, S.R., and Michels, C.A. 1989.
Molecular evolution of the telomere-associated MAL loci of
Saccharomyces. Genetics 122: 307-316.

Chen, W., and Struhl, K. 1985. Yeast messenger-RNA
initiation sites are determined primarily by specific
sequences, not by the distance from the TATA element.
EMBO J 4: 3273-3280.

Cheng, Q., and Michels, C.A. 1989. The maltose permease
encoded by the MAL61 gene of Saccharomyces cerevisiae
exhibits both sequence and structural homology to other
sugar transporters. Genetics 123: 477-484.

Cheng, Q. and Michels, C.A. 1991. MAL11 and MAL61 encode
the inducible high-affinity maltose transporter of
Saccharomyces cerevisiae. J. Bacteriol. 173: 1817-1820.

Cherry, J.R., Johnson, T.R., Dollard, C., Shuster, J.R., and
Denis, C.L. 1989. Cyclic AMP-dependent protein kinase
phosphorylates and inactivates the yeast transcriptional
activator ADR1. Cell 56: 409-419.

Chodosh, L.A., Olesen, J., Hahn, S., Baldwin, A.S.,
Guarente, L., and Sharp, P.A. 1988. A yeast and human
CCAAT-binding protein have heterologous subunits that are
functionally interchangeable. Cell 53: 25-35.



164

Chow, T., Goldenthal, M.J., Cohen, J.D., Hegde, M., and
Marmur, J. 1983. Identification and physical
characterization of yeast maltase structural genes. Mol.
Gen. Genet. 191: 366-371.

Ciriacy, M. 1975. Genetics of alcohol dehydrogenase in
Saccharomyces cerevisiae II. Two loci controlling synthesis
of the glucose-~repressible ADHII. Mol. Gen. Genet. 138:
157-164.

Ciriacy, M. 1977. 1Isolation and characterization of
mutants defective in intermediary carbon metabolism and in
carbon catabolite repression. Mol. Gen. Genet. 154: 213-
220.

Ciriacy, M. 1979. 1Isolation and characterization of
further cis- and trans- acting regulatory elements involved
in the synthesis of glucose-repressible alcohol
dehydrogenase (ADHII) in Saccharomyces cerevisiae. Mol.
Gen. Genet. 176: 427-431.

Cohen, J.D., Goldenthal, M.J., Chow, T., Buchferer, B. and
Marmur, J. 1985. Organization of the MAL loci of
Saccharomyces: Physical identification and functional
characterization of three genes at the MAL6 locus. Mol.
Gen. Genet. 200: 1-8.

Courey, A.J., and Tjian, R. 1988. Analysis of Spl in vivo
reveals multiple transcription domains, including a novel
glutamine-rich activation motif. Cell 55: 887-898.

Danielsen, M., Hinck, L., and Ringold, G.M. 1989. Two
amino acids within the knuckle of the first zinc finger
specify DNA response element activation by the
glucocorticoid receptor. Cell 57: 1131-1138.

Davis, L.I., and Fink, G.R. 1990. The NUP1l gene encodes an
essential component of the yeast nuclear pore complex. Cell
61l: 965-978.

Denis, C.L., Ciriacy, M., and Young, E.T. 1981. A positive
regulatory gene is required for accumulation of the
functional messenger RNA for the glucose-repressible alcohol
dehydrogenase from Saccharomyces cerevisiae. J. Mol. Biol.
148: 355-368.

Denis, C.L., and Young, E.T. 1983a. Isolation and
characterization of the positive regulatory gene ADR1 from
Saccharomyces cerevisiae. Mol. Cell. Biol. 3: 360-370.

Denis, C.L., Ferguson, J. and Young, E.T. 1983b.
Messenger-RNA levels for the fermentative alcohol-



165

dehydrogenase of Saccharomyces cerevisiae decrease upon
growth on a nonfermentable carbon source. J. Biol. Chem.
258: 1165-1171.

Denis, C.L. 1984. Identification of new genes involved in
the regulation of yeast alcohol dehydrogenase II. Genetics
108: 833-844.

Denis, C.L., Fontaine, S.C., Chase, D., Kemp, B.E., and
Bemis, L.T. 1992. ADRI° mutations enhance the ability of
ADR1 to activate transcription by a mechanism that is
independent of effects on cyclic AMP-dependent protein
kinase phosphorylation of Ser-230. Mol. Cell. Biol. 12:
1507-1514.

Devereux, J., Haeberli, P., and Smithies, 0. 1984. A
comprehensive set of sequence analysis programs for the VAX.
Nucl. Acids Res. 12: 387-395.

Diamond, M.I., Miner, J.N., Yoshinaga, S.K., and Yamamoto,
K.R. 1990. Transcription factor interactions- Selectors of
positive or negative regulation from a single DNA element.
Science 249: 1266-1272.

Dougherty, J.J., Puri, R.K., and Toft, D.O. 1984.
Polypeptide components of two 8S-forms of chick oviduct
progesterone-receptor. J. Biol. Chem. 259: 8004-8009.

