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FOREWORD

One of the major goals of the representatives from Upjohn and Labatt Brewing Company,
Ltd. in planning this symposium* was to bring together, in one forum, industrial and
academic scientists. It was concluded that both the topic and timing of the symposium were
appropriate for disproving several ‘‘myths’’ surrounding the relationship between academic
and industrial research. These myths range from industrial research being solely applied, to
the widely held feeling that the focus of academic and industrial research differ significantly.
The organizers of the symposium wished to address these misconceptions in several ways.
First, it appeared that the topics of interest were common both to academic and industrial
researchers, and that both the title and content of the symposium should reflect the attempt
to bridge the usually presumed ‘‘academic-industrial gap’’ in research interests. Next, the
participants and their contributions should reflect the full range of research interests, from
studies of the basic mechanisms of yeast molecular biology to application of yeast expression
technologies in industries as diverse as brewing, oil production and pharmaceuticals. Finally,
it was concluded that the state-of-the-art was of interest, and not review-type papers, and
the participants were requested to prepare their presentations accordingly.

The results of the experiment, at least as measured by the anecdotal observations of both
participants and organizers, indicated that a successful experiment has been carried out in
essentially all respects. International participants from both industrial and academic labo-
ratories engaged in lively presentations and debate throughout the symposium, and new,
unpublished research results were at the core of most presentations. Furthermore, research
results presented as posters received equal weight to oral presentations and are included as
full manuscripts in this current publication.

It is a great pleasure, therefore, to thank both the sponsors of the symposium, The Upjohn
Company and Labatt Brewing Company, Ltd., and the participants for a stimulating and
scientifically important symposium. It is our hope that the proceedings of this symposium
will not only reflect the exciting synergism that occurred during the symposium, but will
also contribute substantially to the scientific literature in this area.

Ralph E. Christoffersen, Ph.D.

Vice President

Biotechnology and Basic Research Support
The Upjohn Company

*  Symposium on the Biochemistry and Molecular Biology of Industrial Yeasts, Brook Lodge, Kalamazoo, Mich
October 25 10 30, 1985, sponsored Jointly the The Upjohn Company, Kalamaz , i v )
Ltd., London, Ontario, Canada. P 00 an Labatt Brewing Company.
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I. SUMMARY

The two cytoplasmic alcohol dehydrogenase (ADH) isoenzymes are regulated in a manner
that insures an approximately equal amount of total ADH activity in the cell irrespective of
carbon source in the medium. In the presence of a fermentable carbon source ADHI is the
major isoenzyme present and ADHII activity is absent. During respiratory growth on a
nonfermentable carbon source ADHI activity declines and ADHII activity appears.

The regulation of ADHII involves both cis- and trans- acting factors that influence expres-
sion of ADH?2, the structural gene for ADHII. Sequences lying both upstream and downstream
of the RNA start site have been implicated in the synthesis of stable ADH2 mRNA. A
regulatory sequence is present 215 bp 5’ to the TATA box and consists of a perfect 22-bp
dyad. Deletion of this dyad results in a repressed and nonderepressible phenotype.

Gene loci that apparently act in an ADH2-specific manner have been identified and
characterized in some detail. ADRI encodes an ADH2-specific activator of transcription
whose function is mediated through the 22-bp dyad. Deletion analysis of the protein coding
domain of ADRI indicates that the amino terminal 284 amino acids of this putative 1323
amino acid polypeptide are sufficient to activate ADH2. Fusion of ADRI to Escherichia coli
LacZ produces a bifunctional protein which is expressed in equal abundance during repressing
and derepressing growth conditions and is found predominantly in the nucleus of yeast cells.
Amplification of ADR! on multicopy plasmids allows ADH?2 to escape glucose repression
and to be hyperderepressed on a nonfermentable carbon source.

ADRG is another gene whose function is required for synthesis of stable ADH2 mRNA.
A gene fusion containing the ADH2 promoter, the first 15 amino acids of ADH II, and most
of E. coli LacZ does not require ADR6 for B-galactosidase activity, suggesting that ADR6
acts 3' to the ATG of ADH?2.

Evidence for positive activation of ADH2, rather than negative regulation mediated by a
protein repressor, is suggested by three lines of evidence: (1) regulatory mutants clearly
define loci specifying positive activators, but not negative repressors; (2) deletion analysis
identifies a cis-acting site required for derepression, but not repression; and (3) in vivo
competition experiments suggest that positive diffusible factors, but not negative ones, can
be titrated by introducing a plasmid carrying the ADH2 promoter. In the presence of such
a plasmid, derepression of the chromosomal ADH2 locus is inhibited. This inhibition requires
the 22-bp dyad and the TATA box and CAP regions of the ADH2 promoter.

