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ABSTRACT

IDENTIFICATION OF THE FUNCTIONAL REGIONS OF THE 
YEAST

ACTIVATOR ADR1 

by

Lynne T. Bemis 
University of New Hampshire, May, 1989

ADR1, a transcriptional activator from the yeast Saccharomyces 

cerevisiae, is required for activation of the glucose-repressible 

alcohol dehydrogenase, ADH II (encoded by the ADH2ger\e). The 

ADR1 gene encodes a protein which binds to an upstream 

activation sequence in the ADH2 promoter. Several methods 

were used to locate functional regions of the ADR1 protein.

The adr1-1 mutation was identified as a  C to G transversion 

resulting in a nonsense codon at the eleventh codon of ADR1. 

tRNA-suppressors which substituted an amino acid at the eleventh 

codon of adr1-1 resulted in a  functional adr1-1 protein, indicating 

that the translational start of ADR1 occurs at the first AUG of the
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ADR1 transcript. The adr1~15.1 kb RNA was found to be two - to 

three - fold less abundant than the ADR1 transcript. This 

observation is a  further instance of a  nonsense mutation early in a 

gene leading to decreased stability of the RNA and confirms that 

the 5.1 kb transcript is the ADR1 mRNA.

A series of C-terminal truncations of the ADR1 gene were 

constructed and used to investigate functional regions of ADR1. A 

C-terminal truncation leaving only 151 N-terminal amino acids 

(ADR1-151) and deleting part of a  "Zn-binding" DNA-binding finger 

motif was not capable of transcriptional activation. In contrast, the 

ADR1-220 protein containing the complete "Zn-binding" DNA- 

binding finger motif was capable of transcriptional activation. 

However, none of the truncated ADR1 proteins were as 

transcriptionally active as the entire ADR1 protein.

An ADR1 protein containing at least 506 N-terminal amino acids 

was required for glycerol growth. Mutations in the GLP1 gene 

were identified that allowed strong glycerol growth, while remaining 

dependent on the presence of a  functional ADR1 gene. This 

newly identified function of ADR1 suggests that ADR1 has a  more 

extensive role in the regulation of nonfermentative growth in S. 

cerevisiae than previously expected.
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INTRODUCTION

Regulatory m echanisms have been studied in many eukaryotic and 

prokaryotic organisms. Saccharomyces cerevisiae is an organism 

particularly am enable to the study of regulatory mechanisms because it 

has a  short generation time and a  well-characterized genome. One of 

the most well studied system s of cellular control is that of carbon 

catabolite repression and the regulatory mechanisms necessary for that 

control. Carbon catabolite repression, in both prokaryotes and 

eukaryotes, is a  regulatory mechanism used to block the use of 

alternative carbon sources until the bulk of available glucose is utilized. 

System s regulated by carbon catabolite repression in the yeast 

Saccharomyces cerevisiae, include the galactose utilization pathway 

(Matsumoto etal., 1983; Oshima, 1982), the sucrose utilization 

pathway (Grossman and Zimmerman, 1979) cytochrome C (Zitomer et 

a!., 1979) and the glucose-repressible alcohol dehydrogenase II 

(Ciriacy, 1975a).
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There are four NAD-linked alcohol dehydrogenase isozymes ADH I, 

II, III (Lutstorf and Megnet, 1968) and ADH IV (Paquin and Williamson, 

1986) in yeast. ADH I and ADH II are cytoplasmic enzym es while ADH 

III is found in the mitochondria ( Fowler etal., 1971; Ciriacy, 1975a).

The recently identified enzyme, ADH IV, is not well characterized at this 

time. The ADH I isozyme, encoded by the ADH1 gene, converts 

acetaldehyde to ethanol under fermentative growth conditions (Figure 

1). The glucose-repressible isozyme, ADH II, is encoded by the ADH2 

gene which is transcribed only in the absence of glucose (Denis etal.,

1981). ADH2 is therefore a  gene subject to carbon catabolite 

repression. In the absence of glucose and under aerobic conditions, 

ADH II converts the ethanol accumulated during fermentative growth to 

acetaldehyde (Wills, 1976). Although, ADH I and ADH II are 95% 

identical at the protein level (Wills and Jornvall, 1979) the glucose- 

repressible isozyme ADH II has a  lower Km for both ethanol and NAD+ 

than does ADH I (Wills, 1976). ADH ill, the mitochondrial isozyme, is 

encoded in the nucleus and is targeted to the mitochondrial membrane 

by a  leader sequence (Young and Pilgrim, 1987). The mitochondrial 

ADH is 85% homologous to ADH I and ADH II at the protein level.

The availability of yeast strains lacking one or more of the ADH 

isozymes has facilitated the characterization of individual ADH
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isozymes and the factors which control their expression. Mutated ADH 

isozymes have been identified by growth on ally! alcohol, an 

unsaturated alcohol which is nontoxic to yeast. In the presence of ADH 

activity allyl alcohol is readily oxidized to acrolein, a  toxic unsaturated 

aldehyde (Figure 1) (Lutstorf and Megnet, 1968; Ciriacy, 1 9 7 5 a). Only 

cells possessing a  reduced level of ADH activity can grow in the 

presence of allyl alcohol. ADH isozymes have been separated and 

identified by electrophoresis of crude extracts. Analysis of mutant 

strains have been used to identify three c lasses of mutations, adh1, 

adh2, adh3 (originally called a d d , adr2, and adm, respectively)

(Ciriacy, 1975a). A fourth mutation adrl-1 , initially thought to be an 

ADH2 mutation, was later identified to occur in the regulatory allele 

ADR1{Ciriacy, 1975b). All four genes ADH1, ADH2, ADH3, and 

ADR1, were found to be unlinked and observed to show Mendelian 

segregation. Yeast strains were constructed which contained mutations 

in both adh1 and adh3 but not in ADH2. The only ADH activity in 

these strains is derived from the glucose-repressible ADH. These 

strains were used to select for mutations at ADH2 and mutations in 

regulatory g en es controlling ADH2  expression.
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Figure 1 ALCOHOL DEHYDROGENASES IN METABOLIC PATHWAYS
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The increase in ADH II activity under nonfermentative growth 

conditions was shown to result from an increase in ADH2 mRNA levels 

(Denis etal., 1981). In contrast, the ADH1 mRNA w as repressed 

about fivefold during growth in medium containing a  nonfermentable 

carbon source (Denis et al., 1983).

The ADH1 and ADH2 genes have been cloned (Williamson et al., 

1980; Williamson etal., 1981) and sequenced (Bennetzen and Hall, 

1982; Russell etal., 1983a). Comparison of DNA sequence analysis 

shows 90% homology between ADH1 and ADH2 confirming earlier 

evidence that at the protein level ADH I and ADH II are  95% 

homologous . The structural genes and parts of the promoter regions of 

ADH I and ADH II are similar. The TATAA boxes of ADH1 and ADH2 

are located 91 to 107 base  pairs prior to the mRNA start sites and the 

sites of translational initiation are located 40 to 60 base  pairs to the 3' 

side of either the ADH1 or ADH2mRNA (Bennetzen and Hall, 1982; 

Russell, etal., 1983a). The location of the TATAA box and the mRNA 

start site of ADH1 and ADH2 are similar to the location of these 

transcriptional elem ents in other known yeast genes (Sentenac and 

Hall, 1982; Russell etal., 1983a).

The sequences 5' to the TATAA box of the ADH2  gene, originally
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designated ADR3 (Ciriacy, 1976), are significantly different from those 

5' to the ADH1 gene (Russell et al., 1983b). The ADR3P mutations 

located cis to ADH2 block catabolite repression of ADH2. The 

ADR3° mutations were later sequenced and shown to result from Ty 

(yeast transposable element) insertions in the promoter region of 

ADH2 (Williamson etal., 1981; Wiliamson etal., 1983) or from an 

increase in the number of A residues in a  poly A tract upstream of the 

ADH2 transcriptional start site (Russell etal., 1983b) (Table 1). The 

Ty insertions alter the regulation of ADH2  such that it is no longer 

under the control of glucose-repression. Ty insertions have been 

shown to disrupt the normal regulation of other structural genes, 

including Ty insertions that were localized upstream from the iso-2- 

cytochrome C gene (Errede etal., 1980). The Ty insertions and the 

mutations at the polyA tract in the upstream region of ADH2 identify a 

region required for normal regulation of ADH2.

The upstream  region of ADH2 required for the glucose-repression 

phenomenon w as further characterized by placing the ADR3 region 

{ADH2 upstream) upstream from a  reporter gene.
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Table 1. ADH activities for strains containing mutations at one or more 
regulatory allele.

ADH II activities (mU/mg)a
Relevant
genotype glucose ethanol

ADR1 8 2400
adr1-1 3 15

ADR1-50 280 6600

ADR1, A D R & iTy)b 783 1590

ADR1, ADR3° (+poly dA)*> 463 4000

ADR1, ccrt 2 30

ADR1, crel 175 2200

adr1-1, crel 155 730

ADR1, cre2 77 2900

adr1-1, cre2 70 718

ADR1, ccrt 12 40

ADR1, ccrt, crel 23 500

ADR1,ccr4, cre2 6 110

a O ne unit of ADH activity reduced 1 uM of NAD in one minute at 22°C 
(Denis etal., 1981). All enzyme activities are taken from (Denis, 1984) 

except as noted.

^Values taken from Ciriacy, 1979.
ADH2

All activities are  taken from strains which are adh1, adh3, and
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The reporter gene encoded the fermentative ADH , ADH1 (Beier and 

Young, 1982). Synthesis of the reporter gene (ADH1) was shown to 

depend upon the presence or absence of glucose. These experiments 

confirmed that the upstream  region of ADH2 is required for the glucose 

repression signal. Deletion analysis of ADR3 

sequences upstream from the reporter gene identified a  region 

necessary for activation of the reporter gene but did not detect a  region 

that when deleted re leases ADH2 from glucose repression (Beier and 

Young, 1985). These analyses support the hypothesis that a  trans- 

activating element acts through the ADR3 {ADH2 upstream) 

sequences as opposed to a  trans-repressing element.

Upstream Activation Sites (UAS) have been characterized in many 

inducible system s in yeast (Guarente and Ptashne, 1981; Guarente, 

Yocum, and Gifford, 1982; Struhl, 1982). The region of ADH2  (-210 

to -320 base  pairs) containing the upstream activation sites of ADH2 

has seven copies of the sequence A/TGGAGA, a  22 base pair dyad, 

and a  poly dA tract of 20 base pairs (Figure 2). The 22 bp dyad is 

required for ADflf-dependent activation of ADH2  transcription 

(Shuster etal., 1986; Eisen etal., 1988). Deletions of the poly dA tract 

did not affect ADH2 expression and thus may not be important to 

transcriptional regulation of ADH2 (Shuster etal., 1986).
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Figure 2. Regulatory regions of the ADH2 gene
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A variety of regulators that control ADH2 expression have been 

identified by genetic means. ADR1, an activator of ADH2 

transcription, was identified by recessive adr1 mutations that block 

ADH2 expression {Ciriacy, 1975b) and by semi-constitutive ADR1C 

mutations that allow low levels of ADH II expression on glucose 

(Ciriacy, 1975a). The ADR6 allele is an activator of ADH2  expression 

and was identified by recessive adr6 mutations that blocked Ty- 

induced ADH2 expression. ADR6 is thought to act downstream from 

the TATAA box of ADH2 (Taguchi and Young, 1987) and appears to be 

a  DNA binding protein (O'Hara etal., 1988). ADR6 is not specific to 

ADH2 expression since it is required for sporulation (Taguchi and 

Young, 1987). The CCR1 gene (Ciriacy, 1977), allelic to SNF1{Den\s, 

1984), encodes a  protein kinase required for the expression of several 

glucose-repressible genes (Carlson and Celenza, 1986). It has been 

suggested that CCR1 acts through or with ADR1 to exert its regulatory 

effect on ADH2 (Denis, 1984; Denis, 1987) (Figure 3). More recent 

evidence suggests that CCR1 acts independently of ADR1 (D. Audino, 

pers. comm.). Other regulators of ADH2 expression include 

CRE1,CRE2, and CCR4. These genes are pleiotropic regulators 

which appear to act at the ADH2 TATAA sequence or downstream 

from the TATAA sequence (Denis and Malvar, in prep.). CCR4 is an
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Figure 3. Regulators of ADH2
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activator of ADH2  and is controlled by the negative effectors CRE1 

and CRE2 (Denis, 1984), CRE2 is allelic to SPT6, which acts to 

regulate his4-912 delta,and to SSN20, a  regulator of th e  SUC2 

gene. The effects of the C R E genes on ADH2 expression are 

mediated through CCR4 a s  are their effects on his4-912 delta 

expression (Denis and Malvar, in preparation). ADR1 and  CCR4 are  

independent activators of ADH2 expression and both a re  required for 

the full activation of ADH2 (Table 1). crel mutations result in altered 

cell morphology and the ccr4 allele in combination with the crel 

allele can restore normal cell morphology. Other than CRE1 and 

CRE2, a  repressor specific to ADH2 has yet to be conclusively 

identified although the ADR4 gene may act as a repressor. The 

phenotype of ADR4 is not clearly understood because adr4 relieves 

glucose repression only in the presence of the ADR1 -5C allele but not 

in the presence of the ADR1 allele (Ciriacy, 1979).

The most well studied of these  regulators is ADR1. The ADR1 

allele has been cloned (Denis and Young, 1983) and sequenced 

(Hartshorne etal., 1986). The open reading frame encodes a protein 

of 153 Kilodaltons (1323 amino acids, 3969 base pairs). The ADR1 

protein has been identified by antibody precipitation an d  corresponds 

to the size predicted by sequence analysis of the open reading frame

12



(R. Vallari, pars, comm.)- DNA sequence analysis and comparison with 

other proteins have identified several potentially important regions. 

These include, an acidic amino acid region which may be important to 

transcriptional activation, a  DNA binding domain, and multiple potential 

phosphorylation sites (Hartshorne et al., 1986). Mutations that fall 

within the DNA binding domain at amino acids 102-159 (Blumberg et 

a/., 1987, Denis in prep.) have been characterized (Figure 4) and 

reduce or block activation of ADH2.

The acidic amino acid region of ADR1 has been identified by 

analogy to regions found in other yeast activators. This region of 

eleven amino acid residues (between residues 29 and 39, Figure 4) 

contains six acidic residues, 4 Glu and 2 Asp. Transcriptional activating 

segm ents separate  from DNA binding regions have been characterized 

in the yeast transcriptional activators GAL4 (Ma and Ptashne 1987a) 

and GCN4 (Hope and Struhl 1986; Hope et al., 1988), and these  

regions are noted for their abundance of acidic residues. In other 

experiments, random DNA fragments from E. coli were ligated in place 

of the yeast GAL4 transcriptional activation region. Several of the 

fragments were able to allow GAL4 to activate transcription (Ma and 

Ptashne, 1987a). These E. coli DNA fragments were found to encode 

peptide regions with a relatively large concentration of acidic amino

13



Figure 4. Functional dom ains of ADR1
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acid residues. A deletion of one or more of the GCN4 acidic residues in 

its transcriptional activation region did not completely disrupt activation. 

However, a  gradual loss of transcriptional activation was observed with 

the increasing deletion of this region of GCN4 (Hope and Struhl, 1986). 

Similar results were observed with mutations in the GAL4 acidic 

segm ent (Gill and Ptashne, 1987). The deletion experiments suggest 

that a  decrease in negative charge results in a  corresponding decrease 

in transcriptional activation and that overall acidity of the region is 

important, not the specific amino acid content. The absence of identified 

mutations in the acidic region of ADR1 could result from the fact that 

single amino acid changes in this region would not result in a  

detectable phenotype due to the lack of a  rigid sequence requirement 

for this region.

Several adrf-type mutations suppressing the ADR1-5c mutation 

have been cloned and sequenced (Denis, in prep.). These mutations 

occur in a region of ADR1 homologous to the DNA binding region of 

transcription factor IIIA (TFIIIA) of Xenopus laevis (Hartshorne e ta i, 

1986; Blumberg etai., 1987; Denis, in prep.) (Figure 4). TFIIIA has 

nine repeat units of a  finger motif which has been shown to bind DNA 

(Fairall, etai., 1986). Each finger has two cysteines and two histidines 

which act a s  ligands to bind Zn^+ (Diakun et al., 1986). The twelve
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amino acids between the cysteines and histidines are  thought to loop 

out to form the DNA-binding finger (Miller e ta i,  1985). ADR1 

contains two such DNA-binding finger motifs in tandem located between 

amino acid 102 and 159 (Figure 4). C-terminal truncations leaving only 

151 amino acids and disrupting the second Zn2+ coordination site 

block ADH II activity (Bemis and Denis, 1988). Mutations in the finger 

region of ADR1 have been characterized (Blumberg etai. 1987;

Denis, in prep.). The mutations were selected by their ability to 

suppress the ADR1-5P mutation (Denis, in prep.) or by their ability to 

reduce ADH II activity in strains carrying an ADR1-B-galactosidase 

fusion protein (Blumberg etai., 1987). The amino acids which have 

been mutated are designated with an arrow and the amino acid 

replacement is noted in Figure 4. The mutations found in the 

conserved DNA-binding finger region blocked or reduced ADR1 

activation of ADH2. DNA binding studies using a  synthesized peptide 

modeled on the finger region of ADR1 show that a  single finger motif is 

capable of binding DNA in a nonspecific m anner and binding of DNA is 

enhanced by coordination with Zn2+ (Parraga et. a!., 1988).

Moreover, a single finger is not capable of sequence specific binding.

The ADR1°~ type mutations which result in increased ADH II 

expression under glucose-repressed conditions have also been

16



sequenced. Each point mutation occurs at a  cAMP-dependent protein 

kinase (cAPK) consensus sequence in which serine-230 is the 

presum ed phosphoacceptor (Denis and Gallo 1986; Cherry et a/.,

1989). ADR1C mutations have been shown to result in decreased  

phosphorylation of residue 230 by cAPK (Cherry etai., 1989), 

suggesting that ADR1 is more active when it is less phosphorylated.