Dreiver, W., Ma, J., Nusslein-Volhard, C., and Ptashne, M.
1989. Rescue of bicoid mutant Drosophila embryos by Bicoid
fusion proteins containing heterologous activating
sequences. Nature 342: 149-154.

Dubin, R.A., Needleman, R.B., Gossett, D., and Michels, C.A.
1985. Identification of the structural gene encoding
maltase within the MAL6 locus of Saccharomyces cerevisiae.
J. Bacteriol. 164: 605-610.

Dubin, R.A., Perkins, E.L., Needleman, R.B., and Michels,
C.A. 1986. Identification of a second trans-acting gene
controlling maltose fermentation in Saccharomyces
carlsbergensis. Mol. Cell. Biol. 6: 2757-2765.

Dubin, R.A., Charron, M.J., Haut, S.R., Needleman, R.B., and
Michels, C.A. 1988. Constitutive expression of the maltose
fermentative enzymes in Saccharomyces carlsbergensis is
dependent upon the mutational activation of a nonessential
homolog of MAL63. Mol. Cell. Biol. 8: 1027-1035.

Dynlacht, B.D., Hoey, T., and Tjian, R. 1991. 1Isolation of
coactivators associated with the TATA-binding protein that
mediate transcriptional activation. Cell 66: 563-576.



166

Field, J., Nikawa, J.-I., Broek, D., MacDonald, B., Rodgers,
L., Wilson, I.A., Lerner, R.A., and Wigler, M. 1988.
Purification of a RAS-responsive adenylyl cyclase complex
from Saccharomyces cerevisiae by use of an epitope addition
method. Mol. Cell. Biol. 8: 2159-2165.

Fischer, J.A., Giniger, E., Maniatis, T., and Ptashne, M.
1988. GAL4 activates transcription in Drosophila. Nature
332: 853-856.

Flanagan, P.M., Kelleher III, R.J., Sayre, M.H., Tschochner,
H., and Kornberg, R.D. 1991. A mediator required for
activation of RNA polymerase II transcription in vitro.
Nature 350: 436-438.

Friden, P. and Schimmel, P. 1987. LEU3 of Saccharomyces
cerevisiae encodes a factor for control of RNA levels of a
group of leucine-specific genes. Mol. Cell. Biol. 7: 2708-
2717.

Friden, P. and Schimmel, P. 1988. LEU3 of Saccharomyces
cerevisiae activates multiple genes for branched chain amino
acid biosynthesis by binding to a common decanucleotide core
sequence. Mol. Cell. Biol. 8: 2690-2697.

Friden, P., Reynolds, C., and Schimmel, P. 1989. A large
internal deletion converts yeast LEU3 to a constitutive
transcriptional activator. Mol. Cell. Biol. 9: 4056-4060.

Fytlovich, S., Gervais, M., Agrimonti, C., and Guiard, B.
1993. Evidence for an interaction between the CYP1 (HAP1)
activator and a cellular factor during heme-dependent
transcriptional regulation in the yeast Saccharomyces
cerevisiae. EMBO 12: 1209-1218.

Gauthier-Rouviere, C., Basset, M., Blanchard, J.-M.,
Cavadori, J.-C., Fernandez, A. and Lamb, N.J.C. 1991.
Casein-kinase II induces c~Fos expression via the serum
response element pathway and P67SRF phosphorylation in
living fibroblasts. EMBO J 10: 2921-2930.

Ghosh, S. and Baltimore, D. 1990. Activation in vitro of
NF-kB by phosphorylation of its inhibitor IkB. Nature 344:
678-682.

Giguere, V., Hollenberg, S.M., Rosenfeld, M.G., and Evans,
R.M. 1986. Functional domains of the human glucocorticoid
receptor. Cell 46: 645-652.

Giniger, E., and Ptashne, M. 1987. Transcription in yeast
activated by a putative amphipathic a-helix linked to a DNA
binding unit. Nature 330: 670-672.



167

Godowski, P.J., Rusconi, S., Miesfeld, R., and Yamamoto,
K.R. 1987. Glucocorticoid receptor mutants that are
constitutive activators of transcriptional enhancement.
Nature 325: 365-368.

Griggs, D.W. and Johnsteon, M. 1991. Regulated expression
of the GAL4 activator gene provides a sensitive genetic
switch for glucose repression. Proc. Natl. Acad. Sci. USA
88: 8597-8601.

Guarente, L. 1983. VYeast promoters and lacZ fusions
designed to study expression of cloned genes in yeast.
Meth. Enzymol. 101: 181-191.

Guarente, L. 1987. Regulatory proteins in yeast. Ann.
Rev. Genet. 21: 425-452,

Guarente, L., Yocum, R.R., and Gifford, P. 1982. A GAL10-
CYCl1l hybrid yeast promoter identifies the GAL4 regulatory
region as an upstream site. Proc. Natl. Acad. Sci. USA 79:
7410-7414.

Guarente, L. and Mason, T. 1983. Heme regulates
transcription of the CYC1 gene of Saccharomyces cerevisiae
via an upstream activation site. Cell 32: 1279-1286.

Guarente, L. and Hoar, E. 1984a. Upstream activation site
of the CYCl gene of Saccharomyces cerevisiae are active when
inverted but not placed downstream of the TATA box. Proc.
Natl. Acad. Sci. USA 81: 7860-7864.