The coordinate regulation of ADHI and ADH2 appears to require ADRI. The derepression
of ADH?2 expression is ADR1 dependent and the concomitant decrease in ADHI activity
also requires ADRI. In the absence of ADRI function, ADH2 is not expressed and the
decrease in ADHI activity does not occur. Overproduction of ADR] results in overproduction
of ADH2 mRNA and a reduction in ADHI mRNA levels during derepressed growth con-
ditions. Positively correlated with the reduction in ADH/ mRNA levels is the appearance
of a longer ADH| transcript that starts about 1.5 kb upstream of ADH and proceeds through
ADH1.

II. INTRODUCTION

The three ADH isozymes in Saccaromyces cerevisiae constitute an interesting gene family,
disparate in metabolic function, regulation, and cellular location, but very closely relzfted
in an evolutionary sense.'-* The two cytoplasmic isozymes, ADHI and ADHII are responsible
for the final step in fermentation and the first step in gluconeogenesis from etpanol, re-
spectively. They are believed to be responsible for maintainm'g the redgx balance in theI Ice.ll
by the oxidation and reduction of NADH and NAD . The third ADH 1s.ozymel, ,:DH:Vh; ;:
encoded by a nuclear gene, but is a mitochondrial protein. It contains a leader

L
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nucleotide sequence appears to be evolutionarily related to the nontranslated leader regions
of ADH] and ADH2 mRNAs.®

The ADH genes are regulated in distinctive fashions. ADH/ (encoding ADHI) is present
at high levels (about 1 to 2% of cellular protein) during growth on a fermentable carbon
source such as glucose, and both enzyme and mRNA levels decrease in abundance five- to
ten-fold during growth on a fermentable substrate.” No regulatory genes affecting ADH]
expression were revealed by the initial genetic analysis.* The sequences upstream of the
ADHI promoter appear to be responsible for the regulation, since removal of sequences
upstream of position + 377 (all numbering is with respect to the most 5' RNA start site)
led to high level expression during growth on both fermentable and nonfermentable sub-
strates.® More precise deletion analysis, needed to identify the sequences responsible for
ADH | regulation, were not performed. The fact that removal of 5" sequences led to enhanced
expression suggests that ADHI is normally repressed five- to ten-fold by growth on a
nonfermentable carbon source rather than being glucose induced. Thus, ADHI appears to
be negatively regulated.

ADH? is highly glucose repressed. Its mRNA and the enzyme activity are not detectable
during exponential phase growth on media containing glucose as a carbon source. After
removal of glucose from the media, ADH2 mRNA and ADHII enzyme activity appear and
reach high levels, up to several percent of total cellular protein.® Its absence during the
fermentative phase of growth allowed Ciriacy'® to isolate a collection of cis- and trans-
acting mutations that altered ADH?2 regulation so that its activity became partially constitutive;
that is, the activity was present on glucose. These mutants were isolated in a strain lacking
ADHI activity and restored the ability of the cell to grow fermentatively.

The mutants generated in vivo consisted of cis-acting mutations that were due to Ty
insertions 5' of ADH2 and alterations of a (dA),, tract (extension to [dA]s) 5’ of the
promoter.''-'* The trans-acting mutations were shown to be allelic t0 a locus identified
previously. The initial alleles at this locus, called ADR/ (Alcohol Dehydrogenase Regulator),
were ADHII-defective, later shown to be ADHII mRNA ~.° The regulation-defective alleles
were thus called ADRI*, since they expressed ADHII constitutively.

The relationship between the cis-acting Ty and (dA),, mutations and the trans-acting ADRI
alleles was revealing. The ADH2-Ty alleles did not respond to the ADRI® or adrl alleles,
whereas the (dA)sss, (ADH2-4°, ADH2-5°) did respond.'® As it turned out, all the Ty
insertions (with one exception) were located between the ADH2 TATA box and its UAS,
and ADH2 was converted from a glucose-regulated gene to one regulated by the Ty elements
regulatory circuitry.'? The one exception was mutation ADH2-Ty8¢ in which the Ty element
inserted 3’ to the ADH2 TATA box. The fact is that the Ty elements have no sequence
specificity for insertion, yet all (except one) Ty mutations that gave ADHII-constitutivity
inserted within a 100-bp ‘‘window’’ between the TATA box and UAS suggest that Ty
insertion 5’ to the UAS would not produce constitutive expression.