The focus of this thesis is the identification of the functional regions of 

ADR1. Functional regions are the areas of this large protein (153 Kd) 

responsible for a  specific action or interaction of the protein. The 

following questions were addressed  in this dissertation:

Does the adr1-1 mutation inactivate a specific domain required for 

ADR1 control over ADH2 expression? This w as the first question, 

broached at a  time when it was still unclear whether ADR1 specified a 

protein product. Cloning and sequencing of the adr1-1 allele identified 

the adr1-1 mutation a s  a  nonsense mutation and confirmed that 

ADR1 encoded a  protein product. The adr1-1 mutation was found to 

be a  serine codon mutated to a  stop codon at amino acid 11. The 

translational start of ADR1 was inferred by the identification of the 

adr1-1 mutation. It w as concluded that the first possible AUG codon is 

the translational start site as predicted by the nucleic acid sequence 

(Hartshorne etai., 1986). The serine residue at amino acid eleven was
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found not to be important to ADR1 function since it could be replaced by 

several other amino acids without affecting ADR1 activity. The instability 

of the adr1-1 mRNA as compared to the ADR1 mRNA w as also 

analyzed (Section I).

The second question addressed  by this thesis concerned the 

separation of the functional domains of ADR1. In multifunctional 

proteins it is often possible to identify separate  regions of the protein 

responsible for individual functions. This method was used with much 

su ccess  in regulatory proteins such as the glucocorticoid receptor 

(Danielsen etai., 1986) and the yeast regulatory proteins GAL4 

(Keegan et al., 1986) and GCN4 (Hope and  Struhl, 1986). C-terminal 

truncations of ADR1 were used to identify functional regions. Using this 

technique the transcriptional activation region, a  DNA-binding domain, 

a  site required for activation on glucose, and a  region required for 

growth on glycerol were all identified.

The last questions asked in this thesis involved further 

characterization of the sites involved with activation on glucose and the 

region required for glycerol growth. An internal deletion of the 

phosphorylation site at amino acid 230 w as constructed to determine if 

the loss of this site affected glucose activation. The role of ADR1 in 

glycerol growth was addressed  by genetic methods to determine which
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factor or factors were being affected by ADR1 during growth of yeast on 

glycerol.
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SECTION 1

CHARACTERIZATION OF THE adr1-1 MUTATION

Introduction

The adr1-1 mutation w as first identified by Ciriacy (1975b). The 

mutation w as identified following growth of yeast on medium containing 

ally! alcohol. Ally! alcohol, which is nontoxic, is converted to the toxic 

aldehyde acrolein by ADH. Only strains that are deficient in ADH activity 

are able to survive in the presence of allyl alcohol. The adr1-1 mutation 

has since been  found to inhibit transcription of ADH2 (Denis etai., 1981). 

Yeast cells containing the adr1-1 mutation are thus able to grow on allyl 

alcohol, providing that the ADH isozymes ADH I and ADH II! are also 

absent (Table 1). Recessive mutations that suppress ADR1-50 function 

and recessive mutations in ADR1-lacZ fusion genes have also been 

isolated (Blumberg etai., 1987; Denis, in prep.). Characterization of 

different ADR1 clones often made use of the adrt-1 phenotype and thus it
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w as imperative that the mutation be analyzed. The first chapter in this 

thesis focuses on the characterization of the adr1-1 allele and discusses 

the  implications resulting from its identification.
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Table 2. Saccharomyces cerevisiae strains used to characterize the 

adr1-1 allele

Strain Genotype

43-2B MATa adh1-11 adh3 ural his4

411-40 MATa adh1-11 adr1-1::YRp7-ADR1-411 adh3

ural his4

500-16 MATa adh1-11 adr1-1 adh3 ural trp1 his4

3C4 sam e as 500-16 except adr1-1::YRp7-adr1-1-23A

4B1 sam e as 500-16 except adr1-1::YRp7-adr1-1-4-

23A

11 -2 sam e as 500-16 except adr1 -1 ::YRp 7-5'adr1 -1 -

3ADR1

C9 sam e as 500-16 except adr1-1::YRp7-5'ADR1-

3 ’adr1-1

17-3c MATa Ieu2-u trp1 ade5,7-u adh1-11 adr1-1

19-6d MATa teu2-utrp1 ade5,7-u his5-u adh1-11

SUP88

21-5c MATa Ieu2-u trp1 ade5,7-u adh1-11 adr1-1

SUP79
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Materials and Methods

Strains and conditions of growth

Y east strains are described in Table 2. Yeast were grown overnight in 

YEP medium (2% Bacto-Peptone [Difco Laboratories, Detroit, Mich.], 1 % 

yeast extract, 20 mg each of adenine and uracil, per liter) supplemented 

with either 8% glucose or 3% ethanol. YD plates contained YEP medium, 

2% glucose, and 2.5% agar. Minimal plates lacking tryptophan contained 

synthetic complete media, 2% glucose, 2.5% agar, and amino acids except 

tryptophan (Williamson etai., 1981).

Localization of the adr1-1 mutation

The adr1-1 mutation was mapped within the 5 to 6 kb of ADR1 DNA 

using methods similar to those described by Denis and Gallo (1986). Two 

gapped plasmids were used (Plasmids A and B, Figure 5). The plasmid 

YRp7-ADR1-5c-23A (Denis and Young, 1983), which contains the 

upstream  region of ADR1 and 2982 bp of the ADR1 open reading frame, 

w as deleted between base  pairs +440 and +1075 upon cleavage with Bell 

(Plasmid A, Figure 5). Deletion of the 635 bp fragment removes the 

ADR1-5P point mutation at base pair 683 (Denis and Gallo, 1986).

Plasmid YRp7-ADR1-411-BA, which contains a  4.8 kb ADR1 insert 

including approximately 1600 bp of sequences upstream from ADR1 to
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+3200 bp of the ADR1 structural gene, was cleaved with Bell which 

deleted a  2.2 kb region of ADR1 extending from about -1200 bp to +1075 

bp (Plasmid B, Figure 5).

The gapped plasmids were site-specifically targeted for integration (Orr- 

W eaver etai., 1981) into the adr1-1 allele in strain 500-16 (Denis and 

Gallo, 1986). Transformants carrying integrated copies of plasmids A and 

B were identified on minimal plates lacking tryptophan, followed by 

successive growth on non-selective YEP plates containing 2% glucose. 

Those colonies which did not lose the TRP+ phenotype conferred by the 

plasmid, and which presumably contained integrated plasmid, were 

analyzed further. Southern analysis (Southern, 1975) was used  to 

determine the number of plasmid copies integrated into the genome while 

tetrad analysis (Mortimer and Hawthorne, 1969) verified integration at the 

adr1-1 locus. The ADH II activities of all integrants were determined 

following growth on medium containing either glucose or ethanol and were 

compared to the activities of strains carrying the ADR1 or adr1-1 allele 

(strain 43-2B or 500-16, Table 3).
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Figure 5. Plasmids Section 1.

ADR1 sequences a re  represented by solid black boxes. Sequences from 

adr1-1 plasmids are  designated by grey boxes. Solid black lines 

designate the TRP1 marker gene from S. cerevisiae. Thin black lines 

represent pBR322 sequences and are not drawn to scale. Numerical 

designations refer to ADR1 sequences only.
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Figure 5. Plasmids (Section 1)

A YRp7-ADRl-f -23A-BCI1 ^

B YRp7-ADR 1-41 IBA-Bcll 

C  Y R p7-adrl-l-23A

D YRp7-5’a d r l  -1-3ADR1

E YRp7-5‘ADRl -3‘a d r l  -1

+48

+3200



The adr1-1 allele was cloned by plasmid rescue (Orr-Weaver etai., 

1983), from the integrant 3C4 (Table 2). Subsequent transformation of the 

strain 500-16 (adr1-1) with the recovered plasmid demonstrated that the 

recovered plasmid (YRp7-adr1-1-23A, Plasmid C, Figure 5) was indeed 

carrying the adr1-1 allele (strain 4B1, Table 3).

The YRp7-adr1-1-23A and the YRp7-ADR1-411-BA plasmids were used 

to construct two hybrid plasmids for further localization of the adr1-1 

mutation. Plasmid D (Figure 5) contained the 5' region of the adr1-1 

plasmid (YRp7-adr1-1-23A) to base  pair +48 or adr1-1 and the 3* region of 

the ADR1 plasmid (YRp7-ADR1-411-BA). Plasmid E (Figure 5) contained 

the 5’ region of the ADR1 allele from plasmid YRp7-ADR1-411-BA to base 

pair +48 and the 3’ region of the adr1-1 allele from plasmid YRp7-adr1-1- 

23A.

The adr1-1 mutation was identified by sequence analysis (Sanger et 

a!., 1977) following digestion of YRp7-adr1-1-23A plasmid DNA with Pvull 

and EcoRI and subcloning the fragments into M13 phage mp18 and mp19.
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Table 3. ADH II enzyme activities (Section 1)

Strain
ADR1
genotype

Integrated 
ADR1 plasmid

ADH II activity mU/mga  
glucose ethanol

43-2B
500-16

ADR1
adr1-1

none
none

5
2

2500
9

13 integrants*3
adr1-1

2 integrants*3
adr1-1

Plasmid A 
635 bp deletion

Plasmid A 

635 bp deletion

2200

20

11 integrants0
adr1-1 Plasmid B 2 10

2200 bp deletion

4 B-|d adr1-1 Plasmid C nde 4
(adrt-1)

1 1 -2 f adr1-1 Plasmid D nde 4
5'adr1-1/3'ADR1

0 g 9  adr1-1 Plasmid E nd® 2500
5'ADR1/3'adr1-1

aYeast that were inoculated into YEP medium containing 8% glucose had 
been pregrown on YEP plates supplemented with 8% glucose, while yeast 
inoculated into YEP medium containing 3% ethanol had been pregrown on 
YEP plates supplem ented with 2% glucose.
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in te g ra n ts  derived from transformation of strain 500-16 with Plasmid A. 

in te g ra n ts  derived from transformation of strain 500-16 with Plasmid B. 

^strain  4B1 carrying rescued plasmid YRp7-adr1-1-23A (Plasmid C) 
integrated at adr1 -1.

©nd - not determined

^Strain 11-2 carrying hybrid plasmid D, 5' region of adr1-1 to base pair +48 
ligated to the 3' region of ADR1 at base pair +49.

SStrain C9 carrying hybrid plasmid E, 5' region of ADR1 to base  pair +48 
ligated to the 3" region of adrl -1 at base pair +49.
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tRNA-Suppressors

Strains carrying the adrl-1 allele and the UGA-tRNA-suppressors 

SUP88  and SUP79 (D. Hawthorne personal communication) were 

constructed using standard yeast genetic techniques (Table 4). The SUP4 

(E. Schmidt, pers. comm.) and SUP3& (Hottinger eta/.,-1982) alleles, 

present on shuttle vectors containing the S. cerevisiae TRP1 gene and 

pBR322 sequences, were used to transform strains carrying the adr1-1 

allele.
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Table 4. ADH II activities in the presence and absence 
of UGA-tRNA suppressors

Strain UGA suppressor ADH II activity
(amino acid insert) (ethanol)a  mU/mg

no SUP 12

SUP88 96
leucine

SUP88  2500
leucine

no SUP 4

SUP79  44
arginine

no SUP 10

SUP3e 216
serine

SUP4 205
tyrosine

The ADH II activities were shown to be statistically significant at the 0.95 
confidence level for the leucine inserting genomic tRNA-suppressors and at 
the 0.99 confidence level for the arginine inserting tRNA-suppressor using 
the t-test.

a  Yeast were pregrown on YEP plates supplemented with 2% glucose 
before inoculation into YEP medium containing 3% ethanol.
^Average of ten segregants from the cross 19-6d with 17-3c. 
cAverage of eleven segregants from the cross of 21-5c with 17-3c.
^Strain 500-16 transformed with SUP3e-UGA inserting serine. 
e Strain 500-16 transformed with SUP4-UGA inserting tyrosine.

segregants (adr1-1p  

segregants (adr1-1)b

19-6D (ADR1)

segregants (adr1-1)c 

segregants (adr1-1)°

500-16

500-16-1 AS (adr1-1)d 

500-16-5A (adr1-1)Q
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Northern analysis

Northern analysis of total RNA w as conducted a s  previously described 

(Denis and Gallo, 1986). Densitometric analysis of the ADR1 mRNA, 

rRNA, and URA1 mRNA was conducted using an EC-210 densitometer. 

The amount of rRNA and URA1 mRNA were used a s  internal standards of 

the RNA present.

Fragments of DNA were isolated from agarose gels following restriction 

digestion and electrophoresis and used a s  hybridization probes. Probes 

were labeled with [5 -32p]dATP using a  Random Primed DNA labeling kit 

from Boehringer Mannheim (Indianapolis, IN).

Results

Localization and identification of the adr1-1 mutation

The adr1-1 mutation was localized by transformation of yeast harboring 

the adrt-1 allele. Two plasmids with different size deletions of the ADR1 

DNA sequences (Materials and Methods) were targeted for site-specific 

integration. Upon integration of the plasmid into the adr1-1 locus the 

plasmid deleted sequences would be filled in with information from the 

genomic adr1-1 allele (Orr-Weaver etai., 1981). Fifteen transformants
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containing an integrated copy of plasmid A (Figure 5), the YRp7-ADR1-5c- 

23A Bell deleted plasmid, were characterized. Thirteen displayed the wild- 

type ADR1 phenotype (Table 3), while two failed to derepress ADH II, a  

characteristic of the adrl-1  phenotype (Table 3). These results indicate 

that the adr1-1 mutation is not located in the deleted region (+440 bp to 

+1075 bp), but is located either to the 5* or 3' side of the deletion. The two 

transformants displaying the adr1-1 phenotype probably resulted from 

plasmid integrations in which the size of the original 635 bp gap had been 

increased (Clancy etai., 1984).

The location of the adr1-1 mutation was further investigated by 

transforming strain 500-16 with linearized plasmid B (Figure 5) lacking 

ADR1 sequences from -1200 bp to +1075 bp. Eleven transformants 

carrying integrated copies of the plasmid were identified. All transformants 

were deficient in ADH II activity (Table 3), indicating that the adr1-1 

mutation was located within the -1200 bp and +1075 bp gap. The mutation 

causing the adr1-1 phenotype was thus localized to the 5' side of the Bell 

site at base pair +440. Further localization was conducted using YRp7- 

adr1-1-23A (Plasmid C, Figure 5), a  plasmid rescued from integrant 3C4 

(Table 2). Hybrid plasmids were constructed using plasmid YRp7-adr1-1- 

23A and YRp7-ADR1-411-BA (Materials and Methods). Transformants 

carrying plasmid D integrated into the genome (Figure 5: adr1-1
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sequences 5' to +48 bp) expressed low ADH II activities (strain 11-2, Table 

3) while those carrying plasmid E (Figure 5: ADR1 sequences 5’ to +48 

bp) expressed wild type ADH II activities (strain C9, Table 3). The hybrid 

plasmid experiments indicated that the adr1-1 mutation w as contained 

either within the 5' noncoding region or within the first 48 base  pairs of the 

putative adr1-1 open reading frame.

The nucleotide sequence of the adr1-1 allele between base pairs -121 

and +54 was determined to correspond to that previously observed for the 

ADR1 gene (Hartshorne etai., 1986) with one exception: a  C to G 

transversion w as observed at base  pair +32 in adr1-1. Such an alteration 

would lead to the replacement of a  UCA serine triplet with a  UGA stop 

signal.

UGA-tRNA-suppressors are capable of suppressing the adr1-1 mutation

UGA-tRNA-suppressor studies were undertaken to confirm that the C to 

G transversion and the resultant nonsense codon were the cause of the 

adr1-1 phenotype. Two UGA-suppressors of genomic origin were 

combined with the adr1-1 allele by making the appropriate crosses.

SUP88 would result in the insertion of leucine (Hawthorne, 1981) while 

SUP79 is thought to insert arginine (D. Hawthorne, pers. comm.). In 

addition, plasmid borne tyrosine-inserting (E. Schmidt, pers. comm.) and
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serine-inserting (Hottinger etai., 1982) UGA-tRNA-suppressors were also 

combined with the adr1-1 allele. The results of the adr1-1 UGA-tRNA- 

suppressor studies are compiled in Table 4. In all c a se s  the presence of a 

UGA-tRNA-suppressor caused  an increase in ADH II activity, indicating that 

the adr1-1 allele did in fact contain a  UGA nonsense mutation. In contrast, 

no increase of ADflf-dependent ADH tl activity was found in the presence 

of the UGA-tRNA-suppressors (Table 4, 19-6D). The arginine UGA-tRNA- 

suppressor appeared to restore the ADR1 phenotype to the lowest extent, 

w hereas the tryrosine and serine suppressors were the most effective in 

restoring ADR\ function (Table 4).

RNA analysis

Nonsense mutations which occur early in a  translated sequence may 

result in less stable mRNAs (Chang and Kan, 1979; Losson and Lacroute, 

1979; Kinniburgh etai., 1982; Pelsy and Lacroute, 1984). In order to 

analyze the effect of adrl-1 on the stability of the putative 5.1 Kb ADR1 

mRNA, total yeast RNA from strains 500-16 (adrt-1) and 411-40 (ADR1) 

grown on glucose-containing medium w as examined by Northern analysis. 

Figure 6 shows a  typical Northern blot in which the levels of adrl-1  and 

ADR1 mRNA are  compared. ADR1 mRNA w as found to be two-to three­

fold more abundant than adr1-1 mRNA (Figure 6). The decrease  in the 

amount of adr1-1 mRNA w as not due to defective ADH II expression, for
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yeast containing the ccr1-1 aliele, which also blocks ADH II synthesis, 

express normal levels of ADR1 mRNA (Denis and Gallo, 1986). A similar 

decrease in adr1-1 mRNA levels relative to ADR1 mRNA levels was also 

observed when yeast strains were grown on ethanol containing medium 

(Figure 7).
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Figure 6. Northern analysis of adr1-1 mRNA levels.

Total cellular RNA was loaded in each lane and probed with an ADR1 

probe a s  described in Materials and Methods (Section 1): A-RNA from 

strain 500-16 (adr1-1) B-RNA from strain 411-40 (ADR1) C-dupiicate of 

lane A at higher concentration D-duplicate of lane B at higher 

concentration. The inserts show the amount of rRNA or URA1 RNA in 

each lane and these were used to standardize the levels of total 

ADR1/adr1-1 RNA loaded.
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Figure 7. Northern analysis of ADR1/adr1-1 mRNA levels from ceils grown 

on glucose- or ethanol- containing medium.