Guarente, L., Lalonde, B., Gifford, P., and Alani, E.
1984b. Distinctly regulated tandem upstream activation
sites mediate catabolite repression of the CYC1 gene of
Saccharomyces cerevisiae. Cell 36: 503-511.

Hanes, S.D. and Brent, R. 1989. DNA specificity of the
Bicoid activator protein is determined by homeodomain
recognition helix residue 9. Cell 57: 1275-1283.

Harshman, K.D., Moye-Rowley, W.S., and Parker, C.S. 1988.
Transcriptional activation by the SV-40 AP-1 recognition
element in yeast is mediated by a factor similar to AP-1
that is distinct from GCN4. Cell 53: 321-330.

Hollenberg, S.M., Weinberger, C., Ong, E.S., Cerelli, G.,
Oro, A., Lebo, R., Thompson, E.B., Rosenfeld, M.G., and
Evans, R.M. 1985. Primary structure and expression of a
functional human glucocorticoid receptor cDNA. Nature 318:
635-641.

Hollenberg, S.M., Giguere, V., Segul, P., and Evans, R.M.



168

1987. Colocalization of DNA-binding and transcriptional
activation functions in the human glucocorticoid receptor.
Cell 49: 39-46.

Hollenberg, S.M., and Evans, R.M. 1988. Multiple and
cooperative trans-activation domains of the human
glucocorticoid receptor. Cell 55: 899-906.

Hong, S.H. and Marmur, J. 1986. Primary structure of the
maltase gene at the MAL6 locus of Saccharomyces
carlsbergensis. Gene 41: 75-84.

Hong, S.H. and Marmur, J. 1987. Upstream regulatory
regions controlling the expression of the yeast maltase
gene. Mol. Cell. Biol. 7: 2477-2483.

Hope, I.A. and Struhl, K. 1986. Functional dissection of a
eukaryotic transcriptional activator protein, GCN4 of yeast.
Cell 46: 885-894.

Howard, K.J., and Distelhorst, C.W. 1988. Evidence for
intracellular association of the glucocorticoid receptor
with the 90-kDa heat shock protein. J. Biol. Chem. 263:
3474-3481.

Ito, H., Fukuda, Y., Murata, K., and Kimura, A. 1983.
Transformation of intact yeast cells treated with alkali
cations. J. Bacteriol. 153: 163-168.

Jackson, S.P. 1992. Regulating transcription factor
activity by phosphorylation. Trends in Cell Biology 2: 104~
107.

Joab, I., Radanyi, C., Renoir, M., Buchou, T., Catelli,
M.G., Binart, N., Mester, J., and Baulieu, E.E. 1984.
Common non-hormone binding-component in non-transformed
chick oviduct receptors of four steroid hormones. Nature
308: 850-853.

Johnson, A.D. and Herskowitz, I. 1985. A repressor (MATa2
product) and its operator control expression of a set of
cell type specific genes in yeast. Cell 42: 237-247.

Johnston, M. 1987. A model fungal gene regulatory
mechanism: the GAL genes of Saccharomyces cerevisiae.
Microbiological Reviews 51: 458-476.

Johnston, M., and Davis, R.W. 1984. Sequences that
regulate the divergent GAL-GAL10 promoter in Saccharomyces
cerevisiae. Mol. Cell. Biol. 4: 1440-1448.

Johnston, M. and Dover, J. 1987. Mutations that inactivate



169

a yeast transcriptional regulatory protein cluster in an
evolutionarily conserved DNA binding domain. Proc. Natl.
Acad. Sci. USA 84: 2401-2405.

Johnston, S.A., and Hopper, J.E. 1982. 1Isolation of the
yeast regulatory gene GAL4 and analysis of its dosage
effects on the galactose/melibiose regulon. Proc. Natl.
Acad. Sci. USA 79: 6971-6975.

Johnston, S.A., Zavortink, M.J., Debouck, C., and Hopper,
J.E. 1986. Functional domains of the yeast regulatory
protein GAL4. Proc. Natl. Acad. Sci. USA 83: 6553-6557.

Johnston, S.A., Salmeron, Jr., J.M., and Dincher, S.S.
1987. Interaction of positive and negative regulatory
proteins in the galactose regulon of yeast. Cell 50: 143-
146.

Jones, R.H., Moreno, S., Nurse, P., Jones, N.C. 1988.
Expression of the SV40 promoter in fission yeast:
Identification and characterization of an AP-1 like factor.
Cell 53: 659-667.

Kakidani, H. and Ptashne, M. 1988. GAL4 activates gene
expression in mammalian cells. Cell 52: 161-167.

Kelleher III, R.J., Flanagan, P.M., and Kornberg, R.D.
1990. A novel mediator between activator proteins and the
RNA polymerase II transcription apparatus. Cell 61: 1209-
1215.

Kemp, B.E., Graves, D.J., Benjamin, E., and Krebs, E.G.
1977. Role of multiple basic residues in determining the
substrate specificity of cyclic AMP-dependent protein
kinase. J. Biol. Chem. 252: 4888-4894.