ADH3 is also regulated by catabolite repression, but only to a small extent compared to
ADH2. Tts activity is present on both glucose- and ethanol-containing media, but it is
increased about three-fold on the latter, in concert with many other mitochondrial activities.*
Interestingly, mitochondrial ADH activity does not support fermentation,'* even when ov-
erproduced severalfold (unpublished data), suggesting that there is some compartmentali-
zation of substrates and/or cofactors, most likely NAD and NADH which cannot penetrate
the mitochondrial inner membrane. The inability of an adhl adh2 ADH3 strain to grow by
fermentation provides a strong selection scheme for isolating mutants altered in ADHIII
cellular location and mitochondrial function.
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FIGURE 1. Kinetics of ADH2 derepression in strains containing or lack-
ing the ADH2 UAS.

Table 1
RESPONSE OF THE ADH2 PROMOTER TO ADRI

ADH2 Promoter

-215 <105 +1__mRNA _
L[mjj TATA ADHZ.
22bp dyad

II1. IDENTIFICATION OF AN ADH2 UPSTREAM ACTIVATION SITE (UAS)

The site of Ty insertions and a comparison of ADHI and ADH?2 sequences 5’ of the TATA
box led to deletion studies that identified the upstream activation site (UAS) responsible for
ADH?2 derepression.'>-'® This sequence contains a 22-bp perfect inverted repeat whose dele-
tion from the ADH2 chromosomal locus leads to a 10- to 20-fold reduction is ADH2 expres-
sion (Figure 1). The mutant allele, ADH2-11a, also fails to respond to mutant alleles of
ADRI or excess copies of ADRI (Table 1), suggesting that ADR/ acts through this region,
presumably by binding to it. Current studies with a hybrid gene containing the ADH2 UAS
upstream of a CYC!I promoter fused to LacZ suggest that the 22-bp dyad is sufficient to
activate the CYCl-LacZ fusion gene.?

Extensive deletion analysis both 5’ and 3’ of the UAS failed to uncover a site that mediated
repression. Extensive 5’ deletions that brought pBR322 sequences close to the UAS or TATA
box alone caused constitutive ADH2 expression, but yeast sequences in the same position
did not.'* We interpreted the results obtained when pBR322 sequences were near the promoter

ol
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ADRI Gene in Yeast

-500 5Kb mRNA
+1 ATG
4Kb orf. 1323aa

JGA

300aa
—

Active Region

FIGURE 2.  Schematic diagram of ADR/, a transcriptional
activator of ADH2.

as meaningless with respect to normal regulation of ADH2, since the same deletions, but
with yeast sequences replacing the vector sequences, gave contrasting results. Moreover,
no internal deletions of smaller size gave high constitutive ADH2 expression, never more
than 10% of the derepressed level. Thus, we concluded that ADH?2 is regulated primarily
by positive, rather than negative control,'>-'® as is consistent with extensive genetic analyses.*'

IV. CHARACTERIZATION OF ADH2 ““TRANSCRIPTION FACTORS"’

The quotation marks above are a necessary caveat until a yeast in vitro transcription system
is available. By current indirect tests, two genes, apparently specific for ADH2, or at least
very restricted in their range of action, are candidates for transcription factors.

A. ADRI

ADRI and a constitutive allele ADRI¢ have been cloned,'® and the wild-type nucleotide
sequence has been determined.'® ADRI encodes a protein of 1323 amino acids, is expressed
constitutively, and is found in the nucleus'® (unpublished data). A null mutation is haploid
viable and ADHII negative, indicating that it does not have a repressive function on glucose-
containing media.'® Surprisingly, the amino-terminal 302 amino acids are sufficient for
ADRI function: ADH?2 is efficiently derepressed by an ADR/ gene truncated at a Sau 3A
site located 910 bp from the met codon.' Since this activity is present in a strain with a
chormosomal null mutation, it is not due to complementation between two defective poly-
peptides. A schematic view of the ADRI gene is shown in Figure 2.

ADR] protein is also functional when synthesized as an ADRI-B-galactosidase fusion
protein. This fusion protein is found in the nucleus, indicating that ADR! contains a nuclear
entry domain as well as a (presumed) DNA binding domain.?® As far as we know, this is
the first example of a positive transcription factor that can function as a B-galactosidase
fusion; yeast repressors (a2 at least) have been shown to function as DNA binding proteins
when fused to B-galactosidase.?' As in the case of a2-LacZ fusions, this should facilitate
identification and purification of ADR! protein.

We can only speculate on why ADR] is so large. Presumably, the carboxyl-terminal 1000
amino acids perform some function independent of ADH2 activation that we have not yet
identified; one possible function will be described later. A computer-aided search of other
DNA sequences did not reveal any significant homologies between other proteins and the
C-terminal two thirds of ADRI.