Total cellular RNA was loaded in each lane and probed with an ADR1 

probe a s  described in Materials and Methods (Section 1): A and B-RNA 

from strain 500-16 {adr1-1) from cells grown overnight in 3% ethanol- 

containing medium C- RNA from strain 500-16 (adr1-1) from cells grown 

overnight in 8% glucose-containing medium D and E- RNA from strain 

411-40 (ADR1) grown overnight in 3% ethanol-containing medium F- RNA 

from strain 411-40 (ADR1) grown overnight in 8% glucose-containing 

medium. The insert shows the amount of rRNA in each lane. The amount 

of rRNA w as used to standardize the levels of total ADR1/adr1-1 RNA 

loaded.
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Discussion

Cloning and sequencing of the adr1-1 allele identified a  UQA 

nonsense mutation at the 11th codon of ADR1. The identification of the 

adr1-1 mutation w as confirmed by the use  of UGA-tRNA-suppressors to 

restore ADR1 function. These results indicate that the ADR1 gene does 

in fact encode a  protein product and that the first AUG codon in the ADR1 

sequence is the site of translational initiation. The adr1-1 mRNA is less 

stable than the ADR1 mRNA, this observation allowed confirmation that 

the previously identified 5.1 kb transcript (Denis and Gallo, 1986) is the 

ADR1 transcript.

There are two explanations which could account for the low level of 

ADH II activity in strains carrying both the adr1-1 mutation and the UGA- 

tRNA-suppressors. One possibility is that read-through of the normal UGA 

stop codon at base pair +3970 (Hartshorne et at., 1986) yields a  larger 

than normal protein having diminished ADR1 function. This seem s 

unlikely since the UGA-tRNA-suppressors were observed to have no effect 

on wild-type ADR1 activity. An alternative explanation is that suppressors 

have variable efficiencies for individual nonsense codons. The variability 

of suppression by tRNA-suppressors is influenced by the context 

surrounding the nonsense codon, the acceptability of the  amino acid 

inserted at the mutation site, the position of the mutant codon within the



locus, and the level of expression of the suppressor (Sherman, 1982). A 

serine inserting UGA-tRNA-suppressor, which restores the original ADR1 

sequence, did suppress the mutation with the highest efficiency (10% of 

wild-type). The tyrosine inserting UGA-tRNA-suppressor suppressed the 

adr1-1 mutation at levels roughly similar to the serine suppressor, while 

leucine and arginine suppressors resulted in somewhat lower ADH II 

activities. The inherent variability of tRNA-suppressors would indicate that 

all four amino acid substitutions resulted in functional ADR1 proteins. The 

placement of a  serine residue at codon 11 in the ADR1 protein is thus 

believed nonessential for ADR1 function.

The first 5' AUG codon is normally the one used for translational 

initiation in eukaryotes (Kozak, 1983), although there are  exceptions in 

which one or more small open reading frames are present prior to the site 

of translational initiation. The mechanism which allows reinitiation of 

translation at internal open reading fram es is not clear at this time (Kozak,

1987). Translation could reinitiate at an AUG following the adr1-1 

mutation. The next closest AUG is out of frame at base  pair +83 and 5 

triplets away is a  UAG stop codon. Following the second AUG is a  third 

AUG that is in-frame with ADR1. If reinitiation occurred here, an ADR1 

protein with an  N-terminal deletion of 34 amino acids would result. 

B ecause the first 34 amino acids contain part of an acidic region proposed
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to be involved in transcriptional activation (Bemis and Denis, 1988; Figure 

1) an adr1-1 reinitiation product is likely to be nonfunctional.

The reduced levels of the 5.1 kb adr1-1 transcript confirm that the 

previously identified 5.1 kb transcript (Denis and Gallo, 1986) is indeed the 

ADR1 mRNA. The ability of nonsense mutations to decrease the level of 

mRNA appears to be a  common phenomenon. Several alleles of the 

human 6C giobin gene have been identified which contain nonsense 

mutations within the first 180 bp of the structural gene (Chang and Kan, 

1979; Orkin and Goff, 1981; Kinniburgh eta!., 1982). T hese mutations 

also show reduced levels of mRNA as compared to the normal allele. 

Nonsense mutations in N-terminal regions resulting in unstable mRNAs 

have also been identified in the ural (Pelsy and Lacroute, 1984), ura3 

(Losson and Lacroute, 1979), and cycl (Zitomer e ta l, 1979) genes of S. 

cerevisiae. Nonsense mutations in the C-terminal region of ural have no 

effect on its mRNA stability (Pelsy and Lacroute, 1984). A mechanism 

similar to transcriptional polarity in E. coli has been suggested to explain 

the translational protection evidenced by the comparison of mRNA stability 

in ural alleles which contain polar nonsense codons (Pelsy and Lacroute, 

1984). A single base pair change resulting in a  nonsense codon would 

block further translation of the mRNA and further protection of the mRNA by 

ribosomes or by the newly formed protein product (Maquat and Daar,

43



1988). The ADR1 mRNA is normally present at very low levels (less than 

0.01% mRNA) in the cell and may represent a  class of rapidly degraded 

transcripts (Santiago etal., 1986).
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SECTION 2

IDENTIFICATION OF FUNCTIONAL REGIONS OF ADR1

lDitQdufilion
Transcriptional activators have several functions in common. They must 

be capable of interacting with DNA and they must also be able to interact 

with the transcriptional machinery. Transcriptional activators may also 

interact with other protein factors. GAL4, for example, binds the repressor 

GAL 80 which prevents GAL4 transcriptional activation of the galactose 

utilization genes (Ma and Ptashne, 1987b). The various functions required 

by a  transcriptional activating protein are often carried out by distinct 

regions of the protein. Deletion analysis of transcriptional activators may 

be used to define the location of such domains.

Early investigations suggested that deletion of the C-terminus of ADR1 

(amino acids 305 to 1323) results in a  truncated version of the ADR1 

protein which is still capable of activating ADH2 transcription (Denis and
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Young, 1983). Further deletions of ADR1 from the C-terminus were 

constructed to identify functional regions of ADR1 (these experiments are 

described in the Appendix). An internal deletion of ADR1 w as also 

constructed that spanned the region of ADR1 suggested to be required for 

bypassing glucose control.

Methods and Materials 

Internal deletion of amino ad d s 220 to 262

Plasmids were constructed by ligation of fragments from plasmid YRp7- 

ADR1-23A (Denis and Gallo, 1986), pUC18 (obtained from New England 

Biolabs, Beverly MA), and pTRP1 (obtained from M. Wigler, Cold Spring 

Harbor Laboratories, Cold Spring Harbor, NY).

A fragment of ADR1 extending from the Xmnl site at base  pair +786 to 

the Sstl site at base  pair +1713 w as ligated into the pUC18 polylinker 

region at the Smal and Sstl sites to generate plasmid LBp45. Plasmid 

LBp45 w as cleaved a t the unique Sail site and the 5' overhang was filled in 

to form blunt ends. The resultant plasmid was then restricted with the 

enzyme Hindlll. Restriction of the YRp7-ADR1 -23A plasmid with Hindlll and 

Seal allowed the isolation of a  fragment containing 346 bp of pBR322 and 

the entire 5' region of ADR1 to base  pair +661. The fragment containing 

the 5' region of ADR1 was then ligated into the LBp45 plasmid which had
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been filled in and restricted a s  described above. The resulting plasmid, 

LBp8, contains the 5' region of ADR1 at the Hindlll site of pUC18 to the 

Seal site of ADR1 at base pair 661, the polylinker region of pUC18 from 

the filled in Sail site, 19 base pairs of the pUC18 polylinker to the Smal site, 

and base pairs 786 to 1713 of ADR1 (Figure 8). The LBp8 plasmid 

contains a  deletion that would result in an ADR1 protein lacking amino acid 

residues 220 to 262. Seven additional amino acids are  added after amino 

acid 220 due to the polylinker of p(JC18 (Figure 8).

Expression of plasmid LBpS in yeast required the addition of the yeast 

autonomously replicating sequence (ARS) contained on the TRP1 g ene  

fragment (Tschumper and Carbon, 1980). Plasmid pTRP1 carries the 

TRP1 gene inserted at the EcoRI site of pUC18. A fragment extending 

from the Xmnl site to the Sstl site containing the entire ADR1 gene from 

plasmid LBp8 w as ligated into the pTRP1 plasmid at the Sstl and Xmnl 

sites. The ligation of these two fragments repairs the ampicillin gene of the 

pUC18 vector and forms LBp6. Plasmid LBp6 contains the TRP1 gene, all 

of the 5' ADR1 sequences, and the ADR1 open reading frame 

to b ase  pair 1713 with a  deletion between base  pairs 661 and 786 (Figure 

8).

Transformation of plasmid LBp6 into the yeast strain 500-16 w as by the 

lithium acetate m ethod (Ito et at., 1983). Plasmid LBp6 was restricted with
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Figure 8: Internal deletion of amino acids 220-263 of ADR1

Xmnl Hindlll

Amp

ADR 1 s ta rt

LBp6

T R P 1
pUC18 polylinker 

y  BamHI, Xbal
Hindi

Xbal
S s tl

AAG TTC GAC TCT AGA G G A  TCC CCA GTT

Lys P h e  Asp Ser Arg Gly Ser Pro Val

*ADR1 s e q u e n c e s  a re  underlined

‘Plasmid LBp8 is th e  s a m e  a s  LBp6 e x c e p t  th a t  it 
lacks th e  TRP 1 fragm ent.

48



the enzyme Nrul at base  pair 1411 (in wild type ADR1 the Nrul site is at 

base  pair 1517) to allow site directed integration into the ADR1 gene (Orr- 

W eaver et a i, 1981; Denis and Gallo, 1986).

Results

Expression of the internally deleted plasmid LBo6 in veast strain 50(M6

Plasmid LBp6 was transformed into strain 500-16 and transformants 

carrying free plasmid or integrated plasmid were identified (Denis and 

Gallo, 1986). The presence of plasmid LBp6 in yeast strain 500-16 allowed 

growth on antimycin A. This result suggests that when present in high 

copy, plasmid LBp6 allows activation of ADH2 expression under glucose 

growth conditions (Table 5). This observation is in contrast to our previous 

result which suggested that the phosphorylation region is required for 

ADR1 to bypass glucose control.

A single integrant of plasmid LBp6 in strain 500-16 were also isolated. 

The ADH II activity of these strains have been determined under glucose 

growth conditions and is similar to that of a  strain carrying an ADR1C allele 

(Table 5).
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Table 5. ADH II enzyme activities (Section 2)

Plasmid ADH II activity mU/mg 
glucose ethanol

ADR1-&* none 280 6600

plasmid LBp6 LBp6 400 nda

integrated LBp6 LBp6 100 5000

a nd-not determined

Discussion

The goal of the internal deletion experiments described in this section 

w as to obtain a  better understanding of the role of the region defined by 

amino acids 220 to 253 of ADR1. The results presented in Appendix for 

ADR1-220 and ADR1-253 suggested that the region between residues 

220 and 253 was necessary for enhancing ADR1 activity but w as not 

required for ADR1 activity. Mutations in the region between amino acids 

227 and 231 (a phosphorylation site) (Cherry etal., 1989) allow ADH II to 

bypass glucose repression. Two models have been proposed to explain 

the function of this region: this region may be required to enhance ADR1 

activity or th ese  mutations prevent a  repressor from binding to this region. 

Other models are also possible as described below. The deletion leaving
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just the N-terminal 220 amino acids of ADR1 w as subject to glucose 

repression but was also capable of transcriptional activation (Bemis and 

Denis, 1988; Appendix). These results suggest that the absence of the 

phosphorylation region does not allow escape from a  negative effector.

The internal deletion removing just the region between amino acids 220 

and 262 leaves the C-terminus of ADR1 intact. Therefore the region of 

ADR1 to which constitutive mutations have been localized is deleted.

ADH II activity in strains carrying the internally deleted ADR1 w as no 

longer subject to glucose repression which was similar to what was 

observed in strains carrying an ADR1C mutation.

The above results, suggest that the phosphorylation region may in fact 

interact with a  negative effector and when this region is absent the negative 

effector can not act through this portion of ADR1.

Another plausible role for this region is that it could be required for 

dimerization of ADR1. Foot print analysis of ADR1 bound to the promoter 

region of ADH2  is consistent with the supposition that ADR1 binds as a 

dimer to this region (Eisen et al., 1988). ADR1 monomers may bind 

separately to UAS1 but once bound may interact, possibly through the 

phosphorylation region. This hypothesis is supported by the fact that ADR1 

can bind to one half of the inverted repeat sequence but only half of UAS1 

is inactive a s  a  UAS (Yu et al., 1989).
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The phosphorylation region could be required for proper folding of the 

ADR1 protein. The complete deletion of this region results in a  less active 

protein than does a  point mutation in this region. A point mutation might be 

expected to have a  different effect upon the folding of the protein than the 

deletion of a  large region. This model suggests that the phosphorylation 

region is required for interactions within the ADR1 protein rather than 

interaction with a  repressor or another monomer of ADR1.

The contrasting evidence between the ADR1 protein containing only 

220 amino acids and the internal deletion of the region between amino 

acids 220 and 262 could be due to the low level of ADH2 activation 

detected in strains carrying ADR1-220. The ADH II activity in these  strains 

is very low under derepressed conditions and any bypassing of glucose 

repression (typically at a  level 5-10% of derepressed activity) may not be 

detectable under glucose growth conditions. The addition of the C- 

terminus may assist the N-terminal 220 amino acids to a higher level of 

ADH2 activation. In agreem ent with this, we previously determined that no 

C-terminal truncation of ADR1 is a s  active as the entire ADR1 protein 

(Appendix).

Further experiments involving this region are planned and include the 

creation of internal deletions throughout this region. The LBp6 plasmid has 

seven amino acids present due to the pUC18 polylinker region which
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would not be present in ADR1. The seven amino acids include an Asp 

which would provide a  negative charge and might be expected to reduce 

the activity of ADR1 in a  m anner similar to that of a  phosphorylated serine. 

This, however, could not account for the observed increase in activity. 

Another consideration when planning future experiments is the recent 

identification of several other ADR1C mutations in this region. The recently 

identified mutations were not localized to the phosphorylation site between 

227 and 231. T hese mutations include a  serine to an arginine change at 

amino acid 232 and a tyrosine to an asparagine or a  cysteine change at 

amino acid 239 (pers. comm. Dan Chase and Susan Fontaine). The sites 

of th ese  newly characterized mutations have also been deleted in the LBp6 

plasmid. Internal deletions and studies of the actual ADR1 protein will help 

to clarify the remaining questions concerning the regulation of ADR1 

through the region C-terminal to amino acid 220.
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SECTION 3

THE EFFECT OF ADR1 ON GLYCEROL GROWTH 

Introduction

The transcriptional activator ADR1 has been shown to be required for 

the u se  of glycerol a s  a carbon source (Bemis and Denis, 1988; Appendix). 

The previously described C-terminal truncation analysis of ADR1 indicated 

that ADR1 -truncated proteins capable of transcriptional activation could 

grow on ethanol-containing medium (Table 2, Appendix). In contrast, only 

ADR1 -truncated proteins which contained at least 506 N-terminal amino 

acids could utilize glycerol-containing medium (Table 2, Appendix). A 

yeast strain with constitutive ADH II activity and an adrl-1 allele (Figure 3, 

Appendix) could not grow on glycerol-containing medium although it could 

grow on ethanol-containing medium. These results suggest that ADR1 is
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required for growth on glycerol-containing medium regardless of ADH II 

activity. The requirement of ADR1 for glycerol growth is the first indication 

that ADR1 acts in a  metabolic pathway other than that directly regulating 

ADH2.

Catabolism of glycerol is poorly understood in S. cerevisiae although 

two glycerol catabolizing enzymes, glycerol kinase and glycerol 3- 

phosphate dehydrogenase, have been identified (Sprague and Cronan, 

1977). The glucose repressible enzym es glycerol kinase and glycerol 3- 

phosphate dehydrogenase are not regulated by ADR1 (Bemis and Denis, 

1988; Appendix).

Evidence presented here suggests that ADR1 is required for glycerol 

growth and that a  recessive mutation at the GLP1 locus must be present 

for strong glycerol growth.

Materials and Methods

YeasLSt rains

Glycerol growth characteristics were studied using strains isogenic to 

43-2B and  411-40. The genotypes of these strains are given in Table 6.
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Growth Conditions

Strains were tested for growth on glycerol by inoculation into YEP 

media (1% yeast extract, 2% Bacto-Peptone, 20 mg/l adenine, and 20 mg/l 

uracil) supplemented with 3% glycerol. Strains that were able to grow in 

YEP 3% glycerol after two days were considered "strong glycerol growers". 

Strains able to grow in YEP 3% glycerol after 4-7 days of incubation were 

classified a s  "glycerol growers". Strains unable to grow on glycerol after 10 

days of incubation in YEP 3% glycerol were term ed "glycerol-non-growers". 

Strains were initially tested on YEP 3% glycerol plates ( YEP 3% glycerol 

media and 2% bacto agar) in which the sam e glycerol growth 

characteristics were detected. Plate analysis w as not definitive and 

needed to be confirmed by growth in liquid glycerol-containing medium. All 

growth conditions were conducted at 30°C.

Medium containing alternative carbon sources was prepared a s  

described above by substituting either 2% lactate, 2% pyruvate, or 3% 

acetate for the 3% glycerol.
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Table 6. Isogenic strains used for characterization of glycerol growth.

Strain

43-2B*

43-2 B-R*

R234*

R234-R*

R234-7*

411-40**

660**

500-16**

68-3D

68-3D-R

relevant genotype 

MATd adh1-1 adh3 ural his4 

MATd adh1-11 adh3 ural his4 glp1 

MATd adh1-11 adh3 ural his4 ADR 1-5°

MATd adh1-11 adh3 ural his4 A D R 1-&  glp1 

MATd adh1-11 adh3 ural his4 adr1-5c 

MATa adh1-11 adh3 adr1-1:YRp7-ADR1-411 

ural his4

MATa adh1-11 adh3 adr1-1:YRp7-ADR1-5^-23A 

ural his4

MATa adh1-11 adh3 adr1-1 trp1 ural his4 

MATa adh1-11 adh3 trp1 ural his4 

MATa adh1-11 adh3 trpl ural his4 glp1

‘Strains isogenic to 43-2B 

**Strains isogenic to 411 -40
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Results

Glvcerol Growth of Isogenic Strains in Liquid Culture

Figure 3 (Appendix) shows the pattern of glycerol growth for 411-40 

{ADR1, ADH2) and the isogenic strain ASPH6 {adr1-1,.ADH2-S6).