Khan, N.A., and Eaton, N.R. 1971. Genetic control of
maltose fermentation in yeast. I. Strains producing high and
low basal levels of enzyme. Mol. Gen. Genet. 112: 317-322.

Kim, B. and Little, J.W. 1992. Dimerization of a specific
DNA-binding protein on the DNA. Science 255: 203-206.

Kim, J. and Michels, C.A. 1988. The MAL63 gene of
Saccharomyces cerevisiae encodes a cysteine-zinc finger
protein. Curr. Genet. 14: 319-323.

Kim, K.S., and Guarente, L. 1989. Mutations that alter
transcriptional activation but not DNA binding in the zinc
finger of yeast activator HAP1l. Nature 342: 200-203.

Kim, K.S., Pfeifer, K., Powell, L., and Guarente, L. 1990.



170

Internal deletions in the yeast transcriptional activator
HAP1 have opposite effects at two sequence elements. Proc.
Natl. Acad. Sci. USA 87: 4524-4528.

Kolodziej, P.A., Woychik, N., Liao, S.-M., and Young, R.A.
1990. RNA polymerase II subunit composition, stoichiometry,
and phosphorylation. Mol. Cell. Biol. 10: 1915-1920.

Kuenzel, E.A., Mulligan, J.A., Sommercorn, J., and Krebs,
E.G. 1987. Substrate specificity determinants for casein
kinase II as deduced from studies with synthetic peptides.
J. Biol. Chem. 262: 9136-9140.

Lalonde, B., Arcangioli, B., and Guarente, L. 13i986. A
single yeast upstream activation site UAS1 has two distinct
regions essential for its activity. Mol. Cell. Biol. 6:
4690-4696.

Landschulz, W.H., Johnson, P.F., and McKnight, S.L. 1988.
The leucine zipper: A hypothetical structure common to a new
class of DNA binding proteins. Science 240: 1759-1764.

Lane, T., Ibanez, C., Garcia, A., Graf, T., and Lipsick, J.
1990. Transformation by v-myb correlates with trans-
activation of gene expression. Mol. Cell. Biol. 10: 2591-
2598,

Laurent, B.C., Treitel, M.A. and Carlson, M. 1991.
Functional interdependence of the yeast SNF2, SNF5 and SNFé
proteins in transcription activation. Proc. Natl. Acad.
Sci. USA 88: 2687-2691.

Lech, K., Anderson, K., and Brent, R. 1988. DNA-bound Fos
proteins activate transcription in yeast. Cell 52: 179-184.

Leuther, K.K., and Johnston, S.A. 1992. Nondissociation of
GAL4 and GAL80 in vivo after galactose induction. Science
256: 1333-1335.

Leuther, K.K., Salmeron, J.M. and Johnston, S.A. 1993.
Genetic evidence that an activation domain of GAL4 does not
require acidity and may form a B sheet. Cell 72: 575-585.

Levine, J., Tanouye, L., and Michels, C.A. 1992. The UAS,,
is a bidirectional promoter element required for the
expression of both the MAL61 and MAL62 genes of the
Saccharomyces MAL6 locus. Curr. Genet. 22: 181-189.

Long, R.M., Mylin, L.M., and Hopper, J.E. 1991. GALl1
(SPT13), a transcriptional regulator of diverse yeast genes,
affects the phosphorylation state of GAL4, a highly specific
transcriptional activator. Mol. Cell. Biol. 11: 2311-2314.



171

Lue, N.F., Buchman, A.R., and Kornberg, R.D. 1989.
Activation of yeast RNA polymerase II transcription by a
thymidine-rich upstream element in vitro. Proc. Natl. Acad.
Sci. USA 86: 486-490.

Luscher, B., Christenson, E., Litchfield, D.W., Krebs, E.G.,
and Eisenman, R.N. 1990. Myb DNA binding inhibited by
phosphorylation at a site deleted during oncogenic
activation. Nature 344: 517-522.

Ma, J., Przibilla, E., Hu, J., Bogorad, L., and Ptashne, M.
1988. Yeast activators stimulate plant gene-expression.
Nature 334: 631-633.

Ma, J. and Ptashne, M. 1987a. Deletion analysis of GAL4
defines two transcriptional activating segments. Cell 48:
847-853.

Ma, J. and Ptashne, M. 1987b. The carboxy-terminal 30
amino acids of GAL4 are recognized by GAL80. Cell 50: 137-
142.

Ma, J. and Ptashne, M. 1987c. A new class of yeast
transcriptional activators. Cell 51: 113-119.

Majors, J. 1975. Specific binding of CAP factor to lac
promoter DNA. Nature 256: 672.

Maniatis, T., Fritsch, E.F., and Sambrook, J. 1982.
Molecular cloning: a laboratory manual. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Marchiori, F., Meggio, F., Marin, O., Borin, G., Calderan,
A., Ruzza, P., and Pinna, L.A. 1988. Synthetic peptide
substrates for casein kinase II. Assessment of minimum
structural requirements for phosphorylation. Biochimica et
Biophysica Acta 971: 332-338.