B. ADR6

A second ADH?2 ‘‘transcription factor’’ is identified by mutations at the ADR6 locus. A
null mutation at this locus is defective in accumulating ADH2 mRNA .22 Unlike ADRI, ADR6
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FIGURE 3. Consequences of titrating a positive vs. a neg-
ative effector of transcription on gene expression.

affects transcription from ADH2-Ty alleles. This suggests that ADRG is required for tran-
scription per se, that is, it is not an ADH2 regulatory factor. Analysis of various hybrid
genes suggests that ADR6 might function via sequences within the gene itself. This could
mean that ADR6 affects mRNA stability or processing rather than transcription. ADR6 also
affects ADHI expression, but only during growth on a derepressing carbon source, when
the requirement for ADR6 function in activating ADH2 transcription is most stringent.>?

Another interesting aspect of ADRG is that an adr6 homozygous diploid is sporulation
defective.?? This is not an indirect effect due to lack of ADH activity, since other ADH-
defective mutants can sporulate. Thus, ADR6 must affect the activity of other genes or their
products.

V. IN VIVO TITRATION STUDIES

Studies of E. coli gene expression have made use of the ability of multiple copies of Lac
or gal operators to bind their cognate proteins. We have used a similar situation to ask
whether ADH? is positively or negatively regulated, and to study mutant or truncated ADH2
promoters. As shown in the diagram in Figure 3, the predicted results are very different in
the presence of excess copies of the control region, depending on whether the gene is
regulated positively or negatively. If ADH2 were positively controlled, excess copies of the
ADH?2 §' flanking sequence would be expected to decrease the maximum level of gene
expression seen during derepression. If ADH2 were negatively controlied by binding of a
repressor protein, the repressed level of expression would be increased by extra copies of
the 5’ flanking region. As shown in Figure 4, ADH2 behaves as if it were positively controlled:
when an ADH2 promoter fragment is present on a high copy number plasmid, there is no
effect on chromosomal ADH2 expression during repressed growth conditions, but the rate
and final level of derepressed gene expression is reduced four- to fivefold. Studies with
other promoter fragments lacking the UAS, the TATA box and CAP site, or lacking just
the initiation region indicate that all three regions are necessary to see this *“titration’’ effect.?
One interpretation of this result is that stable binding by the limiting factor(s) requires that
all three regions be present on the same DNA molecule.

Since a positive factor is apparently ‘‘titrated”” by excess copies of a functional ADH2
promoter, we asked whether it was ADRI that was limiting ADH2 chromosomal gene
expression. ADRI was cloned on the high copy vector pC1/1 in the presence or absence of
the ADH2 promoter fragment. ADR] alone greatly stimulated ADH2 gene expression as
shown in Table 2. Excess ADRI allows ADH?2 to be expressed to fully derepressed levels
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FIGURE 4. ADH?2 expression in the presence
and absence of a competing ADH2 promoter
present on a multicopy plasmid.

Table 2
ENHANCED ADH2 EXPRESSION: EFFECT OF
INCREASED GENE DOSAGE OF ADRI, THE
ADH2 PROMOTER, OR THE ADH3 GENE

ADHII enzyme

activity
ADRI1 ADH2

Plasmid gene promoter Glucose Ethanol
Cl/1 - - 4 1000
cin + - 2,400 12,000
Cl1 + WT 34 1,800
Cu/1 + UAS- 460 5,500
— - - 8 2,100
YEpADH2B/X ADRI - 300 65,000
YEpADH2B/B adrl ™ 160 2,000

during growth on glucose, and to be expressed at 10- to 20-fold higher than normal levels
during growth on a drepressing carbon source. Thus, ADR/ is clearly limiting during both
growth conditions, and excess ADR/ can apparently overcome whatever mechanism usually
keeps it turned off on glucose medium. The amount of activity stimulated by excess ADR]
from a single copy chromosomal ADH2 locus is one fourth to one half of that observed if
the ADH2 gene is present on a multicopy plasmid, and there is a single copy of the ADR/
gene.

If both ADRI and the ADH2 promoter (P2) are present on the same plasmid, several
interesting results are observed. Chromosomal ADH2 expression is reduced about 40-fold
in repressing medium and about 5-fold in derepressing medium (Table 2). Thus, although
ADRI is limiting, increasing the amount present does not abolish the *‘titration’” caused by
the ADH2 promoter; in fact, its presence reveals that some factor is even more limiting for
ADH? expression during repression than during derepression. Whether the same factor is
limiting in both media is unclear, and whether that factor is ADR] itself is also uncertain.
The ‘‘titration’” on glucose can even be observed on plates, because the cells with both
ADRI and the ADH2 promoter on pCl/]1 ferment poorly compared to pC1/1-ADRI alone.
This might provide a genetic means to determine what the limiting factor is.