Strains having a  functional ADR1 (411-40) were found to be capable of 

slowly utilizing glycerol. In contrast strains lacking a  functional ADR1 

(ASPH6) were observed to be unable to utilize glycerol a s  a  carbon source 

(Figure 3, Appendix).

The isogenic strains 43-2B and R234 (Table 5) could not grow on 

glycerol at first but could adapt to growth on glycerol after 5-7 days (Figure 

9). Thus, adaptation to glycerol growth by 43-2B and R234 appears to be 

a  different phenotype than that observed in the 411-40 isogenic series 

which grows slowly on glycerol (Figure 3, Appendix; Figure 10). Single 

colonies from adapted cultures of 43-2B and R234 were isolated to 

determine if the ability to grow on glycerol is reversible. The putative 

glycerol-adapted strains isolated in this m anner were then grown on 

nonselective media (glucose containing) for several generations. The 

glycerol-adapted phenotype did not revert back to being poor glycerol 

growers after several generations of nonselective growth. This result
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Growth of strains isogenic to 43-2B on 3% glycerol
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Growth of strains isogenic to 411-40-B on 3% glycerol
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suggests a  genetic alteration had occurred in those strains (43-2B-R and 

R234-R). The strains that were "strong glycerol growers" were called 43- 

2B-R and R234-R (R indicates revertant on glycerol). These strains grew 

strongly on glycerol after two days (Figure 9). The isogenic strain R234-7 

{ADR1-5P-7) lacking a functional ADR1 could not adapt to glycerol growth 

(Figure 9), suggesting that ADR1 is required for reversion to the strong 

glycerol growth phenotype.

Strong qlvcerol growth is due to genetic alteration

To confirm that strong glycerol growth was due to a  nuclear genetic 

alteration and not a  cytoplasmically inherited alteration genetic studies 

were undertaken. The strains 43-2B-R and R234-R were crossed to 567- 

5d, a  "strong glycerol grower". Glycerol growth segregated 4:0 in tetrads 

from these c ro sses  (Diploids 111 and 112, Table 7) suggesting that the 

strong glycerol growth observed in 567-5d and in 43-2B-R and R234-R is of 

a  similar nature. In another cross the strong glycerol growth seen  in 

567-5d segregated  2:2 against the "glycerol grower" phenotype of 43-2B- 

m1 (Table 8).

In the cross 411-40 to 43-2B-R (Diploid 68, Table 7) "strong glycerol 

growers" segregated  2:2 further indicating that the mutation which allows 

glycerol growth is a  nuclear mutation rather than a  cytoplasmically inherited 

trait.
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The segregant 68-3d was used in further studies because it is 

adaptable to glycerol growth on plates and in liquid culture. The strain 68- 

3d-R w as isolated following growth of 68-3d in liquid glycerol containing 

media. The culture of 68-3d was monitored daily by cell counts. When 

cells were counted after 6 days of growth in glycerol media, two different 

cell types were detectable, one round and the other elongate. The two cell 

types were separated by micromanipulation and allowed to grow on YEP 

2% glucose. The isolates were screened for ability to grow on glycerol. The 

cells that were elongate were found to be "strong glycerol growers". The 

round cells were determined to be "glycerol-non-growers". The "strong 

glycerol grower" isolate was designated 68-3d-R and subjected to further 

analysis.
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Table 7. Segregation of glycerol growth

Glycerol nongrowers/Glycerol growers 
complete tetrads

Cross Parental strains genotype 4:0 3:1 2:2 1:3 0:4

(6 411-40/45-2B GLP1/GLP1 8

66 411'40/43-2BrR GLPl/glpl 1 7

19 411^40 /  R234-R GLPI/glpl 7

77 612-4A /  68-3D GLP1/GLP1 . 7

78 612-4A/68-3D-R GLPI/glpl 15

63 43-2B /  567-5D GLPl/glpl 2 4

111 43-2B-R / 567-5D glpl/g lpl <6 tetrads separated only 2 complete) 2

112 R234-R /  567-5D glpl/glpl (15 tetrads separated only 4 complete) 4

• glpl Is the designation of the mutation allowing strong growth on glycerol.



Table 8. Glycerol growth is independent of ADH2 but not ADR1.

Strain relevant
genotype

Growth on 
ethanol glycerol

411-40 ADR1/ADH2 + +/-

500-16 adr1-1/ADH2 - -

ASPH6 adr1-1/ADH2-S6 + -

216-2a ADR1/ADH2 + +

216-2b ADR1/ADH2 + -

216-2C ADR1/adh2-m1 - +

216-2d ADR1/adh2-m1 - -

216-7a ADR1/adh2-m1 - +

216-7b ADR1/adh2-m1 - +

216-7C ADR1/ADH2 + -

216-7d ADR1/ADH2 + .
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Strong alvcerol growth is the result of a recessive mutation.

Segregation of the mutation resulting in strong glycerol growth indicated 

that the mutation was in a  nuclear gene but it w as unclear if the mutation 

was recessive or dominant. In order to answer this question the following 

crosses were conducted. Strain 68-3d-R and strain 612-4a (glycerol 

grower) were crossed to form diploid 78. Diploid 78 did not grow strongly 

on glycerol (Table 9). In addition, tetrad analysis of diploid 78 yielded a 

strong glycerol growth segregation pattern of 2:2 (Table 7). When strain 

612-4a w as crossed to 68-3d to form diploid 77, the diploid grew slowly on 

medium-containing glycerol (Table 9). Upon tetrad analysis of diploid 77 

no segregants were "strong glycerol growers" (Table 7). T hese results 

confirm that a  recessive nuclear mutation results in ability to grow well on 

glycerol-containing medium. Segiegants from two tetrads of diploid 78 

were back crossed to 68-3d-R or 43-2B-R in order to show that strong 

glycerol growth was recessive (diploids of tetrads 78-11 and 78-16, Table 

9). The nuclear mutation resulting in strong glycerol growth was 

designated glp1 because it allows strong growth on glycerol, lactate, and 

pyruvate. The wild type allele is designated GLP1. Diploids listed in table 

9 are "strong glycerol growers" if both parents carry the glp1 allele.
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Table 9. Diploid Strains used to characterize recessivity of GP1.

Diploid Parent strains Genotype Growth on 
Glycerol

77 68-3d/612-4a GLP1/GLP1 -

78 68-3d-R/612-4a glp1/GLP1 -

68-3d-R/78-11a glp1/gtp1 +

43-2B-R/78-11b glp1/GLP1 -

68-3d-R/78-11c glp1/glp1 +

43-2B-R/78-11d gfp1/GLP1 -

43-2B-R/78-16a glp1/glp1 +

68-3d-R/78-16b glp1/glp1 +

68-3d-R/78-16c glp1/GLP1 -

43-2B-R/78-16d glp1/GLP1 -

101 43-2B-R/612-1d-2 glp1/GLP1, ccr4 -

102 43-2B-R/612-1d glp1/GLP1, CCR4 -

103 78-16b/553-4b glp1/GLP1, CCR4 -

104 78-16b/553-4b-10 glp1/GLP1, ccr4 -

107 78-16b/B19-B* glp1/? +

108 78-16b/411-40-B glp1/glp1 +

113 78-17a/411-40 GLP1/GLP1 -

114 78-17a/411-40-B GLP1/glp1 -

115 78-17a/B19* GLP1/? +

116 78-17a/B19-B* GLP1/? +

*Strain B19 carries 21 copies of ADR1-642 integrated into the genome.
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Mutation to strong alvcerol growth on YEP 3% alvcerol plates

Strains isogenic to 411-40 and to 43-2B were plated to single colonies 

on YEP 3% glycerol plates. Two colony types were observed in those 

strains containing a  completely functional ADR1 or ^ D flf-^ a lle le .

Strains lacking ADR1 could not mutate to strong glycerol growth and 

displayed only small colonies. Strains carrying the glp1 allele ie. 43-2B- 

R, contained only large colonies. Strains that could revert to strong glycerol 

growth formed two colony types: those that were larger like those that 

carried the glp1 allele and smaller colonies as found in strains carrying the 

GLP1 allele.

Large colonies from strains 411-40 and 500-16:B19 (B19) were isolated 

and found to result in strong glycerol growth. When strains isolated as big 

colonies, designated (B for big or larger), were crossed to the strain 78-16b 

(glp1) the diploids were "strong glycerol growers” indicating that they 

failed to complement the glp1 allele. Diploids formed by crossing 78-17a 

(GLP1) with 411 -40-B or 411 -40 were poor growers on glycerol (Table 9). 

The diploids formed when 78-17a (GLP1) was crossed to 500-16 :B19 

(B19) and B19-B, however, were strong glycerol growers. This latter result 

is puzzling since strain B19 by itself is not a strong glycerol grower. The 

lack of complementation between 411-40-B and 78-16b indicates that the 

mutation in 411-40-B allowing strong glycerol growth is at the GLP1 locus.
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Glvcerol growth is independent of ADH2 but requires ADR1

Previous studies indicate that strain 411-40 (ADR1, ADH2) grows 

weakly on glycerol containing medium (Appendix). Strain ASPH6 (adr1-1, 

ADH2-S6) which has constitutive ADH II activity due to deletion of the 

ADH2  promoter do es not utilize glycerol a s  a  carbon source (Appendix). 

Further indication that ADH II enzyme activity is not linked to glycerol 

growth was derived from strains lacking ADH II activity (containing the 

adh2-m1 allele). Two tetrads from diploid 216 formed between strains 43- 

2B-m1 (adh2-m1, GLP1) and 567-5d (ADH2, glp1) were analyzed. Strong 

glycerol growth segregated 2:2 and did so independently of the adh2~m1 

allele (Table 8). The suggestion that ADR1, and not ADH2, is required for 

glycerol utilization was therefore confirmed by the independent segregation 

of adh2-m1 and strong glycerol growth.

Effect of the alo l mutation on Lactate. Pvruvate. and Acetate growth 

The effect of the  glp1 mutation on growth on other nonfermentative 

carbon sources w as also tested . Strains isogenic to 411-40 which carried 

a  functional or non-functional ADR1 gene grew equivalently on medium 

containing ace ta te  (Figure 11 and 12). Although strain 411-40-B appears 

by cell counts to grow almost a s  well on acetate-containing medium a s  its 

isogenic counterparts the cells appeared small and irregularly shaped

68



log
 

of 
ce

ll
s/

m
l

Figure 11
Growth of strains isogenic to 411-40 on 3% acetate
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Figure 12
Growth of strains isogenic to 411-40B on 3% acetate

9

8

7

6

5
1 02 4 6 80

411-40 
411-40-B 
B19 
B19-B 
500-16

T im e (d a y s)

70



suggesting that these growth conditions were stressful. Strain B19-B grew 

slightly better than its parental strain on acetate-containing medium (Figure 

1 2 ).

Strains 43-2B-R and R234-R which carry the glp1 alleles grew slightly 

better than their respective parental strains when grown on acetate- 

containing medium (Figure 13). The glp1 mutation in these strains may 

augment growth on acetate containing medium.

Strains isogenic to 43-2B grown on lactate-containing medium show 

growth similar to that observed when these strains were grown on glycerol- 

containing medium (Figure 14 a s  compared to Figure 9). Strains 43-2B 

and R234 which carry the GLP1 allele did not grow as well on medium 

containing lactate as did strains 43-2B-R and R234-R which carry the glp1 

atlele. After 5-7 days of growth in lactate-containing medium strains 

carrying the GLP1 allele adapt in a  manner similar to that observed for the 

sam e strains in glycerol-containing medium (Figure 14 a s  compared to 

Figure 9).

Growth in pyruvate-containing medium of strains isogenic to 43-2B 

carrying either the GLP1 allele or the glp1 allele was similar to growth in 

glycerol- or lactate-containing medium. However, adaptation of strains 

carrying the GLP1 allele was observed after 7 days of growth in pyruvate-
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Figure 13
Growth of strains isogenic to 43-2B on 3% acetate
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Figure 15
Growth of strains isogenic to 43-2B on 2% pyruvate
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containing medium rather than 5-7 days observed for the sam e strains in 

glycerol- or lactate-containing medium (Figure 15).

Strains isogenic to 411-40 carrying a  GLP1 allele grown on lactate did 

not adapt to growth but grew slowly similar to glycerol growth in the sam e 

strains (Figures 16,17, and 18 as compared to Figure 10). Strain B19-B 

(glp1) grew strongly on lactate-containing medium a s  it did on glycerol- 

containing medium. In contrast, strain 411-40-B (gfp l) which grew 

strongly on glycerol-containing medium could not grow on 2%  lactate and 

grew  weakly on 1% lactate (Figures 17 and 18). Independent selection of 

the mutant glp1 alleles may explain the discrepancy between lactate 

growth and glycerol growth of strain 411-40-B as compared to strain 43-2B- 

R.

Growth of strains isogenic to 411-40 on pyruvate-containing medium 

suggested that a  functional ADR1 gene w as needed for growth, a  result 

similar to that found for th ese  strains in glycerol and lactate-containing 

medium (Figure 19 as compared to Figure 16). B19-B (glp1) grew slightly 

better than its respective parental strains (GLP1) in pyruvate-containing 

medium (Figure 20).
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Figure 16
Growth of strains isogenic to 411-40 on 2% lactate
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Growth of strains isogenic to 411-40-B on 2%  lactate
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Figure 18

Growth of strains isogenic to 411-40*6 on 1% lactate
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Figure 19
Growth of strains Isogenic to 411-40 on 2% pyruvate
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Figure 20
Growth of strains isogenic to 411-40-B on 2% pyruvate
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Discussion

A mutation allowing S. cerevisiae to grow well when the sole carbon 

source is either glycerol, lactate, or pyruvate has been identified. The 

mutation, designated "g lp r  is recessive and allows glycerol growth only in 

the presence of a  functional ADR1 gene encoding at least 506 N-terminal 

amino acids (Bemis and Denis, 1988; Appendix). Furthermore, a  functional 

ADR1 gene was required for growth in either lactate- or pyruvate- 

containing medium.

Previous studies of glycerol growth in wild type S. cerevisiae present 

conflicting evidence a s  to whether wild type yeast can grow on glycerol. 

Sprague and Cronan (1977) state that wild type yeast can utilize glycerol 

a s  a  sole carbon source while Wills et a/., (1984) find that wild type yeast 

can not grow on glycerol a s  a  sole carbon source. Earlier confusion may 

stem  from variations in growth conditions and different genetic 

backgrounds among strains. In our hands, strain 567-5d grew very well on 

glycerol w hereas most of our other strains did not grow well. Strain 567-5d 

w as found to already carry a  glp1 mutation (Table 7). All results presented 

in this study were conducted with isogenic strains under growth conditions 

of YEP media plus 3% glycerol at 30°C. The results included here suggest 

that S. cerevisiae is able to rapidly metabolize glycerol a s  a  carbon source 

when the strain carries at least 506 amino acids of ADR1 and the recessive
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mutation glp1. Wild type strains utilize glycerol at a  very slow rate unless a 

mutation occurs in the GLP1 gene.

ADR1 has not been implicated in the regulation of glycerol kinase and 

glycerol 3-phosphate dehydrogenase because the enzyme activities of 

these  two proteins were not altered in a  strain carrying the adr1-1 allele 

(Bemis and Denis, 1988; Appendix). The GLP1 allele is thought to act at a  

later stage of glycerol metabolism because metabolism of lactate and 

pyruvate can be affected by the gfpl mutation.

In contrast to the requirement of a functional ADR1 gene for growth on 

glycerol-, lactate-, and pyruvate-containing medium, a  functional ADR1 

gene is not required for growth on ethanol-containing medium a s  long a s  

there is constitutive ADH activity (Bemis and Denis, 1988). Similarly, a  

functional ADR1 gene is not required for growth on acetate containing- 

medium. The presence of the GLP1 allele or a  mutated glp1 allele does 

not affect growth on ethanol-containing medium. However, the presence of 

the glp1 mutation may enhance growth on acetate-containing medium.

Ethanol is metabolized to acetaldehyde by ADH, the acetaldehyde is 

then metabolized to acetate by acetaldehyde dehydrogenase. Acetate is 

metabolized directly into acetyl CoA and used  a s  an energy and carbon 

source in the TCA cycle (tricarboxylic acid). The fact that yeast readily 

metabolize ethanol and aceta te  regardless of the presence of ADR1 or
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GLP1 suggests that the newly identified function of ADR1 is probably not 

involved with the regulation of enzymes that are required to metabolize 

ethanol and acetate. The increase in growth on acetate in strains 

containing the glp1 mutation may be due to increased transport across the 

mitochondrial membrane but does not require ADR1.

The GLG  mutations previously characterized by Wills et a/.(1984) may 

be allelic to GLP1 but it is unclear if any of the GLG mutations require 

ADR1 for activity or if they are recessive. The GLG mutations do allow 

growth on glycerol, lactate, and pyruvate (C. Wills, per. comm.).

The GLG mutations may be involved in a  mitochondrial shuttle 

mechanism necessary for transport of reducing equivalents across the 

mitochondrial membrane. If the glp1 mutation increases transport of 

metabolites into the mitochondria, growth on glycerol, lactate, pyruvate, and 

acetate might be enhanced.

It has previously been observed that when the mitochondrial porin gene 

is disrupted yeast slowly adapt to glycerol growth and an 86 kd protein 

accum ulates (Dihanich etai., 1987). The adaptation to glycerol growth by 

yeast with a  disrupted porin gene is not permanent. Porin minus yeast 

grown on nonselective media must readapt to glycerol growth in the 

absence of other carbon sources. Alleles required to regulate porin have 

not been identified although they are postulated to exist. The porin gene
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encodes the only Known mitochondrial pore for entry of metabolites, of 

molecular weight 6000 or less. The 86-kd protein that accumulates is not 

porin nor is it the 90-kd heat shock protein of yeast (Dihanich etal., 1987). 

ADR1 is required for yeast to adapt to glycerol growth in strains isogenic to 

411-40 and 43-28. ADR1 could be one of the as yet unidentified regulators 

of genes involved with mitochondrial transport.