Marczak, J.E. and Brandriss, M.C. 1989. Isolation of
constitutive mutations affecting the proline utilization
pathway in Saccharomyces cerevisiae and molecular analysis
of the PUT3 transcriptional activator. Mol. Cell. Biol. 9:
4696-4705.

Marczak, J.E., and Brandriss, M.C. 1991. Analysis of
constitutive and noninducible mutations of the PUT3
transcriptional activator. Mol. Cell. Biol. 11l: 2609-2619.

McNeil, J.B., and Smith, M. 1986. Transcription initiation
of the Saccharomyces cerevisiae iso-l-cytochrome-c gene:
Multiple, independent T-A-T-A sequences. J. Mol. Biol. 187:
363-378.



172

Mermod, N., O’Neill, E.A., Kelly, T.J., and Tjian, R. 1989.
The proline-rich region of transcription activator CTF/NF-1
is distinct from the replication and DNA binding domain.
Cell 58: 741-753.

Metzger, D., White, H.H., and Chambon, P. 1988. The human
estrogen receptor functions in yeast. Nature 334: 31-36.

Michels, C.A., Read, E., Nat, K., and Charron, M.J. 1992.
The telomere-associated MAL3 locus of Saccharomyces is a
tandenm array of repeated genes. Yeast 8: 655-665.

Miller, J., McLachlan, A.D., and Klug, A. 1985. Repetitive
zinc-binding domains in the protein transcription factor
ITTIA from Xenopus oocytes. EMBO J 4: 1609-1614.

Moll, T., Tebb, G., Surana, U., Robitsch, H., and Nasmyth,
K. 1991. The role of phosphorylation and the CDC28 protein
kinase in cell cycle-regulated nuclear import of the S.
cerevisiae transcription factor SWI5. Cell 66: 743-758.

Mylin, L.M., Bhat, J.P., and Hopper, J.E. 1989. Regulated
phosphorylation and dephosphorylation of GAL4, a
transcriptional activator. Genes & Development 3: 1157-
1165.

Mylin, L.M., Hofmann, K.J., Schultz, L.D., and Hopper, J.E.
1990a. Regulated GAL4 expression cassette providing
controllable and high-level output from high-copy galactose
promoters in yeast. Methods in Enzymology 185: 297-308.

Mylin, L.M., Johnston, M., and Hopper, J.E. 1990b.
Phosphorylated forms of GAL4 are correlated with ability to
activate transcription. Mol. Cell. Biol. 10: 4623-4629.

Nasmyth, K., Adolf, G., Lydall, D. and Seddon, A. 1990.
The identification of a second cell cycle control on the HO
promoter in yeast: Cell cycle regulation of SWIS5 nuclear
entry. Cell 62: 631-647.

Needleman, R.B. and Eaton, N.R. 1974. Selection of yeast
mutants constitutive for maltase synthesis. Mol. Gen.
Genet. 133: 135-140.

Needleman, R.B., Kaback, D.B., Dubin, R.A., Perkins, E.L.,
Rosenberg, N.G., Sutherland, K.A., Forrest, D.B., and
Michels, C.A. 1984. MAL6 of Saccharomyces: A complex
genetic locus containing three genes required for maltose
fermentation. Proc. Natl. Acad. Sci. USA 81: 2811-2815.

Nehlin, J.0. and Ronne, H. 1990. Yeast MIGl repressor is
related to the mammalian early growth response and Wilms’



173
tumour finger proteins. EMBO 9: 2891-2898.

Ni, B. and Needleman, R.B. 1990. Identification of the
upstream activating sequence of MAL and the binding sites
for the MAL63 activator of Saccharomyces cerevisiae. Mol.
Cell. Biol. 10: 3797-3800.

Ninfa, A.J., and Magasanik, B. 1986. Covalent modification
of the glnG product, NR,, by the gInL product NRH, regulates
the transcription of the glnALG operon in E. coli. Proc.
Natl. Acad. Sci. USA 83: 5909-5913.

Ogawa, N. and Oshima, Y. 1990. Functional domains of a
positive regulatory protein, PHO4, for transcriptional
control of the phosphatase regulon in Saccharomyces
cerevisiae. Mol. Cell. Biol. 10: 2224-2236.

Pabo, C.0., and Sauer, R.T. 1984. Protein-DNA recognition:
A review. Annu. Rev. Biochem. 53: 293-321.

Pan, T., and Coleman, J.E. 1989. Structure and function of
the Zn(II) binding site within the DNA-binding domain of the
GAL4 transcription factor. Proc. Natl. Acad. Sci. USA 86:
3145-3149.

Pan, T. and Coleman, J.E. 1990. GAL4 trancription factor
is not a "zinc finger" but forms a Zn(II),Cys, binuclear
cluster. Proc. Natl. Acad. Sci. USA 87: 2077-2081.

Parent, S.A., Tait-Kamradt, A.G., LeVitre, J., Lifanova, O.,
and Bostian, K.A. 1987. Regulation of phosphatase
multigene family of Saccharomyces cerevisiae, p. 63-70. In
Torriani-Gorini, A., Rothman, F.G., Silver, S., Wright, A.,
and Yogil, E. (eds.), Phosphate metabolism and cellular
regulation in microorganisms. American Society for
Microbiology, Washington, D.C.

