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Disruption of ADR1, a positive regulatory gene in the yeast Saccharomyces cerevisiae, abolished derepression
of ADH?2 but did not affect glucose repression of ADH2 or cell viability. The ADRI mRNA was 5 kilobases long
and had an unusually long leader containing 509 nucleotides. ADRI mRNA levels were regulated by the carbon
source in a strain-dependent fashion. B-Galactosidase levels measured in strains carrying an ADRI-lacZ gene
fusion paralleled ADRI and ADRI-lacZ mRNA levels, indicating a lack of translational regulation of ADR1
mRNA. ADH?2 was regulated by the carbon source to the same extent in all strains examined and showed
complete dependence on ADRI as well. The expression of ADRI mRNA and an ADRI-B-galactosidase fusion
protein during glucose repression suggested that the activity of the ADR1 protein is regulated at the
posttranslational level to properly regulate ADH2 expression. The ADRI-B-galactosidase fusion protein was
able to activate ADH?2 expression during glucose repression but showed significantly higher levels of activation
upon derepression. A similar result was obtained when ADRI was present on a multicopy plasmid. These
results suggest that low-level expression of ADRI is required to maintain glucose repression of ADH2 and are

consistent with the hypothesis that ADRI is regulated at the posttranslational level.

Many eucaryotic genes are regulated at the transcriptional
level. To understand the mechanisms by which this control
takes place, it is necessary to determine how regulatory
proteins function. It is also important to understand how the
activity of regulatory proteins themselves is controlled.
Genetic studies have identified a number of regulatory genes
in the yeast Saccharomyces cerevisiae which have subse-
quently been isolated by complementation of function (18,
27, 30, 31, 35, 39, 40). Many of these gene products possess
sequence-specific DNA-binding activity (3, 22, 26, 28, 39).

A simple system for studying eucaryotic transcription is
the glucose-repressible ADH2 gene in yeast cells. No spe-
cific carbon source induces ADH?2 expression; removal of
glucose from the growth medium leads to ADH2 derepres-
sion. ADH? is transcriptionally regulated (6, 16) and appears
to be directly regulated in a positive manner (2). Both
positive regulatory genes, ADRI (11), CCRI-3 (12), CCR4
(14), and ADR6 (45, 46), and negative regulatory genes,
ADR4 (12), CREI1, and CRE2 (14), are involved in ADH?2
regulation. Deletion analysis of the 5’'-flanking region of
ADH? has identified an upstream activator sequence (UAS)
located 230 base pairs (bp) from the transcription start site
(2, 43). A 22-bp oligonucleotide containing this UAS confers
ADRI-dependent activation on a heterologous promoter (J.
Yu, submitted for publication).

By genetic criteria, the regulatory gene ADRI is proposed
to encode the most direct effector of ADH2 expression (11).
ADRI can mutate to two different types of alleles: semidom-
inant ADRI® alleles, which allow partially constitutive
ADH? expression in glucose-containing media (13), and
recessive adrl alleles, which render ADH?2 incapable of
derepression (11). The ADRI gene and the gene which
encodes the ADRI-5¢ allele have been isolated (18). Nucle-

* Corresponding author.

t Present address: Department of Biology, Princeton University,
Princeton, NJ 08544.

1 Present address: Department of Genetics, University of Califor-
nia, Berkeley, CA 94720.

1868

otide sequence analysis has shown that ADR! could encode
a protein of 1,323 amino acids, of which the amino-terminal
302 amino acids are sufficient to stimulate ADH?2 transcrip-
tion (20). A region of ADR/ between amino acids 98 and 155
shows sequence homology with the repetitive DN A-binding
domain of Xenopus laevis transcription factor TFIIIA (20),
and mutations in this region inactivate ADR/ (6). Mutation in
a presumptive phosphorylation domain creates a hyperac-
tive ADRI protein, suggesting that phosphorylation may be
involved in regulating the activity or expression of ADRI
(17). An ADR1-B-galactosidase fusion protein is localized to
the nucleus, consistent with its proposed role as a direct
activator of ADH?2 transcription (H. Blumberg, Ph.D. thesis,
University of Washington, Seattle, 1987).