Heat shock proteins and glucose-repressible proteins have been 

implicated in translocation of proteins across m em branes when cells are 

stressed  (Deshaies etal., 1988). Growth on glycerol is a  metabolic stress 

to yeast and thus might be expected to invoke one of the known stress 

responses.

One model for the function of ADR1 in the utilization of glycerol is a s  a 

transcriptional activator of a  gene (Y) necessary for interaction with GLP1. 

GLP1 would be the repressor of gene (Y) which ADR1 activates or it could 

be a  repressor of a  gene (X) needed to interact with gene (Y). ADR1 

would not directly interact with GLP1 but would regulate some factor (Y) 

that w as in turn needed for growth on glycerol.

Future experiments are required to determine how ADR1 influences 

glpt and what role GLP1 normally plays in the metabolism of S. 

cerevisiae. The disruption of ADR1 in a  glp1 strain would confirm that 

ADR1 is required for glycerol growth. The disruption of ADR1 in a  glp1
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strain would provide a  strain necessary for further experiments. This adn  

strain with the  glp1 mutation could be mutagenized and screened for 

"strong glycerol growers". These mutations would be in either the gene (Y) 

or gene (X) of the above model. Isolation of the glp1 allele would be very 

difficult because of the recessive nature of the mutation and the absence of 

a  good method for identifying differences between strong and slow glycerol 

growers. The gene (Y) of the  model could also be cloned by 

overexpression using an appropriate plasmid library. It would be expected 

that overproduction of Y would bypass the need for ADR1. Another 

experimental approach would be to search  a yeast gene library with the 

ADH2  dyad sequence which is required for ADR1 binding. This would be 

an interesting approach because  ADR1 may activate other genes that have 

yet to be identified.
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SECTION 4

GENERAL DISCUSSION

The goal of this research was to identify functional regions of the 

transcriptional activator ADR1. This w as accomplished by analyzing 

several facets of ADR1 function.

The adr1-1 mutation, which blocks ADR1 activation of ADH2,was 

identified as a  nonsense codon at amino acid 11. This result confirms that 

the ADR1 open reading frame encodes a  protein product and that 

translation of the ADR1 protein begins at the first AUG in the ADR1 

transcript. The adr1-1 mutation was found to be suppressible by tRNA- 

suppressors carrying serine, tyrosine, leucine, or arginine aminoacyl 

residues, indicating that serine-11 is not essential to ADR1 function.

The second  section of this thesis used C-terminal deletions of the 

ADR1 gene to detect functional regions of the ADR1 protein. Such 

analyses have been conducted for other transcriptional activators including
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the E1A protein (Krippl etal., 1985), GAL4 (Johnston etal. 1986), and 

GCN4 (Hope and Struhl. 1986). The C-terminal deletion analyses led to 

the identification of a  transcriptional activation domain and identification of 

a  region of ADR1 required for glycerol growth.

The third section of this thesis concerned the requirement of ADR1 for 

growth on glycerol. Previous observations suggested that the sole function 

of ADR1 w as the transcriptional activation of ADH2. The requirement of 

ADR1 for growth on glycerol suggests that ADR1 may also be involved in 

some function other than ADH2 regulation.

The upstream  region of ADR1 had been sequenced to base pair -610 

by Hartshorne etal., in 1986. The 5' end of the ADR1 mRNA had been 

mapped to base  pair -509 (Blumberg et al., 1988) and found to contain an 

unusually long untranslated leader sequence relative to the translational 

start site identified in this thesis. Other long 5' untranslated leader 

sequences have been identified on yeast genes. The GCN4 mRNA 

contains small open reading frames in its 5' untranslated sequence which 

have been implicated in translational control of GCN4 (Mueller and 

Hinnebusch, 1986). Translational regulation of ADR1 in a  manner 

similar to that found for GCN4 has been ruled out by the lack of small open 

reading fram es in the ADR1 untranslated region. The ADR1 mRNA could 

be regulated by another translational regulatory mechanism or through the
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stability of its mRNA.

The possibility that ADR1 is translationally regulated or is controlled by 

differences in RNA stability has not been extensively analyzed. Little 

variation in total ADR1 RNA levels under glucose or ethanol growth 

conditions suggests that differences in mRNA stability are not controlling 

ADR1 function. It has been shown using an ADR1-0-galactosidase hybrid 

protein that 6-galactosidase protein levels do not vary between glucose 

and ethanol growth conditions (Blumberg etal., 1988). More recent data 

suggest that actual ADR1 protein levels may vary by five- to -ten-fold under 

the two growth conditions (R. Vallari, pers. comm.). It is also possible that 

the 5' untranslated region plays no regulatory role but may act in slowing 

general translation of the ADR1 mRNA under all growth conditions.

Santiago et a!., (1986) have classified mRNA of S. cerevisiae into two 

groups on the basis of mRNA stability. The first group, very stable 

transcripts, include transcripts having a half life greater than ca. 20 

minutes. The c la ss  of less stable mRNAs have stabilities less than 20 

minutes. While function does not appear to be related to stability, stability 

w as inversely proportional to transcript length. For example, the actin 

mRNA has a  half life of 77 minutes and is 1.3 kb in length. The PPR1 

mRNA has a  half life of 2 minutes and is 2.9 kb in length, 1 kb smaller than 

ADR1. If ADR1 belongs to this less stable class of mRNA it is likely that

88



the ADR1 half life would be less than 2 minutes. Overall stability of the 

transcript may be a  mechanism by which mRNA species are  maintained at 

desired levels in the yeast cell. Too high of an ADR1 concentration is 

known to cau se  mitochondrial DNA loss and petite formation (Cherry and 

Denis, 1989).

The presence of the nonsense mutation at codon 1.1 in the adr1-1 

mRNA results in decreased stability of the ADR1 mRNA. D ecreased 

stability of mRNA by nonsense mutations has been characterized for 

several other alleles containing nonsense mutations in the 5' region of the 

structural gene. It is unclear at this time if the instability results from a 

translational block due to the ribosomes being stalled or if it is due to 

increased nuclease action on the mRNA. The most likely explanation is a  

combination of ribosomal stalling and nuclease degradation (Daar and 

Maquat, 1988).

Transcriptional activating proteins require a  region of acidic nature that 

may be important for interaction with the transcriptional machinery 

(Ptashne, 1986; Struhl, 1987). Amino acid sequence homology 

comparison of ADR1 to other transcriptional activators suggests an acidic 

transcriptional activation region at amino acids 29 through 39 (Figure 3). 

Initial studies suggested that the commonality between the transcriptional 

activation regions in GCN4 and GAL4 is the overall acidic nature of the
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regions. R ecent evidence suggests that not only must the amino acids be 

of an acidic nature, but the acidic region must form an amphipathic alpha 

helix (Giniger and Ptashne, 1987). The acidic region of ADR1 has not been 

characterized by deletion analysis or by mutational analysis. It is possible 

that single mutations occurring at the acidic region in ADR1 would not 

destroy the phenotype if the overall shape or charge of the region is 

important.

Regulation of transcription by proteins which bind specifically to DNA is 

a  common regulatory mechanism well studied in both eukaryotes and 

prokaryotes alike. The ADR1 "Zn-binding" DNA-binding finger motif has 

been characterized by sequence analysis (Hartshorne etal., 1986), 

mutational analysis (Blumberg etal,, 1987; Denis eta!., in prep.), deletion 

analysis (Bemis and Denis, 1988), and DNA binding gel retardation studies 

(Eisen etal., 1988). The "Zn-binding" DNA-binding finger domain was 

originally identified in transcriptional factor TFIIIA from Xenopus oocytes 

(Miller et a!., 1985). The binding fingers of TFIIIA have nine repeats of a  30 

amino acid finger that are coordinately stabilized by cysteine and histidine 

residues through Zn^+ linkages {Diakun etal., 1986; Frankel etal., 1987).

A "Zn-binding" DNA-binding finger of ADR1 (amino acids 130-159) was 

synthesized and studies confirm that metal binding occurs and drives the 

folding of the  peptide (Parraga etal., 1988). These results agree with
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similar experiments on synthesized peptides of TFIIIA finger regions 

(Frankel e t at., 1987) and with studies that suggest Zn^+ is tetrahedraily 

coordinated between histidine and cysteine residues in peptides of this 

nature (Diakun etal., 1986). ADR1 has two "Zn-binding finger" regions. 

The presence of both of these regions are required for ADR1 binding to the 

A D H 2gene(Bemis and Denis, 1988; Appendix ; Parraga etal., 1988).

Mutations localized to the DNA-binding domain of ADR1 have been 

characterized. Mutations of the amino acids proposed to be directly 

involved in "Zn-binding" block ADR1 activity while mutations in other 

residues of the finger reduce activity to varying degrees (Blumberg etal., 

1987; Denis etal., in prep.).

The adr1-5P-x mutations (Figure 3) which were isolated as second site 

mutations of the ADR1-SP allele have been identified. The adr1-i&‘ 7 

mutation was identified at amino acid 117 in the finger tip of the first DNA- 

binding finger and blocks activity of ADR1. The adr1-5c-5  mutation was 

localized to amino acid 129 which is in the linker region between the two 

fingers. This change causes a  less severe effect on ADR1 function with 

respect to its ability to activate ADH2. The adr1-5°-2,-3, and -6  

mutations were all localized to amino acid 97 causing a  proline to a  serine 

change in all three alleles (D. Mullaney, 1988). A proline residue is 

commonly found 8 amino acids from the first finger in "Zn-binding" DNA-
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Binding proteins. The proline at amino acid 97 is nine residues away from 

the first finger region in ADR1, but other than the possibility of creating a  

bend in the polypeptide chain, little is known about the importance of this 

residue.

Several cAMP-dependent protein kinase phosphorylation consensus 

sequences have been identified in ADR1 by sequence analysis 

(Hartshome etal., 1986). The ADR1-2P, 5°, and 7 ° mutations which 

allow ADH2  expression during glucose growth were localized to the 

phosphorylation sequence near amino acid 230 (Figure 3) (Denis and 

Gallo, 1986; Cherry etal., 1989). ADR1 mutations localized to the 

phosphorylation sequence allow partial AD H 2  activation during glucose 

repression (Strains R234, Table 1). In vitro phosphorylation studies of 

ADR1, ADR1-2C, 5C, and 7C fusion proteins confirm that the mutations near 

the phosphorylation site at amino acid 230 reduce the phosphorylation of 

ADR1 (Cherry etal., 1989). The ADR1-7c  mutation completely blocks 

phosphorylation at this site because the phosphoacceptor serine-230 is 

mutated to a leucine (Figure 3). The ADR1-2P and 5° mutations cause  a  

phenylalanine to serine conversion at amino acid 231 and an arginine to 

lysine substitution at amino acid 228, respectively. Both changes appear to 

increase the Km of phosphorylation but do not completely block possible 

phosphorylation at serine-230 (Cherry etal., 1989). The in vitro
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phosphorylation studies of the ADR1 and ADR1C fusion proteins indicate 

that ADR1 is also phosphorylated by cAMP-dependent protein kinase at a 

site other than the site at amino acid 230 because even the ADR1-7C 

protein is a  phosphoprotein (Cherry etal., 1989).

The C-terminal truncated ADR1 protein (220 amino acids, Appendix) 

lacking the phosphorylation site at amino acid 230 was found to be capable 

of transcriptional activation of ADH2 but not able to allow escape  of ADH2 

from glucose repression. Alternative explanations for this result may be 

that the deletion of such a  large region (1103 amino acids) of ADR1 may 

alter interactions necessary for the escape from glucose repression or that 

the increase in ADH II activity during glucose growth conditions may be 

undetectable due to the reduced function of the ADR1-220 protein. In 

contrast to the C-terminal truncation leaving only 220 amino acids, a  small 

internal deletion removing the amino acids between 220 and 262 of ADR1 

results in an ADR 1 protein able to escape glucose repression. The 

deletion of this region may remove a  site required for interaction with a 

repressor or this region could have another function. Other functions 

proposed for this region are that it may be required to block dimerization of 

ADR1 monomers or that it may block the proper folding of the ADR1 protein 

until dephosphorylation occurs. Further experiments are planned to study 

the existence of a  repressor. One experiment is to over express the
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proposed repressor site on ADR1 in the expectation of titrating out the 

repressor.

CCR1 is not a  cAMP-dependent protein kinase and is proposed to be 

an activator of ADH2. CCR1 would therefore not be the kinase directly 

phosphorylating ADR1, but might be required for the regulation of a  

phosphatase that controls ADR1. Alternatively CCR1 may phosphorylate a  

protein that ADR1 acts with.

The cAMP-dependent protein kinase of yeast is com posed of regulatory 

subunits encoded by BCY1 (Toda etal., 1985) and catalytic subunits 

encoded by the TPKalleles, TPK1, TPK2, and TPK3(Toda etal.,

1987). A mutation at BCY1 (bcyl) blocks regulation of the catalytic 

subunits allowing unregulated phosphorylation at cAMP-dependent 

phosphorylation sites. In strains carrying a  dcyfallele, one functional 

TPKgene, and the ADR1 gene ADH II activity was reduced under 

nonfermentative growth a s  compared to wild type ADH II activity. In strains 

of similar genotype except that an ADR1C allele was present the effect of 

unregulated cAMP dependent protein kinase activity was diminished. In 

strains in which all three cAMP dependent protein kinases are  mutated or 

disrupted (bcyl, tpkl, tpk2, tpk3W) there was no effect on ADR1 

regulated ADH2  activity. This result supports the hypothesis that ADH2 

may be regulated by complex m echanisms including both cAMP 

dependent and independent protein kinases. ADR1 is suggested to be a
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phosphoprotein (Cherry etal., 1989; R. Vallari and D. Audino, pers. 

comm.) and may be phosphorylated by a  complex and interactive method 

between several protein kinases under various conditions.

Phosphorylation may act a s  a  signal for degradation of ADR1 as it does

for fructose-1,6-bisphosphatase (Lamponi eta l., 1987). Phosphorylation

a s  a  degradation signal is a  model supported by the fact that under glucose

growth conditions ADR1 is found to be present at very low levels as

compared with ethanol growth conditions (R. Vallari, pers. comm.). This

c
hypothesis is also consistent with the observation that ADR1 type 

mutations augment the activity of ADR1 under glucose repression but never 

to fully derepressed levels. It is possible that ADR1C-type mutations may 

contain phosphorylation sites other than serine-230 which might allow 

altered protein degradation under glucose growth conditions.

Phosphorylation is the signal for many regulatory mechanisms. When 

the 60 kD protein pp60 from Xenopus laevis oocytes is phosphorylated it 

binds mRNA and blocks translation (Kick et a!., 1987). Upon 

dephosphorylation binding is destabilized and translation occurs. A 

mechanism of translational regulation for ADR1 has purportedly been 

excluded because ADR1-8-galactosidase fusion proteins appear to be 

equally abundant under glucose and ethanol growth conditions (Eisen et 

al., 1988). However, the fusion proteins are capable of som e escape from
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glucose repression so the possibility of autoregulation of translation by 

ADR1 is not completely ruled out.

Phosphorylation of the CREB protein, a protein isolated from rat brain 

and required to bind cAMP response elements, controls its dimerization 

and transcriptional activation (Yamamoto etal., 1988). Phosphorylation of 

CREB enhances dimerization and transcriptional activation while 

phosphorylation of ADR1 is thought to inhibit activation of ADH2. The 

effect on dimerization of ADR1 by phosphorylation is unknown. The 

general trend for DNA-binding phosphoproteins is the more 

phosphorylated the protein the less able to bind nucleic acids (Radtke and 

Unteregger, 1988). ADR1 appears to follow this trend based on genetic 

evidence. However, it has not been determined if phosphorylation affects 

ADR1 binding to ADH2 DNA.

A previously unidentified function of ADR1, involvement in utilization of 

glycerol, h as  been characterized. The natural environment of S. 

cerevisiae, grapes, would provide sugars as the major carbon source 

available for yeast metabolism. In the absence of glucose S. cerevisiae 

can use ethanol which has been excreted following the fermentation of 

glucose. Metabolism of glucose and ethanol are thus highly regulated 

processes in yeast. Growth on nonfermentative carbon sources uncommon 

outside of the laboratory probably w ere not important enough for yeast to
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develop separate  highly controlled pathways for utilization. Growth of wild- 

type yeast on glycerol a s  the  sole carbon source is a  very stressful 

condition for yeast and the cells grow slowly (Wills et al. 1984; Bemis and 

Denis, 1988). Strains capable of rapid growth on glycerol were identified 

and isolated (approximately 1 in 1x106 cells). T hese strains w ere shown to 

carry the glp1 mutation, a  mutation which allows growth on glycerol, 

lactate, pyruvate, and acetate. glp1 is a  nuclear gene  requiring ADR1 for 

activity. The GLP1 gene may be allelic to one of the gig mutations 

previously characterized by Wills etal., (1984). The gig mutations are 

putative enhancers of transport across the mitochondrial m em brane (Wills 

etal. 1984). Transport is thought to be important in the  adaptation to 

glycerol growth in the porin minus yeast described by Dihanich etal., 

(1987).

Isolation of the GLP1 g en e  may be difficult because  the mutation is 

recessive. Genetic studies are  in progress and cloning strategies to isolate 

the gene or genes regulated by ADR1 or GLP1 are being contemplated. 

The isolation of the GLP1 gene  itself would be complicated because  the 

only detectable phenotype would be loss of glycerol growth. Another 

important experiment would be to disrupt the ADR1 gene in a  glp1 strain 

to confirm the requirement of ADR1 to glycerol growth.

GLP1 has been proposed to be important in transport across the
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mitochondrial membrane. The porin gene and the 86 Kd protein gene 

(Dihanich etal., 1987) have been cloned. Increased information about the 

mitochondrial membrane proteins may provide insight into the role of 

GLP1.

The results of this thesis extend our understanding of the various 

functions of ADR1 and suggest further avenues of exploration. 