Parthun, M.R., and Jaehning, J.A. 1992. A
transcriptionally active form of GAL4 is phosphorylated and
associated with GAL80. Mol. Cell. Biol. 12: 4981-4987.

Parthun, M.R., Mangus, D.A. and Jaehning, J.A. 1992. The
EGD1 product, a yeast homolog of human BTF3, may be involved
in GAL4 DNA binding. Mol. Cell. Biol. 12: 5683-5689.

Payvar, F., DeFranco, D., Firestone, G.L., Edgar, B.,
Wrange, O., Okret, S., Gustafsson, Jan-Ake and Yamamoto,
K.R. 1983. Sequence-specific binding of glucocorticoid
receptor to MTV DNA at sites within the upstream of the
transcribed region. Cell 35: 381-392.

Pearce, D. and Yamamotc, K.R. 1993. Mineralcorticoid and



174

glucocorticoid receptor activities distinguished by
nonreceptor factors at a composite response element.
Science 259: 1161-1165.

Perlman, D., and Hopper, J.E. 1979. Constitutive synthesis
of the GAL4 protein, a galactose pathway regulator in
Saccharomyces cerevisiae. Cell 16: 89-95.

Pfeifer, K., Arcangioli, B. and Guarente, L. 1987a. Yeast
HAP1 activator competes with the factor RC2 for binding to
the upstream activation site UAS1l of the CYC1l gene. Cell
49: 9-18.

Pfeifer, K., Prezant, T., and Guarente, L. 1987b. Yeast
HAP1 activator binds to two upstream activation sites of
different sequence. Cell 49: 19-27.

Pfeifer, K., Kim, K.-S., Kogan, S., and Guarente, L. 1989.
Functional dissection and sequence of yeast HAP1l activator.
Cell 56: 291-301.

Picard, D. and Yamamoto, K.R. 1987. Two signals mediate
hormone-dependent nuclear localization of the glucocorticoid
receptor. EMBO J 6: 3333-3340.

Picard, D., Salser, S.J., and Yamamoto, K.R. 1988. A
movable and regulable inactivation function within the
steroid binding domain of the glucocorticoid receptor. Cell
54: 1073-1080.

Pongubala, J.M.R., Van Beveren, C., Nagulapalli, S., Klemsz,
M.J., McKercher, S.R., Maki, R.A., and Atchison, M.L. 1993.
Effect of PU.1 phosphorylation on interaction with NF-EM5
and transcriptional activation. Science 259: 1622-1625.

Prezant, T., Pfeifer, K. and Guarente, L. 1987.
Organization of the regulatory region of the yeast CYC7
gene: multiple factors are involved in regulation. Mol.
Cell. Biol. 7: 3252-3259.

Ptashne, M. 1988. How eucaryotic transcription activators
work. Nature 335: 683-689.

Pulverer, B.J., Kyriakis, J.M., Avruch, J., Nikolakaki, E.,
and Woodgett, J.R. 1991. Phosphorylation of c-Jun mediated
by MAP kinases. Nature 353: 670-674.

Rihs, H.P., Jans, D.A., Fan, H., and Peters, R. 1991. The
rate of nuclear cytoplasmic protein transport is determined
by the casein kinase II site flanking the nuclear
localization sequence of the SV40 T-antigen. EMBO 10: 633~
639.



175

Robbins, J., Dilworth, S.M., Laskey, R.A., and Dingwall, C.
1991. Two interdependent basic domains in nucleoplasmin
nuclear targeting sequence: Identification of a class of
bipartite nuclear targeting sequence. Cell 64: 615-623.

Rodicio, R. 1986. Insertion of non-homologous DNA
sequences into a regulatory gene cause a constitutive
maltase synthesis in yeast. Curr. Genet. 11l: 235-241.

Rogers, D.T., Lemire, J.M., and Bostian, K.A. 1982. Acid
phosphatase polypeptides in Saccharomyces cerevisiae are
encoded by a differentially regulated multigene family.
Proc. Natl. Acad. Sci. USA 79: 2157-2161.

Rose, M.D. and Broach, J.R. 1991. Cloning genes by
complementation in yeast. Methods Enzymol. 194: 195-230.

Salmeron, J.M., Leuther, K.X., and Johnston, S.A. 1990.
GAL4 mutations that separate the transcriptional activation
and GAL8O-interactive functions of the yeast GAL4 protein.
Genetics 125: 21-27.

Sanger, F., Nicklen, S., and Coulson, A.R. 1977. DNA
sequencing with chain-terminating inhibitors. Proc. Natl.
Acad. Sci. USA 74: 5463-5467.

Schena, M. and Yamamoto, K.R. 1988. Mammalian
glucocorticoid receptor derivatives enhance transcription in
yeast. Science 241: 965-967.

Schena, M., Freedman, L.P. and Yamamoto, K.R. 1989,
Mutations in the glucocorticoid receptor zinc finger region
that distinguish interdigitated DNA binding and
transcriptional enhancement activities. Genes & Development
3: 1590-1601.