There are two simple models to explain the role of ADRI
in expression of the glucose-repressible ADH2 gene. In the
first model, ADRI transcription or translation would be
glucose repressed. Since the ADRI protein is required for
transcriptional activation of ADH2, no ADH2 mRNA would
be expressed under glucose growth conditions. In the second
model, the ADRI gene product would be expressed consti-
tutively but would be regulated posttranslationally in a
carbon source-dependent manner.

In this report, we demonstrate that some strains regulate
ADRI mRNA levels and the level of an ADRI fusion protein
in response to a change in carbon source while other strains
do not. Both types of strains regulate ADH2 expression
identically, suggesting that ADR/ is differentially regulated
at the posttranslational level by the carbon source. We also
found that overexpression of ADRI or expression of an
ADRI-lacZ gene fusion relieves ADH2 glucose repression.

MATERIALS AND METHODS

Yeast media. Yeast complete medium contains 10 g of
yeast extract, 10 g of Bactopeptone (Difco), 20 mg of
adenine, and 20 mg of uracil per liter and is supplemented
with 5% glucose (repressed growth) or 3% glycerol and 1%
ethanol (derepressed growth). Yeast minimal medium con-
tains 6.7 g of yeast nitrogen base lacking amino acids and 20
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TABLE 1. Yeast strains

Strain Genotype

5216 e, MATa adhl-11 adh3 ural trpl leu2

521-6-Al.....c..c....... MATa adhl-11 adh3 ural trpl leu2
adrl-Al::LEU2

HBY......coceeiienns MATa adhl-11 adh3 ural lew2 adrl-Al::LEU2
trpl::Y1p642ADR1

HB10 .................. MATa adhl-11 adh3 ural leu2 adrl-Al::LEU2
trpl::Y1p642ADR1-lacZ

4795-103.....ccnenenent MATa trpl leu2 ura3 his7 canl sap3 ade3

4795-104................ MATa trpl leu2 ura3 his7 canl sap3

4795-105.....cconvennn. MATa/MATa diploid derived from 4795-103 X
4795-104

HB23-3................ MATa adhl adh3 trpl leu2 ura3 his7 canl
sap3 ade3

HB1S ......cccenanels MATa adhl adh3 leu2 ura3 his7 canl sap3
ade3 trpl::YIp642ADR1-lacZ

HB16 ........c.......... MATa adhl adh3 trpl lew2 his7 canl sap3
ade3 ura3::Y1p642ADR1-lacZ

HB23-3-A1 ............ MATa adhl adh3 trpl leu2 ura3 his7 canl
sap3 ade3 adrl-Al::LEU2

79-72C oo MATa leu2 trpl

S00-11....cenennnnnnne. MATa adhl-11 adh3 adrl-1 ural trpl leu2

2150-AA ............... MATa adhl adh3 lew2 adel [cir’]

20B12....veiniannenn, MATao trpl-1 pep4-3

XV617...ccvienanaannne. MATa his2 trpl-1 leu2 ura3 steS

3482-16-1............... MATa trpl ura3 his3 leu2 met2 [cir’]

E8-11C ................. MATa leu2 pep4 [cir®]

mg each of tyrosine, adenine, and uracil per liter. This is
supplemented with amino acids except tryptophan and 5%
glucose for repressed growth conditions.

Yeast strains. The yeast strains used in this work are listed
in Table 1. Strain HB23-3 (adhl adh3) was derived from
4795-103 (ADHI ADH3) in two steps. HB23 (adhl ADH3)
was isolated on plates containing yeast complete medium,
8% glucose, and 5 mM allyl alcohol. HB23-3 was isolated by
plating HB23 on plates containing yeast complete medium,
8% glucose, and 20 mM allyl alcohol.