Investigations of ADR1 ano its interactions with other alleles will be of 

great interest to the subject of transcriptional activators and their universal 

role in gene regulation.
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Identification o f  Functional R egions in the Y e a s t  Transcriptional 
A ctivator A DRI*

L Y N N E  r.  BEMIS vnd CLYDE L. D E N I S '
D t  p t i r r t t t i ' t i t  n f  B i n t  h t t m t t r v .  C n i t  c z v tiv  o r  .V o w  H t t t n p t h i r c .  l i n r h t n i i .  A Y u  H n m r  w, n v  o .t  s J J  

R e c e iv e d  14 D e c e m b e r WH7 . \ e e e p ie d  1 ' F e b ru a rv  14HK

The transcriptional activator A D R I from Saccharomycts  n m i i m  is a p ostu la ted  DNA-hlndlng protein that 
controls the expression o f the Rlucose-repressible a lcohol dehydrogenase IA D H 2 I .  Carboxy-lermirtal d eletions  
of the A D R I protein II.J23  am in o  acids in length) were used to loca lize its  functional regions. The 
transcriptional activation region w as localized to the N-terminal 220 am ino a c id s  o f  ADRI containing tw o  
ON A -bind ing zinc finger m otifs. In addition to the N term inus, a large part o f  th e  A DR I sequence w as show n  
lo  be essen tia l for complete activation  o f  ADH2,  D eletion  o f  the putative phosphorylation  region, d efin ed  by 
A D R I '  m u tation s that overcom e glucose repression, d id  not render A D H 2  exp ression  insensitive to g lu cose  
repression. Instead, this region lam in a  acids 220 through  2531 was found to b e  required by ADRI to b ypass  
glucose repression . These results suggest that A D R I '  mutations enhance A D R I  fu nction , rather lhan b lock  an 
in leraction o f  the putative phosphorylation region w ith a repressor molecule. Furtherm ore, the protein k inase  
CCRI w as show n to afTecl A D H 2  expression when the putative phosphorylation reg ion  was removed, ind icating  
lhal C C R I d ocs  not act solely throu gh  this region, A functional AD RI  gene w as a lso  round lo be necessary for 
growth on  glycerol-containing m edium . The V term lna! 506  amino acids of A D R I w ere required for th is new ly  
identified fu nction , indicating that A D H 2  activation an d  glvceroi growth are con tro lled  by separate region s uf 
A D R I.

E ucaryo lic  tra n sc r ip tio n a l reg u la to rs  le n d  lo be large 
p ro te in s  hav ing  m o le c u la r  m asses g re a te r  th a n  'O.tXKI dal- 
to n s i2 0 . 24. 27. 35). T h e ir  large size s u g g e s ts  th e  presence  o f  
m ultip le  d o m a in s , e a c h  being w holly o r  p a r t ly  responsib le 
fo r  im parting o n e  o r  m o re  biological a c tiv i tie s  to  the pro te in . 
D ele tion  and m u ta t io n  analyses, to g e th e r  u n h  sequence 
hom ology c o m p a r is o n s ,  have p roven  u s e fu l in  identifying 
a n d  localizing fu n c t io n a l regions. T h e se  ap p ro ac h es  have 
b ee n  notabiy  s u c c e s s fu l  in studies o f  th e  sim ian  virus 44) T 
an tig en  119. 32). th e  g lucocortico id  r e c e p to r  ih. 23. 28i. 
G A L 4 I1 7 . 21. 261. a n d  G C N 4 1141.

T he tra n sc rip tio n a l ac tiv a to r  A D R I. a  p ro te in  o f  15I.IXM) 
d a lto n s  11 2 ). f u n c t io n s  in contro lling  th e  e x p re ss io n  o f the 
g lu c o se -re p re ss ib le  a lco h o l d eh y d ro g e n a se  i.ADH [[: e n ­
co d e d  by the A D H 2  g en e ) from Sttt t i i i t r n n i \ t  i t <n v i  ivuic 
t-4). Two fu n c tio n a l re g io n s  o f  A D R I h a v e  b e e n  identified by 
seq u en ce  c o m p a r is o n s  an d  m utation  a n a ly s is . O ne o f th e se  
reg ions is highly h o m o lo g o u s  to  th e  z in c -co n ta im n g  D N A - 
b ind ing  lingers p re v io u s ly  identified in  tra n sc rip tio n  fac to r 
I II  A o f A im ip n i f u n  is  i29). This reg io n  lie s  be tw een  am m o 
ac id s  99 and 155 o f  A D R I (12) and  c o n ta in s  tw o  such zinc 
fingers. A lthough  n o t  y e t d em o n stra ted  to  b e  a  D N A -binding 
p ro te in . A D R t is lo c a te d  in the n u c le u s  11) an d  has been 
sh o w n  to  c o n tro l A D H 2  expression  th ro u g h  a  22-base-pair 
ib p l segm ent o f  d y a d  sy m m etry  u p s tre a m  o f  th e  AD H 2  gene 
131). D eletion a n a ly s is  ind ica tes tha t th e  f ir s t 304 N -term inal 
am in o  ac ids o f A D R I  a r e  sutficient to  c a u s e  p artia l d e rep re s ­
sion  o f  A D H 2 1 10 1. w h e re a s  ihe first 151 a m m o  acids are  not 
su tfic ient 112). F u r th e rm o re ,  most m u ta tio n s  lha l inactivate 
A D R I  o cc u r in (h e  z in c  finger region < 1. C . L. D enis e t u l.. 
m an u sc rip t in p r e p a ra t io n ) ,  These re s u lts  co n firm  (he im por­
ta n c e  o f  the  f inge r re g io n  to  A D R I fu n c t io n .

T h e  second  fu n c t io n a l  region in A D R I consis ts  o f  a

'  C o rre s p o n d in g  a u t h o r .
r S cien tific  c o n t r i b u t i o n  1513 o f th e  N ew  H a m p s h i r e  A g ric u ltu ra l 

E x p e r im e n t  S ta t io n .  L m s e r s i t y  u f S e w  H a m p s h i r e .  D u rh am , s  H .

cA M P -dependen t p ro te in  k inase p h o s p h o ry la t io n  recogni­
tion  site , located  b e tw e e n  am ino a c id s  227  a n d  231 (221 
M utations w hich a l lo w  A D R I to  bypass  g lu c o se  con tro l and 
ac tiv a te  AD H 2  tr a n s c r ip t io n  have b ee n  lo c a liz e d  to this 
reg ion  19: J . C herry  e t  a l . .  m anuscrip t in p re p a ra tio n ) . These 
A D R I '  m utations ( c o n s ti tu tiv e  for A D H 2  e x p re s s io n !  have 
b ee n  postu la ted  lo  in c r e a s e  A D R I function  u n d e r  repressed  
cond itions  hv d e c re a s in g  A D R I p h o s p h o ry la t io n  (91. This 
cou ld  uccur by b lo c k in g  in te rac tio n  o f  A D R I w ith  a negative 
effec to r or bv e n h a n c in g  Ihe ability o f  A D R I  lo  activate 
tran sc rip tion . It h a s  a l s o  been  suggested  th a t  a c tiv a tio n  o f 
A D H 2  upon d e re p re s s io n  is regulated  by  a  g lu c o se -d ep en ­
d en t d ep h o sp h o ry la lio n  o f  A D R I (9). T h e  C C R I  gene, 
encod ing  a p ro te in  k in a s e  (2 . 7 i requ ired  fo r A D I I 2  derepres- 
-ion  15). may play a  r o le  in contro lling  A D R I p h o sp h o ry la ­
tion  slate  (8 . 91.

We have u n d e r ta k e n  a  series o f p ro g re s s iv e  c a rb o w - 
term inal deletions o f  A D R I to  obtain a c le a re r  u n d e rs tand ing  
o f  its s tructu re a n d  fu n c tio n . The q u e s t io n s  w hich we 
ad d ress  include th e  fo llow ing , in  W hat p a r t o f  \D R L is 
requ ired  lo t A D H 2  a c tis  at ton ’ Hi) Is ihe  p u ta n x e  ph o sp h o r­
y la tion  region the  s u e  th ro u g h  which th e  g lu c o s e  signal is 
m ed iated .' m u  D oes C C R I  act through th e  p h o sp h o ry la tio n  
region  ol A D R I ' W e r e p o r t  here that A D R I c o n ta in s  several 
functional reg ions a n d  identify  a region s p e c if ic a lly  required 
fo r  grow th on g ly c e ro l. W e also p resen t d a ta  sh o w in g  lhal 
th e  putative p h o sp h o rs  lo tio n  region, w hile n o t  be in g  abso ­
lutely required to r  \ D K l  ac tiva tion  o f \ D H 2 .  d o e s  play a 
positive  role in A D R I fun c tio n .

M A T E R IA L S AND M ETHODS

Yeast strain s. S tra in  5 (X ).l6  i | I A f »  n j l i t - l l  t i t l l ij  ntirl -l  
m i l l  i t p l  /ifv-41 w as u s e d  fo r yeast tra n s fo rm a tio n s . O ther 
stra in s  used in th is  s tu d s  a re : 521-1(1 ilf.A T a  ii d l i l - l l  mIIiJ 
ti t l r l - l  i r p t v A R p T - A D R h U t  tttttl h i t41. 205-5d iMATtx 
t t t l h l ' l l  t t t lh j t i v l ' l  p  i  a i n ' l. and 500-16-C 3 tsam e as

212 5
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500-16, e x c ep t th a t 15 co p ie s  o f  A D R I-22 II  .ire in teg ra ted  at 
Ihe I r p l  locusl.

A DRI plasm ids. All A D R !  Cenex w ere  derived  from p la s­
m id s  Y R p7-A D R I-411 . YRp7- A D R1-23A , and  VRp7 A D R l- 
A ll iS». 101 and  w ere  p re se n t on  Y R p7 v e e to rs . Each co n ta in s  
al le as t 1.2 k ilobaxes o f  A D R I  u p s trea m  D N A . w hich is 
su tfic ien t fo r  no rm al A D R I  ex p re ss io n  181. T runcated  AD RI  
g ene  seq u en ces  e n d  a t Ihe re s tr ic tio n  sites  and  base pair 
n u m b e rs  show n in F ig , I. E ach g ene  is designa ted  by ihe 
n u m b e r o f  am ino  ac id s  ol" A D R I p ro te in  seq u en ce  it encodes  
le .g . .  A D R I-2 8 2  e n c o d e s  ihe  tirst 282 N -term inal am ino  
a c id s  o f  A D R D .  In m o s t c a se s . n o n -A D R l am m o acids are  
p re se n t on  the  cu rboxy  te rm in i o f  th e  trunca ted  A D R I 
p o ly p e p tid e s: A D R I - I J 2 J  e n c o d es  the w ild-type coding se ­
q u en c e . A D R I - l t I M  e n c o d e s  an e x tra  81 am ino  acids d e rise d  
from  pBR322 se q u e n c e s  from  b p  385 lo  623. ADRI-AA2  
en c o d es  an  e x tra  16 am in o  ac ids d e r is e d  from  Ihe co m p le ­
m e n ta ry  xirand o f  pB R 322  from  bp  376 to  326. A D R I - A M  
e n c o d e s  an e x tra  32 am in o  ac id s d e r is e d  from  pBR322 
s e q u en ce s  from  b p  d '5  to  !i)71. A D R !- .H D  encodes  an  e x ira  
'  am m o  ac id s from  th e  c o m p lem en ta ry  stran d  o f  pBR322 
lh a l runs  from  b p  374 to  353. A D R I - 2 8 2  en co d es  an ex lra  22 
am in o  ac id s  d e riv ed  frum  bp 185 lo  251 o f  the  TRPI  gene . 
A D R I - 2 7 2  e n c o d es  23 ex tra  am in o  ac id s  tha t run from bp 
2036 to  21U5 o f  pB R 322 , A D R I - 2 2 J  e n c o d e s  10 ex tra  am ino  
a c id s  from  bp 074 to  ltHNl o f  pB R 322. A D R  I -2 20 encodes no 
e x i r a  am m o a c id s , and  A D R I - I . ' I  e n c o d es  an ex tra  235 
a m m o  ac id s  d e riv ed  from  pBR322 s e q u en ce s  extend ing  from  
bp 568 to  1273.

G rowth conditions, assays, and transform ations. F or ADH 
a s s a y s ,  y east ce lls  w e re  g row n to  m id-logum hm ic phase at 
3 0 'C  in Y E P  m ed ium  i2r 'r B a c to -P ep lo n e  ID ifco L a b o ra to ­
rie s! , l r r yeast e x t ra c t .  2 0  m g e a ch  o f  ad e n in e  and uracil pe r 
l i te r l . su p p lem en te d  e i th e r  w ith  g lu co se  o r  3r r e thano l. 
A D H  ac tiv ity  a s s a y s  w e re  p e rfo rm e d  a s  previously  d e ­
s c rib e d  1 1 0 ). an d  a ll v a lu es  re p re s e n t th e  av e rag e  o f  at leas t 
th r e e  sep a ra te  d e te rm in a tio n s . Y eas t tran sfo rm atio n s  w ere 
c o n d u c te d  by e i th e r  th e  p ro to p la s t s 1 0 ) o r  lithium  ac e ta te  
m e th o d  1 161 . The m e th o d s  used  fo r  id e n tify ing  in tegration  o f 
th e  .ADRI  g enes an d  fo r  d e te rm in in g  th e  num ber o f  cop ies  
in teg ra ted  in to  the  g e n o m e  have been  describ ed  prev iously  
(8 ). In teg ra tio n  o f  th e  Y R p7 p la sm id s  ca rry ing  the A D R I  
g e n e s  w as s ite  d ire c te d  to  the  Irp l  lo cu s  by cu tting  the  
p lasm ids  in the  in te r io r  o f  th e  T R P I  g en e  w ith  W trlJ orA W II.

F o r  tra n sfo rm a tio n s  co n d u c te d  w ith  p lasm ids contain ing  
th e  A D R I-A 4 8  and  A D R I - 2 8 2  g e n e s , o n ly  a  single in teg ran t 
w as o b ta in ed  in  e a ch  c a s e ,  c a rry in g  21 a n d  29 tandem  cop ies , 
re sp ec tiv e ly . Iso la tio n  o f  few er n u m b e rs  o f  ite ra ted  A D R I -  
648  an d  A D R I - 2 8 2  g en e s  p e r  cell w as c o n d u c ted  by se lec ting  
fo r d e in leg rau u n  e v e n ts , a s  p rev io u sly  d escribed  tHi. N o 
d iffe ren ce  in A D H 2  e x p re s s io n  h as  b e e n  o b serv ed  betw een  
s tra in s  ca rry in g  th e  sam e  n u m b e r o f  A D R I  genes, w h e th e r 
d e r iv e d  from  d em teg ro tio n  o r  by a  p n m a ry  tran sfo rm ation  
e v e n t 1 8 ).

RESULTS

C arb o x y -le rm tn a l d e le tio n s  o f  th e  A D R I  g ene w ere used  
to  localize fun c tio n a l reg io n s  o f  th e  A D R I p ro te in  iF ig. U. 
T runca ted  A D R I  g e n e s , p re sen t e i th e r  o n  p lasm id  vec to rs o r  
as  s tab le  in teg ran ts  a t ih e  u p !  lo cus  181 . w ere ana lyzed . 
G e n e s  w ere  s tab ly  in te g ra te d  in to  th e  genom e so  thul the  
g en e  d o sag e  p e r ce ll co u ld  be ac c u ra le ly  determ ined . This 
a p p ro ac h  a llow s th e  A D R I  d o sag e  d ep e n d e n c e  o f  AD H 2  
ex p re s s io n  to  be s tu d ie d  (81. F iv e  c r i te r ia  w ere used  to 
c o m p a re  the  fu nctionality  o f the t ru n c a te d  A D R I  genes: III

ab ility  lo allow d e re p re ss io n  o f  ADH2-  ‘ in  m axim al level of 
A D H 2  exp ress ion , mid abiiitv to  o v e rco m e  g lucose  rep re s ­
s io n . iivi ability to  su sta in  grow th  on a n o n te rm en tau v e  
c a rb o n  source, an d  ' v > insensitiv ity  to  a  d e fe c t in fhe C C R !  
g ene .

\D R I  ac tivating  reg ion . W ild-type and  d e le ted  ADRI  
g enes w ere -lablv in teg ra ted  at the i rp l  lo c u s  an d  axxaved 
fo r th e ir  ability lo  a c tiv a te  ADII2  ex p re s s io n  i Table li. 
A D R I  genes cod ing  fo r a l least ihe  N -ie rm m al 220 am ino 
a c id s  o f  ADR I Were c a p a b le  o f  a llow ing A D H 2  d ercp res- 
- io n . ADR1-220 la ck s  th e  p u ta tive  p h o sp h o rv la tio n  sue 
im plicated  in g lucose c o n tro l o f  A D R I. All fu nctional ADRI  
genes a t a single o r  low d o sag e  co n fe rre d  an  A D H 2 ph en o ­
ty p e  tha t rem ained  g lu co se  rep re ssed  (T ab le  I). C o n v e rse ly . 
n o  region o f A D R I w as  identified  w h ich , w hen  rem oved , 
ren d e re d  ADH2  re s is ta n t to  g lucose rep re s s io n , ADR1-151, 
c o n ta in in g  only o n e  co m p le te  D N A -b ind ing  zinc finger, did 
n o t allow  A D H 2  ex p re s s io n .

Increa se s  in A D R I  g en e  s ize  d id  n o t show  a  p ropo rtional 
in c rease  in the ab ility  to  a c liv a te  ADH2.  This fea tu re  is 
o b se rv ed  m ost c lea rly  w h en  single d o sag es  o f  Ihe d ifferent 
g en e s  a re  com pared  iT a b le  II T h ese  v a r ia tio n s  cou ld  be the 
resu lt o f d iffe rences in p ro te in  o r  m R N A  stability  betw een  
th e  various A D R I  c o n s tru c ts .