Schild, D., Glassner, B.J., Mortimer, R.X., Carlson, M.,
Laurent, B.C. 1992. Identification of RAD16, a yeast
excision repair gene homologous to the recombinational
repair gene RAD54 and to the SNF2 gene involved in
transcriptional activation. Yeast 8: 385-395.

Schuh, S., Yonemoto, W., Brugge, J., Bauer, V.J., Riehl,
R.M., Sullivan, W.P. and Toft, D.O. 1985. A 90,000 dalton
binding-protein common to both steroid-receptors and the
Rous sarcoma virus transforming protein, pp60VSRC. J. Biol.
Chem. 260: 4292-4296.

Schultz, L.D., Hofmann, K.J., Mylin, L.M., Montgomery, D.L.,
Ellis, R.W., and Hopper, J.E. 1987. Regulated
overproduction of the GAL4 gene product greatly increases
expression from galactose-inducible promoters on multi-copy



176
expression vectors in yeast. Gene 61: 123-133.

Sherman, F., Fink, G.R., and Hicks, J.B. 1986. Laboratory
course manual for methods in Yeast Genetics. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y.

Siddiqui, A.H., and Brandriss, M.C. 1989. The
Saccharomyces cerevisiae PUT3 activator protein associates
with proline-specific upstream activation sequences. Mol.
Cell. Biol. 9: 4706-4712.

Sigler, P.B. 1988. Acid blobs and negative noodles.
Nature 333: 210-212.

Sikorski, R.S. and Hieter, P. 1989. A system of shuttle
vectors and yeast host strains designed for efficient
manipulation of DNA in Saccharomyces cerevisiae. Genetics
122: 19-27.

Siliciano, P.G., and Tatchell, K. 1984. Transcription and
regulatory signals at the mating-type locus in yeast. Cell
37: 969-978.

Smeal, T., Binetruy, B., Mercola, D.A., Burer, M. and Karin,
M. 1991. Oncogenic and transcriptional cooperation with
HA-RAS requires phosphorylation of c¢~Jun on serine-63 and
serine-73. Nature 354: 494-496.

Smith, H.E., Driscoll, S.E., Sia, R.A.L., Yuan, H.E. and
Mitchell, A.P. 1993. Genetic evidence for transcriptional
activation by the yeast IMEl1 gene product. Genetics 133:
775-784.

Sollitti, P. and Marmur, J. 1988. Primary structure of the
regulatory gene from the MAL6 locus of Saccharomyces
carlsbergensis. Mol. Gen. Genet. 213: 56-62.

Song, 0., Dolan, J.W., Yuan, Y.O. and Fields, S. 1991.
Pheromone-dependent phosphorylation of the yeast STE12
protein correlates with transcriptional activation. Genes &
Dev 5: 741-750.

Sorger, P.K., and Pelham, H.R.B. 1988. Yeast heat shock
factor is an essential DNA-binding protein that exhibits
temperature-dependent phosphorylation. Cell 54: 855-864.

Southern, E.M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol.
Biol. 98: 503-517.

Stoffers, D.A., Green, C.B.R., and Eipper, B.A. 1989.
Alternative mRNA splicing generates multiple forms of



177

peptidyl-glycine-a-amidating monooxygenase in rat atrium.
Proc. Natl. Acad. Sci. USA 86: 735-739.

Struhl, K. 1982. The yeast HIS3 promoter contains at least
two distinct sites. Proc. Natl. Acad. Sci. USA 79: 7385-
7389.

Struhl, K. 1984. Genetic properties and chromatin
structure of the yeast gal regulatory element: An enhancer-
like sequence. Proc. Natl. Acad. Sci. USA 81: 7865-7869.

Struhl, K. 1985. Negative control at a distance mediates
catabolite repression in yeast. Nature 317: 822-824.

Struhl, K. 1987. The DNA-binding domain of the Jun
oncoprotein and the yeast GCN4 transcriptional activator
protein are functionally homologous. Cell 50: 841-846.

Struhl, K. 1988. The Jun oncoprotein, a vertebrate
transcription factor, activates transcription in yeast.
Nature 332: 649-651.

Struhl, K. 1989a. Helix-turn-helix, zinc-finger, and
leucine-zipper motifs for eukaryotic transcriptional
regulatory proteins. TIBS 14: 137-140.

Struhl, K. 1989b. Molecular mechanisms of transcriptional
regulation in yeast. Annu. Rev. Biochem. 58: 1051-1077.

Sze, J.-Y., Woonter, M., Jaehning, J.A. and Kohlhaw, G.B.
1992. In vitro transcriptional activation by a metabolic
intermediate: Activation by LEU3 depends on -
isopropylmalate. Science 258: 1143-1145.

Sze, J.-Y. and Kohlhaw, G.B. 1993. Purification and
structural characterization of transcriptional regulator
LEU3 of yeast. J. Biol. Chem. 268: 2505-2512.

Taguchi, A.K.W., and Young, E.T. 1987a. The identification
and characterization of ADR6, a gene required for
sporulation and for expression of the alcohol dehydrogenase
IT isozyme from Saccharomyces cerevisiae. Genetics 116:
523-530.