T o  b e tte r  e s tim ate  th e  re la tiv e  fun c tio n  o f  the  various- 
sized  A D R I  genes in  a  w ay tha t w ould  e lim in a te  possib le  
d iffe rences  in th e ir  p ro te in  and  m R N A  s ta b i l i ty . the  m axim al 
ab ility  o f  the A D R I  g en e s  to  a c liv a te  A D H 2  w as m easu red  
T he maxim al a c tiv a tio n  ab ility  o f  A D R I is b a se d  on p rev ious 
o b se rv a tio n s  tha t high A D R I  d o sag es  sa tu ra te  ADH2  
ex p ress io n  during  n o n fe rm en la tiv e  g row th  in  w hich  A D H 2  
copy  num ber is the lim iting  fa c to r  181. By u sing  the value for 
m axim al ac tiva tion  o f  A D H 2 .  a  co m p ariso n  co u ld  be m ade 
b e tw e en  the fu nc tions  o f  d iffe ren t-s ized  A D R I p ro te in s  tha t 
IS independen t .u th e ir  re la tiv e  p ro te in  s tab ility . A range o f  
d o sag es  Tor the  m e a le d  A D R I  g enes in te g ra te d  a t th e  i rp l  
lo c u s  w ere ohi <<ned. an d  th e  resu ltan t A D H  II ac tiv ities 
w ere  determ ined  F igu re  2A illu s tra tes  th e  effec t o f  vary ing  
A D R I  dosage on \ D H 2  d e re p re ss io n  fo r th r e e  A D R I  a lleles. 
V alues  for m axim al A D H  II activity  w e re  d e te rm in ed  by 
u s in g  an E ad ie-H ofx lee  p lo t and  are g iv en  in Fig. 2B as a 
fun c tio n  o f A D R I p o ly p e p tid e  length . F o r  A D R I - 2 2 J .  - .W . 
•5r>6 . and  - K M .  th e  ra n g e s  o f  dosage  o b ta in ed  w ere not 
sufficiently  b road  lo  a llow  ca lcu la tio n  o f  m ax im al A D H  II 
a c tiv itie s . It w as o b s e rv e d  tha t by p ro g ress iv e ly  rem oving 
p a r ts  o f Ihe C te rm in u s  o f  A D R I. the  ab ility  o f  ADRI to  
m axim ally ac tiv a te  A D H 2  ex p ress io n  a lso  p rogressively

AMtiRtmo utoa
■ ■■■•till WW N

«•*•>*» M i H M I M  Wm
i i i i  h i  n

wwfc'itt aa

I I I I  H I  1I P H I  «

|M> tH M>ll H
i l l i . i t t  t a i l s ' l l  H

INMH H
i i i i  h i  H iM it  m

F IG  I C y im p a r i 'o n  ■*! d e le te d  \ D R t  g e n e s  Hvieh A D R I  eon* 
- i f n e t  is d e s ig n a te d  o n  ih e  te n  th e  n u m b e r  a»I s innn tr .ic id s  p re se n t 
in  iK  co d in g  s e q u e n c e ' To sh e  r i th i  .ire  * n e n  ih e  re s tr ic t io n  >nes 
,m d  t \ i ' e  psiir n u n ih c r s  .ii v th ic h  ADRI U N A  -se q u en ce s  en d .

r e p r e s e n ts  (h e  c o m p le te  ADRI g e n e  j s  p re s e n t on  
VRp7 AUR\-41t i l 'b
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d ec re ased . A m a jo r  d e c re a s e  in activity wos o b s e rv e d  w hen 
A D R I w as s h o r te n e d  tru m  IM2 to  l m2 am in o  ac id s , th e se  
resu lts  in d ica te  th a t a la rge p a n . it not a ll. o f  th e  A D R I 
p ro te in  is req u ired  to  m o d u la te  A D R ! ac tiv a tio n  o t' A D H 2 .  It 
shou ld  be no ted  th a t th e  A’,>. defined as the n u m b e r  o f A D R I  
g en es  requ ired  to  g ive  h a lt 'th e  m axim al A D H  J! a c tiv ity , was 
sim ilar to r  A D R M J - 3 .  -W 2. -2"2. and  -22t> *Klt -  2 to  ' 
g enes). w h ereas  che K tl Kir ADR 1*282 w as m u ch  g re a te r  i K , , 
-= 14 genesi. The sim iiu ritv  in K tt to r  the  to u r  p o ly p ep tid e s  
suggests  tha t th e ir  p ro te in  stab ilities w ere  not significantly 
d ifferent.

Region of A D R I re q u ire d  to bypass d u c in e  rep ression .
G lucose  re p re ss io n  o f ' A D H ?  can be o v e rc o m e  by inc reased  
d osage  ol' th e  A D R I  g en e  ^H, 15: Table 1). To define the 
reg ion  o f  A D R ! re q u ire d  to  bypass g lu c o se  re p re ss io n , 
p lasm ids  bea ring  th e  A D R I  genes w ere tra n s fo rm e d  im o S 
c t ir v \ i s i u t >. and  A D H  II enzym e ac tiv ities w e re  d e te rm in ed  
a f te r  grow th  o n  m e d iu m  contain ing  bo th  g lu c o se  and  the 
resp ira to ry  in h ib ito r  an tim y c in  A. A n tim ycin  A res tr ic ts  
g row th  to  those  ce lls  ca p ab le  o f  fe rm en ta tio n  a n d . in this 
c a se , the ce lls w h ich  a re  expressing  the A D H 2  g ene . B e­
c a u se  A D R I  c o n c e n tra t io n  j \  lim iting fo r A D H 2  ex p ress io n  
w hen  cells a re  g ro w n  o n  g lucose i8 t. th e  p re s e n c e  o f  the

T A B L E  I . E ffe c t o f  i r u n c .u e d  A O K I  g e n e s  *>n A P H 2  e x p r e s s io n

Gen*" C o p ie s

XOM j |  .m i  

LikliUsC

vi(v im L  m ji 
n

\ D 8 h t W I 5 :  4 i nj
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b e f o r e  in o c u la t io n  m io  Y E P  m c J iu m  l "  c ih . f ln l
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KIG 2. E ffec t o f  A D R I  d o s a g e  o n  A D H 2  e x p r e s s io n  a n d  m axi*  
fTuI A D H  II a c tiv ity  j v  u  fu n c tio n  o f  A D R I  p o ly p e p tid e  le n g th .  I A l 
\D H  II e n z y m e  .icn v itv  i A c t )  is  g iv e n  a s  a  fu n c tio n  o f  A D R I  

d o s .ig e . A D H  II .n v i t y  w a s  d e t e r m in e d  a f te r  g ro w th  o n  e ih u n o l-  
<bonlaim ng m e d i . ■» as  d e s c r ib e d  m  fo o tn o te  < o f  T a b le  1 V a lu e s  
r e p re s e n t  th e  . r - .  <ge o f  a l  l e a s t  th r e e  d e te rm in a t io n * . A P R  I  d o s ­
a g e s  w e re  d e te i  ied  a s  d e s c r ib e d  in  M a te r ia ls  a n d  M e th o d s .  T he 
v a lu e s  fo r  IDA?. '2 2  a r e  a s  d e te r m in e d  bv  D e n is  t8 ). S v m b o ls .  • .  
W > S /* /A V . . \ P R t - + 4 2 :  4 , A D R /  272 .  iB )  M a x im a l A D H  II

a c tiv ity  ' M j x .  \ . '  i is  g iv e n  a s  a  f u n c tio n  o f  A D R I p o ly p e p t id e  
le n g th . X laxim .il XDH II a c t iv i ty  w a s  o b ta in e d  f ro m  aO E d d ie - 
H o t's iec  p lo t o f  \D H  II e n z y m e  a c t iv i ty  u n d e r  J e r e p r e s s e d  c o n d i ­
t io n s  a s  a fu n c tio n  o f  A D R /  d o s a g e . T h e  p o ly p e p t id e  le n g th s  i in  
a m in o  . ic id s i  th a t  a r e  p lo t te d ,  f ro m  le f t  to  r ig h t ,  a re  a s  fo llo w s- 0 . 
151. :n:. w:. and

in h ib ito r se le c ts  for ce lls c a rry in g  co p y  num bers  o f  A D R I  
p lasm id  sufficient lo  bvpuxs g lu c o se  rep re ss io n . A D R i - I S I .  
w hich w as incapab le  o f  a c tiv a tin g  A D H 2 u n d e r d e re p re s s e d  
c o n d itio n s , d id  not allow g ro w th  on  m edium  co n ta in in g  
an tim y c in  A (T ab le 2i. A D R / - 2 2 U  re su lted  m p o o r g ro w th  in 
the  p re se n c e  o f  an tim yc in  A  (d a ta  n o t sh o w n i b ec a u se  o f  th e  
low lev e ls  o f  A D H  II en z y m e ac tiv ity  ex p re sse d  18 mL' mg; 
Table 2* \ O R D 2 2 o  w as. h o w e v e r , capab le  o f  ac tiv a tin g  
A D H 2  du rin g  d erep re ss iu n  i Table If. In c reased  ex p re s s io n  
o f all A D R I p o lv p cp n d es  lu n g e r th a n  A DR1-220 b y p a sse d  
g lucose  rep ress io n  and  allow ed  fu r  inc reased  A D H  I! le v e ls  
(g re a te r  th a n  HO m t  m g; Table 2). The to  10-fold d iffe r­
en ce  in ADH 11 activity  u n d e r  g lu c o se -re p re sse d  co n d itio n s  
b e tw e e n  th e  ADRI-I .<2J  and  th e  A U R I - J W .  '2S2. -272, and  
’2 5 J  a lle les  is m ost likely a  re su lt o f  a  com p arab le  5- to  8 -fold 
J e c re a s e  in tran sc rip tio n a l a c tiv a t io n  ab ility , as  seen  u n d e r  
J e re p re s s e d  co n d itio n s  l i a b l e  U  A D R1-220 a p p e a rs , th e r e ­
fo re . to  la ck  part o f  the  reg ion  req u ire d  to  b y p ass  g lucose  
rep re s s io n .

The ab o v e  resu lts  o h ij in c d  u s ing  p lusm id-beuring  A D R I
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TA&LE 2, ADRI regions oK-cU in t«i passing ulucose control 
and in growih on nonferinentjtive carbon sources

A D H  II jvtiAiiv R e lj lit  e V J H  | |

G ene
< m l. m g r  i>n iiniAVih * tin. .lwEIWIA
d u v o « <  jnd • mL mgi
m hrnvvin  A 1ijhvC M l E thanol • •n srihjnol

\ D R t - l * 2 J :.4()II
A D R t - U M urn - a 111
A D R t -*42 ■5M) - 1-ilN )

A D R b m : i o - I.IHH)
A  O R  I -JW4 11*1 - .11 Ik)
A D R I - 2 8 2 'H - ! .HlH)
A D R I  2 7 2 Hi - I IXK)
A  D R  1-2 33 - ‘^)
A D R t ’2 2 0 S - *«hi)
A D R  f -131 N O - ID
a d r t - l N G - ID
adrl-l ADH2-S6 : o n :.:uo

' Grim  Hi « j s m  Y E P  fruit mm  vipplcmtrnred m lh  i* '  ^ luao** am i *» I mg >il 
un iim vu n  \  pur ml A ll H > f i t  were .a rn ed  on  1 R o* riiism idx m -ir.iin  

i . / J r / . / i  >nih th e  loH im inw  v»M.Tt»'n% t i U l - f  -*as -tram "uO-lh 
without a pliiMrml, a n d  <n/W -/ III#/.' w i . ir .n n  S h H *. ^ en cro u d v  provided Pv 
I. Cherrvi u ,ts  -.rum  ...tirving jn  n tcgrairon .it the ; r p i  lovax or m e
ADH 2  gene J c r o e d  fro m  p lj»n n d  Y K p*-A D H 2-B*h i'" » . w ho»e .ontru l 
Mrqueneev u p o r e jm  ol' -  I**  r p  h j» c  S :en  delete J A lter grow ift on  m edium  
containing antim svin  V. ■tr.unv ‘ ere .hcwkcd to e n su re  that in iim v .in  A 
growth wa% d ep en d en t o n  p lasm id  -educfiwes ind nui d u e  to  mumiKins 'hai 
had arisen in g en o m ic  x e y u e n s .es  \ ( j ,  No urowth 

'* G row th « j >  hi  ̂ E P  m ed iu m  supplem ented w ith  e ith er  i ’ '  s lic era !  or 
ethanol All strains c o n ta in e d  mregr.ired \ D f t t  g en es. Kor c a s h  \ P R 1  allele. 
in< dosage tested  n a s  th a t u t i i ih  resulted  m an \U H  II avti* itv during growth  
on  ethanol a s  near a s  p o s s ib le  u* I..*1*) m l  mg. as in d ica ted  in the last volum n. 
to  m inim ise d ifferen ces in \ D H 2  expression  G row th  to  J e n s iu e s  o f 2 • Id* 
10 5 * W-  ce lls  per ml ■ * > and  g n m ih  ro 1 • to* to  1 • in* v e ils  per ml i - 1 
are indicated

genes to  b y p a ss  g lu c o se  rep ression  a re  c o n firm ed  sshen a 
com parison  is m a d e  o f  th e  relative ab ilitie s  o f  knossn  dos­
ages o f  in teg ra ted  A D R I  g enes to b y p ass  g lu c o se  repression  
l i a b le  It. F ifte en  c o p ie s  o f ,-M W -JJU  a llo w ed  1 lO th e le s e l  
o f  A D H  tl  a c tiv i ty  u n d e r  cond itions o f  g ro w th  o n  g lucose as 
a cu m parab le  d o s a g e  o f  A D RI-272. w h e re a s  u n d e r  d e re ­
pressed  c o n d itio n s . A D R I - 2 2 0  allow ed a b o u t 1 2 to  I 3 the 
m axim al A D H 2  e x p re s s io n  as allow ed by A D R I - 2 7 2  i ta b le  
1: Fig. 21. tn c o n t r a s t ,  a lthough  21 cop ies  o f  A D R I - A J 2  under 
rep ressed  c o n d itio n s  a llo w ed  three tim es a s  m u c h  ADH II 
ac tiv ity  as d id  20  c o p ie s  o f  AD RI-272 .  th is  is p ro b a b ly  due to  
dec reased  tr a n sc r ip tio n a l activation  by A D R I - 2 7 2  relative lo  
ADRI-A42. A D R l - ^ 4 2  a llow ed  four tim es  a s  m u c h  m axim al 
A D H  II a c tiv ity  u n d e r  d e rep re ssed  co n d itio n s  a s  did A D R I -  
272 l i a b le  I ; F ig , 2). T h e se  resu lts, th e re fo re , a re  consis ten t 
w ith the in te rp re ta tio n  th a t the A DR1-220 p o ly p e p tid e , rel­
ative  to  la rger A D R I  p o ly p e p tid e s, tacks se q u e n c e s  which 
a re  requ ired  to  b y p a s s  g lu co se  rep ress ion .

S ilt of C C R I in te ra c t io n  w ith A D R I. T h e  A D R 1-220 p ro ­
te in . w hich w as c a p a b le  o f  allow ing A D H 2  g e n e  ex p ress io n , 
lacks a p u ta tiv e  p h o s p h o ry la tio n  site b e liev ed  to  be  the site 
th rough  w hich  th e  p ro te in  kinase C C R I a c t s ,  a lbe it indi­
rectly  18. dl. By th e  p ro p o sed  m ode l. A D H 2  ex p ress ion  
elicited  by A D R i-2 2 0  w o u ld  be ex p e c ted  to  b e  un resp o n siv e  
to  defec ts  in th e  C C R I  g ene if indeed C C R I  a c te d  through 
th is  s ite . T o  te s t  th is  h y p o th e sis , s tra in s  c o n ta in in g  A D R I-  
220. A D R I - 3 0 4 .  a n d  A D R I - I J 2 J  g enes w e re  co n s tru c ted  
w hich  ca rried  th e  t  e r / - /  allele 151 A D H 2  d e re p re s s io n  w as 
b locked  in e a c h  c a s e  by  the  <i r l - l  a lle le  l i a b l e  3). These 
resu lts  ind ica te  th a t  C C R I  dues not tra n sm it its  s ignals  solely 
th rough  am ino  a c id s  220 through 1323 an d  su g g es t that the 
pu ta tive  p h o s p h o r s ta n o n  s ite  at am ino  ac id  230 is nui the 
only  req u irem en t f o r  C C R I contro l.

TxB L E f Erfect a f  i < ft mutation in conjunction 
■sills *DRI  genes

Kclov am  
p e ls ' l l  r e

ADH II .yl.vity  
m l m gi on  e th an o l

A D R t " :  5m )
A D R t  , t l  r .................... ..... ■fo
A D R t - W  .............................................. ..................  HIW
A D R I - W  f , > f ..................................... ....................  h
A D R i - 2 2 t r  ............................................ IhO

A D R b ; : t f  n  r l J ....................................... e

J d c .m in e d  N* Deni* Hi.
S e c  r . f c  1
\* e r j g e  at four -egrey jn l*  Irani U ipleiU  ' t i  ll! - ;i>S-Sd 
S*er.ige a l three .e r ie if jn ts  * a h  IS eu p ie s  a t  s / l f l l - . - ’ll r'ram JipleiU  

a . i .tn -C S  * t l i ' - 'd

A D R I dom ain  req u ired  fo r  g ro w th  on glycerol as  a  ca rb o n  
so u rce . E ach o f  the A D R I  g e n e s  c a p ab le  o f  ac tiva ting  A D H 2  
allow  s ce lls  to  grow on e th an o l-c o n ta in in g  m edium  (T ab le  2> 
H o w e v e r , th is was not fo u n d  to  b e  th e  ca se  fo r g row th  on  
g lscc ro l-cun ta in irig  m ed ium . Y e a s t ce lls  con ta in ing  a c o m ­
p le te  A D R I  gene grew  rap id ly  to  an  initial cell d en s ity  o f  1 * 
10" to  2 < 10’ ce lls p e r ml o n  g lycero l-con ta in ing  m ed ium  
iF ig . 3i. T h is initial g row th  w as  d u e  to  the use o f  ca rb o n  
so u rc e s  o th e r  than g lycero l in th e  Y E P  m edium , s ince  
s im ila r initia l grow th  ra tes  w e re  o b se rv e d  in Y E P  m ed ium  
lack in g  g lycero l i Fig. 31, F u r th e r  g ro w th , to  den s itie s  3 * 10* 
to  5 v 10" ce lls  per m l. re q u ire d  th e  p resen ce  o f g ly cero l an d  
an  A D R I  gene having a t le a s t 506 N -term inal am m o a c id s  
I F ig. 3: T a b le  2). S tra in s  c a rry  ing  an  t tdr l - l  allele b u t a lso  
h av in g  A D H  II en z y m e a c tiv ity  d u e  to  the A D H 2 - 5 6  a lle le  
w e re  u n ab le  to  grow  on  g ly c e ro l-co n ta in in g  m edium  (T a b le  
2). in d ica tin g  lha l g row th  o n  g ly c e ro l w as in d e p en d en t o f  
A D H  II ac tiv  ity levels . R e in o c u la tio n  o f  ce lls  g row n  l o l  x  
10" to  5 - HI" cells p e r  ml o n  g lycero l-cun ta inm g  m ed ium  
in to  f re sh  els ce ro l-co n ta in in g  m ed ium  resu lted  in g ro w th  
p a t te rn s  identical to  th o se  d e s c r ib e d  abo v e , ind ica ting  th a t 
g ly c ero l grow th  is not d u e  to  m u ta tio n  o r  ad a p ta tio n . G ly c ­
e ro l k inase  and g ly c e ro p h o sp h a te  d eh y d ro g en ase , tw o  e n ­
zy m e s  responsib le  for g ly c e ro l m e tabo lism  133). w e re  a s ­
say ed  in ce lls  contain ing  th e  A D R I  o r  th e  a d r l - l  a lle le , b u t 
no  d iffe ren ces  w ere o b se rv ed  Id a ta  not show n).

Im
3

H C  1 G ro w th  c u r v e s  t o r  c e l ls  g ro w n  o n  g ly c e ro l-c o n ta in in g  
m e d iu m  S y m b o ls  •  s tra in  411-44) ro n e  c o p y  o r A D R I - U 2 J  -is 
d e s c r ib e d  in  ih e  legend to  h ip . I .  a l s o  T jb le  H g ro w n  o n  Y E P  
m e d iu m  su p p le m e n te d  w ith  v ‘ g ly c e ro l :  A .  s tra in  S P H 6  i . r J r M  
ADW '*V>» g ro w n  on  Y E P  m e d iu m  s u p p le m e n te d  w ilt) V ?  g ly c e ro l :  

. s iru m  4 t  1*441 g ro w n  o n  Y E P  m e d iu m : —. s tra in  S P H 6  g ro w n  o n  
Y E P  m e d iu m . -Strain SPHiS is d e s c r ib e d  in  fo o tn o te  a  o f  T a b le  2.
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F IG . 4 . F u n c i io n a l  r e g io n s  o f  ih e  A D R I p ru ie in .  S o lid  lin e*  b e n e a th  th e  A D R I p o ly p e p t id e  in d ic a te  re g io n s  w h ic h  h a v e  b e e n  id e n tif ie d  a s  
im p o r ta n t  in  A D R I fu n c tio n . R eg ion*  id e n tif ie d  b y  s e q u e n c e  h o m o lo g y  c o m p a r is o n s  a n d  m u ia i io n  a n a ly s is  a r e  in d ic a te d  a b o v e  th e  line 
r e p r e s e n t in g  ih e  A D R I p o ly p e p t id e .  T h e  n u m b e rs  alT er th e  lin e s  re fe r  to  ih e  a m in o  a c id  re g io n s  in d ic a te d .

D ISCU SSIO N

T h e  la rg e  s ize  o f  th e  tra n sc rip tio n a l a c tiv a to r  A O R l su g ­
g e s ts  th a t it  c o n ta in s  m u ltip le  d o m a in s , e a ch  p o ten tia lly  
h a v in g  o n e  o r  m o re  fu n c tio n s . S evera l o f  th e  reg io n s  w hich  
h ave  b e e n  iden tified  a re  d e p ic te d  in Fig. 4. T h e  d e le tio n  
a n a ly s is  e x p e rim e n ts  d e sc r ib e d  in  th is  p a p e r  confirm  the  
im p o rtan c e  o f  th e  p u ta tiv e  D N A -b ind ing  reg ion  o f  A D R I 
la m in o  a c id s  99 th ro u g h  255) to  A D R I fun c tio n . D ele tion  
in to  th is  reg ion  re su lte d  in  an  A D R I p o ly p e p tid e  unab le  to  
a llo w  A D H 2  d e re p re s s io n . W hile th is re su lt is co n s is te n t 
w ith  a  p rev io u s  d e le tio n  an a ly s is  o f  A D R I  <12l, th e  p o ss ib il­
ity  re m a in s  th a t su ch  an  o b se rv a t io n  cou ld  be th e  re su lt o f  
d e c re a s e d  lev e ls  o f  ADR1-L51 p ro te in  in th e  ce ll, ra th e r  than  
in trin s ic  in a c tiv ity  o f  A D RL-151. H o w e v e r, th is  is p ro b ab ly  
n o t th e  c a se . W h e n  a n  A D R l-1 5 1 -fl-g a la c lo s id a se  fu sion  
p ro te in  w as  e x p re s s e d  to  th e  sam e levels  as  lo n g e r A D R 1- 
0 -g a la c to s id a se  fu s io n s , a s  m easu red  by  fi-ga lac to sidase  
a c tiv ity , th e  A D R l-1 5 1 -Q -g a lac to s id ase  p ro te in  w as unab le 
to  a c tiv a te  A D H 2 ,  w h e re a s  the  lo n g e r fu s io n  p o ly p e p tid e s  
w e re  a b le  to  (R . V allari a n d  J . C h e rry , p e rso n a l co m m u n i­
ca tio n ) . O u r re su lts  th u s  su p p o rt th e  h y p o th e sis  th a t A D R l-  
131 is  in a c tiv e  a s  a  re s u lt  o f  i ts  lack  o f  tw o  c o m p le te  zinc 
lin g er reg ions. In  th is  re g a rd , it is in te re s tin g  to  n o te  th a t all 
p ro te in s  w h ich  s h a re  h o m o lo g y  to  th e  D N A -b ind ing  fingers 
o f  tra n sc rip tio n  fa c to r  IIIA  c o n ta in  a t  le a s t tw o  su ch  fingers 
I ] ,  29, 10 . 36), im p ly ing  th a t  m u ltip les o f  s u ch  reg io n s  a re  
req u ire d  fo r fu n c tio n .

A lth o u g h  w e h av e  n o t b e e n  ab le  to  show  d ire c tly  tha t 
A D R I b in d s  to  A D H 2  D N A . it is p ro b ab le  th a t it d o e s  b ind  
D N A  o n  th e  b as is  o f  its hom ology  to  tra n sc rip tio n  fac to r 
II IA . I f  th is  w e re  th e  c a s e , th e  first 220 am in o  a c id s  o f  A D R I 
m u st c o n ta in  a t  le a s t th e  reco g n itio n  s ite s  fo r  b ind ing  and  the  
ab ility  to  a c tiv a te  tra n sc rip tio n . T ra n sc r ip tio n a l ac tiv a tio n  
reg io n s  h a v e  b e e n  m a p p ed  re la tiv e  to  th e  D N A -b ind ing  
reg io n s  fo r  se v e ra l o th e r  e u c a ry o n c  reg u la to rs . F o r  th e  y east 
G C N 4  114) a n d  G A L 4  125) a c tiv a to rs , th e  tw o  reg ions  are  
p h y s ica lly  d is tin c t. F o r  th e  g lu c o co rtico id  re c e p to r , h o w ­

ev e r. it ap p e a rs  th a t b o th  reg ions m ay o c c u r  in  th e  sam e o r  
o v erlapp ing  seg m e n ts  o f  the  p ro te in  (1 ) . 28). T h e  G C N 4  and 
G A L 4 ac tiv a tio n  reg io n s  co incide  w ith  a n  ac id ic  p a r i o f  the  
p o lypep tide  th a t h a s  b e e n  p o stu la ted  to  be  a  c o n ta c t poin t 
w ith R N A  p o ly m e ra se  II o r  an o th e r  tra n sc rip tio n a l com po­
nen t 134). A D R I a lso  co n ta in s  a  single ac id ic  reg io n , am ino  
ac ids 29 th ro u g h  4 0 150%  ac id ic), w ith in  th e  first 220 am ino  
ac ids I Fig. 4t.

W hereas I he first 220 am ino  ac id s  o f  A D R I w e re  sufficient 
to cau se  a t  least som e d erep re ss io n  o f  A D H 2 .  n o  sh o rten e d  
A D R I p ro te in  w as a s  fun c tio n a l as  A D R 1-1323 (F ig . 2B). 
P rog ressive  c a rb o x y -te rm in a l d e le tio n s  c a u s e d  p rog ress ive  
dec re a ses  in th e  ab ility  o f  A D R I to  m a x im a lly  ac tiv a te  
\ D H 2 .  T h e se  d iffe re n ces  in m axim al a c tiv a t io n  o f  A D H 2  are  
not due to  d iffe re n ces  in  p ro te in  s tab ility , in d ica tin g  th a t a 
large pari, if n o t a ll. o f  A D R I is re q u ire d  fo r  norm al 
m odula tion  o f  its  tra n sc rip tio n a l fu n c tio n . T h e se  A ndings a re  
in c o n tra s t to  th e  re su lts  o f  a p rev io u s  s tu d y  u sing  plasm id  
A D R I  g ene  c o n s tru c ts , w hich suggested  th a t  an  ADR1-506 
p o lypep tide  re ta in e d  w ild -type  fun c tio n  (12). T h e  in te rp re ta ­
tion  o f  th e  e a rl ie r  re s u lts  w as c o m p lic a ted , h o w e v e r , by  the 
fact iha t n o t all ce lls  co n ta in ed  p la sm id s  a n d  th a t A D R I  
dosage p e r  cell w as  n o t know n. A lthough  w e a r e  unab le  to  
define the fu n c tio n  o f  am in o  ac id s 220 th ro u g h  1323 o f  A D R I 
a s  they  p erta in  to  A D H 2  co n tro l, it is p o s s ib le  lha t this 
region p ro v id es  c o n ta c t poin ts  to  itse lf  o r  o th e r  regu la to ry  
p ro te in s  th a t im p ro v e  th e  efficiency o f  A D R I ac tiv a tio n  but 
a re  not req u ired  fo r tra n sc rip tio n a l a c tiv a t io n . It is a lso  
p ossib le  th a t p a r ts  o f  th e  C  te rm inus a re  re q u ire d  to  en su re  
p roper fo ld ing  o f  ih e  N te rm in u s . W ith o u t th e  w h o le  original 
C  te rm in u s , ih e  N -te rm in a l d om a in , a l th o u g h  partia lly  a c ­
tive. w ould  fo rm  a  fu n c tio n a lly  im paired  s tru c tu re .

A second  reg ion  o f  im p o rtan c e  to  A D R I fu n c tio n  h as  been  
defined  by c h a ra c te r iz a t io n  o f  A D R I s m u ta tio n s  th a t allow  
A D R I  to  b y p a s s  g lu c o se  co n tro l. T h e se  m u ta tio n s  o c c u r  
w ith in  th e  cA M P -d e p e n d e n t p ro te in  k in a se  p h o sp h o ry la tio n  
recogn ition  se q u e n c e  t22) be tw een  am in o  a c id s  227 and  231
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(9; C h e rry  e t  u l.. in p rep ara tio n ). A D R i '  m u ta tio n s  cou ld  
b y p a s t g lu c o se  rep re s s io n , e ith e r  by  en h a n c in g  A D R I t r a n ­
sc rip tio n a l a c tiv i ty  o r  by  N o ck ing  A D R I in te rac tio n  w ith  a 
neg a tiv e  e ffe c to r  th a t ac ts  a t th e  p u ta tiv e  p h o sp h o ry la tio n  
region . T he A D R I-2 2 0  p ro te in  lucking th e  su e  o f  the  A P R  I* 
m u ta tio n s  w as  show n  to  be c a p ab le  o f  ac tiv a tin g  At>H2  
u n d e r  ( je re p re s se d  co n d itio n s , ind ica ting  th a t the p u ta tiv e  
p h o s p h o ry la t io n  s ite  is not ab so lu te ly  req u ired  fo r A D R I 
fu n c tio n . H o w e v e r . ADRL-220 still c o n fe rre d  a  g lucose - 
re p re s se d  A D H 2  p h en o ty p e . T h e re fo re , o u r  s tu d ie s  J o  not 
su p p o rt the  h y p o th e s is  tha t A D R I is inac tiv a ted  u n d e r 
re p re s se d  c o n d itio n s  by the  b ind ing  o f  a re p re s so r  a t the 
p u ta tiv e  p h o sp h o ry la tio n  region.

in s te a d , th e  effec t o f  in c reased  A D R I  d o sag e  un  g lucose- 
re p re s s e d  A D H  (J ac tiv ity  su p p o rts  the  m odel th a t the  
p u ta tiv e  p h o sp h o ry la tio n  reg ion  p lays  j  positive  ro le  m 
A D R I fu n c tio n . In c rea se d  levels  o f  A D R I-220  as c o m p ared  
w ith A D R 1-253 an d  la rger A D R I p o ly p e p tid e s  d isp la y ed  
d im in ish ed  ab ility  ta t least 10-loldi to  b y p ass  u lu co se  c o n ­
tro l. In c o n t r a s t ,  u n d e r  J e re p re s s e d  co n d itio n s . A D R I-220  
w as on ly  tw o - to  th re e fo ld  le ss  functional th a n  A D R l-253  
an d  A D R I-2 7 2  iT ab le  I; Fig. 2B l. A lso , the  K ti v a lu es  fo r 
A D R I-220  a n d  A D R I-272  w ere  s im ila r, suggesting  th a t th e  
d iffe ren ce  in fu n c tio n  u n d e r rep re s se d  co n d itio n s  w as not a  
resu lt o f  a  d iffe re n c e  in p ro te in  s tab ility . O n the basis  o f  
th e se  r e s u lts ,  th e  reg ion  be tw een  am m o ac id s 220 an d  15} 
ap p e a rs  to  be re q u ire d  lo r  in c reased  d o sag es  o ( A D R I  to  
a c tiv a te  A D H 2  u n d e r g lucose  c o n d itio n s . T he fac t tha t 
A D R I-2 2 0  is p a r t ly  ac tiv e  un d er d e re p re sse d  c o n d itio n s  m ay 
in d ica te  th a t th e  tra n sc rip tio n a l s ta te  o f  A D H 2  du rin g  J c r e ­
p ress io n  is su ffic ien tly  en h a n ced  by o th c n n d u c c d  tra n sc r ip ­
tional fa c to rs  to  a llo w  a  sh o rten e d  A D R I to  be sufficient for 
A D H 2  e x p re s s io n . U n d e r rep re ssed  co n d itio n s , h o w ev e r, 
th e se  o th e r  fa c to rs  w ould  be e x p e c te d  to  b e  le ss  a c tiv e , an d  
a  la rg e r  A D R I po ly p ep tid e  w ould  be req u ired  to  b y p a ss  
g lu c o se  re p re s s io n .

W e b e l ie v e , th e re fo re , tha t th e  A D R I 1* m u ta tio n s  b y p a ss  
g lu c o se  c o n tro l b y  enhanc ing  A D R I ac tiv ity . S uch  a  m e ch ­
an ism  co u ld  b e  en v isio n ed  to  o c c u r  by in c reased  D N A  
b ind ing , b y  a u g m e n te d  co n ta c ts  w uh  o th e r  regu la to ry  p ro ­
te in s  o r  t ra n sc r ip tio n a l c o m p o n en ts , o r  by  c o u n te ra c tin g  a  
n ega tive  d o m a in  in  th e  N -term inal 220 am m o a c id s . T he 
c o n tro l o f  A D R I sh o u ld  be  co m p ared  w ith  tha t p ro p o sed  fo r 
the c o n tro l o f  y e a s t tran sc rip tio n a l a c tiv a to r  GAL-*, in w h ich  
G A L 4  i s  in a c tiv a te d  by an in te rac tio n  with the  n eg a tiv e  
e ffec to r G A L 8 0  <18. 26). T he reg ion  o f  G A L 4  to  w h ich  
G.AL80 b in d s , h o w e v e r , is a lso  req u ired  by  G A L 4  lo r  
tra n sc rip tio n a l ac tiv a tio n . S im ilarly , fo r  A D R I we p ro p o se  
tha t p h o s p h o ry la t io n  w ould  in a c tiv a te  A D R I by in te rfe rin g  
w ith  a  re q u ire d  fun c tio n  o f  th e  p h o sp h o ry la ted  reg ion .

T h e  p r o te in  k in a se  C C R I h as  b ee n  suggested  to  ac t 
th ro u g h  th e  p u ta tiv e  p h o sp h o ry la tio n  reg ion  o f  A D R I in  its  
po sitiv e  c o n tro l  o f  A D H 2  19). H o w e v e r , d e le tio n  o f  the  
A D R I p h o s p h o ry la t io n  region  d id  n o t re n d e r  A D H 2  d e re ­
p re s s io n  in d e p e n d e n t o f  th e  C C R t  m u ta tio n  iT ab le  3). This 
resu lt im p lie s  th a t C C R t m ay c o n tro l A D R I th ro u g h  th e  first 
220 am in o  a c id s  a t  o th e r  po te n tia l p h o sp h o ry la tio n  s ite s  o r  
tha t C C R L d o e s  n o t a c t th rough  A D R I a t all.

T h e  re q u ire m e n t o f  A D R I fo r  g row th  o n  g lycero l im p li­
c a te s  A D R I a s  a  m ore  global re g u la to r  o f  non fe rm en tu tiv e  
g ro w th  th a n  had  p rev io u sly  b ee n  th o u g h t. H o w e v e r, the  
id en tity  o f  Ihe  fa c to r  th rough  w hich  A D R I co n tro ls  g row th  
on g ly c ero l is u n k n o w n . A fac to r im p o rtan t to  g ro w th  on 
g ly cero l, o th e r  th a n  the  en z y m a tic  ac tiv itie s  o f g lycero l 
k inase  a n d  g ly c e ro p h o sp h a te  d e h y d ro g en a se , cou ld  be the  
p ro cess  o f  t ra n sp o r t in g  reducing  e q u iv a len ts  o r  o th e r  m o le ­

c u l e s  a c r o s s  i h e  m i to c h o n d r i a l  m e m b r a n e  o .  H i .  \ m » n o  
a c id s  5(14 t h r o u g h  5 0 6  o f  X D R t  a r e  r e q u i r e d  f o r  g r o w th  o n  
g l y c e r o l ,  t h o u g h  th e y  a r e  n o t  e s s e n t i a l  f o r  \ D H 2  a c t i v a t i o n .  
T h e s e  r e s u l t s  - .u g g e s t  t h a t  K D R 1 c o n t r o l  o f  g r o w th  o n  

g ly c e r o l  is  m o d u l a t e d  h s  a s  v e t  u n d e f i n e d  r e g u l a t o r s  w h i c h  
r e q u i r e  t h i s  r e g i o n  o f  t h e  A D R I  p r o t e i n .
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