Taguchi, A.K.W. and Young, E.T. 1987b. The cloning and
mapping of ADR6, a gene required for sporulation and for
expression of the alcohol dehydrogenase II isozyme from
Saccharomyces cerevisiae. Genetics 116: 531-540.

Tanaka, M. and Herr, W. 1990. Differential transcriptional
activation by Oct-1 and Oct-2: Interdependent activation
domains induce Oct-2 phosphorylation. Cell 60: 375-386.



178

ten Berge, A.M.A., Zoutewelle, G., and van de Poll, K.W.
1973a. Regulation of maltose fermentation in Saccharomyces
carlsbergensis. I. The function of the gene MAL6, as
recognized by MAL6 mutants. Mol. Gen. Genet. 123: 233-246.

ten Berge, A.M.A., Zoutewelle, G., van de Poll, K.W., and
Bloemers, H.P.J. 1973b. Regulation of maltose fermentation
in Saccharomyces carlsbergensis. II. Properties of a
constitutive MAL6 mutant. Mol. Gen. Genet. 125: 139-146.

ten Berge, A.M.A., Zoutewelle, G., and Needleman, R.B.

1974. Regulation of maltose fermentation in Saccharomyces
carlsbergensis. III. Constitutive mutations at the MAL6
locus and suppressors changing a constitutive phenotype into
a maltose negative phenotype. Mol. Gen. Genet. 131: 113-
121.

Thill, G.P., Kramer, R.A., Turner, K.J., and Bostian, K.A.
1983. Comparative analysis of the 5’/-end regions of two
repressible acid phosphatase genes in Saccharomyces
cerevisiae. Mol. Cell. Bicl. 3: 570-579.

Torchia, T.E., Hamilton, R.W., Cano, C.L., and Hopper, J.E.
1984. Disruption of regulatory gene GAL80 in Saccharomyces
cerevisiae: Effects on carbon-controlled regulation of the
galactose/melibiose pathway genes. Mol. Cell. Biol. 4:
1521-1527.

vallari, R.C., Cook, W.J., Andino, D.C., Morgan, M.J.,
Jensen, D.E., Laudano, A.P. and Denis, C.L. 1992. Glucose
repression of the yeast ADH2 gene occurs through multiple
mechanisms, including control of the protein synthesis of
its transcriptional activator, ADR1. Mol. Cell. Biol. 12:
1663-1673.

Van Hoy, M., Leuther, K.K., Kodadek, T. and Johnston, S.A.
1993. The acidic activation domains of the GCN4 and GAL4
proteins are not @ helical but form B sheets. Cell 72: 587-
594.

Vieira, J. and Messing, J. 1987. Production of single-
stranded plasmid DNA. Methods in Enzymology 153: 3-11.

Webster, N.J.G., Green, S., Jin, J.R., and Chambon, P.
1988a. The hormone-binding domains of the estrogen and
glucocorticoid receptors contain an inducible transcription
activation function. Cell 54: 199-207.

Webster, N.J.G., Jin, J.R., Green, S., Hollis, M., and
Chambon, P. 1988b. The yeast UAS, is a transcription
enhancer in human HelLa cells in the presence of the GAL4
trans—-activator. Cell 52: 169-178.



179

West, R.W., Yocum, R.R. and Ptashne, M. 1984.
Saccharomyces cerevisiae GAL1-GAL10 divergent promoter
region: Location and function of the upstream activating
sequence UAS.,. Mol. Cell. Biol. 4: 2467-2478.

Wilson, I.A., Niman, H.L., Houghten, R.A., Cherenson, A.R.,
Connolly, M.L., and Lerner, R.A. 1984. The structure of an
antigenic determinant in a protein. Cell 37: 767-778.

Winge, 0. and Roberts, C. 1950. The polymeric genes for
maltose fermentation in yeasts and their mutability. Compt.
vend. trav. lab. Carlsberg 25: 35-81.

Yanisch-Perron, C., Vieira, J. and Messing, J. 1985.
Improved M13 phage cloning vectors and host strains:
Nucleotide sequence of the M13mpl8 and pUCl9 vectors. Gene
33: 103-119.

Yocum, R.R., Hanley, S., West, R., and Ptashne, M. 1984.
Use of lacZ fusions to delimit regulatory elements of the
inducible divergent GAL1-GAL10 promoter in Saccharomyces

cerevisiae. Mol. Cell. Biol. 4: 1985-1998.

Zhou, K., Bai, Y., and Kohlhaw, G.B. 1990. Yeast
regulatory protein LEU3: a structure-function analysis.
Nucl. Acids Res. 18: 291-298.

Zimmerman, F.K. and Eaton, N.R. 1974. Genetics of
induction and catabolite repression of maltase synthesis in
Saccharomyces cerevisiae. Mol. Gen. Genet. 134: 261-272.

Zitomer, R.S., Sellers, J.W., McCarter, D.W., Hastings,
G.A., Wick, P., and Lowry, C. 1987. Elements involved in
oxygen reqgulation of the Saccharomyces cerevisiae CYC7 dene.
Mol. Cell. Biol. 7: 2212-2220.