Yeast transformation. Yeast transformation was per-
formed by the lithium acetate procedure (25). Plasmid
Y1p642 ADRI-lacZ (TRPI) was digested with HindIII to
target integration to the rrpl locus in strain 521-6-Al to
create HB10 and in strain HB23-3 to create strain HB1S.
Plasmid Y1p642 ADRI-lacZ (URA3) was digested with Smal
to target integration to the wura3 locus in strain HB23-3 to
create HB16.

Plasmid DNA preparation and cloning. Plasmid DNA was
prepared from ampicillin-resistant Escherichia coli RR1 (7)
by the method of Birnboim and Doly (5). Restriction en-
zymes, calf alkaline phosphatase, and T4 DNA ligase were
from Bethesda Research Laboratories, Inc., or New En-
gland Biolabs, Inc., and were used according to the manu-
facturers’ instructions.

Plasmid constructions. The number preceding ADR/ in the
plasmid name is the number of amino-terminal residues
encoded by the gene. Plasmids pMWS, p411-B, YEp150
ADR1, YEp302ADR1, and YEp1323ADR1 were described
previously (20). YEpC1/1 is a high-copy-number plasmid
containing the complete 2pm plasmid of S. cerevisiae and a
partially defective LEU2 gene as a selectable marker (24).
YEpl068ADR1 is a pMWS derivative containing a 4.8-kb
ADRI fragment from p411-B. YEpadrl-Al is identical to
YEp1068ADR1 except that it contains an adrl gene disrup-
tion (see Fig. 1). YEp642ADRI-lacZ was constructed by
inserting a 3.3-kb BamHI lacZ fragment from pMCI871 (8)
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into YEpl068ADR1 digested with Bg/ll. An 8.1-kb BamHI
ADRI-lacZ fragment from YEp642ADR1-lacZ was inserted
into YRp7 digested with BamHI and Bglll, YIpS digested
with BamHI, and C1/1 digested with BamHI to create
YIp642ADR1-lacZ (CTRPI), YIp642ADRI1-lacZ (URA3),
and YEpC1/1-642ADR1-lacZ, respectively.

Growth of yeast transformants and enzyme assays. Cells
were grown overnight at 30°C in yeast minimal medium
containing 5% glucose and lacking tryptophan. One portion
of the culture was diluted into fresh minimal medium as
described above. Another portion was centrifuged, washed
with sterile water, and resuspended in complete yeast me-
dium containing 3% glycerol and 1% ethanol. The cells in
both media were then grown for an additional 24 h, until they
were both in mid-log-phase growth. Cell extracts and alcohol
dehydrogenase (ADH) assays were performed as described
(16). B-Galactosidase assays were performed as described
(33) with either cell extracts or permeabilized cells. Protein
concentrations of cell extracts were determined by the
method of Lowry.

RNA analysis. Total yeast nucleic acid was prepared by
glass bead disruption of intact cells in the presence of phenol
and sodium dodecyl sulfate (42). S1 mapping of the 5’ end of
ADRI! RNA was performed essentially as described by
Maniatis et al. (32) with a 1.3-kb EcoRI fragment of ADRI
extending from bp —1300 to bp +45 with respect to the
presumptive initiation codon (T. A. Hartshorne, Ph.D. the-
sis, University of Washington, Seattle, 1986). A temperature
of 37°C was used for hybridization in 50% formamide buffer,
and S1 digestion was carried out at 30°C for 30 min. After S1
digestion, the Sl-resistant hybrids were denatured and ana-
lyzed in 4% acrylamide-7% urea gels.

The 5’ end of ADRI mRNA was determined by primer
extension with an ADRI-specific oligonucleotide comple-
mentary to a region of ADRI from —403 to —384. Total
nucleic acid (20 pg) was hybridized to approximately 5 x 107
cpm of *?P-labeled oligonucleotide, and primer extension
reactions were carried out (32). Samples were analyzed on
DNA sequencing gels adjacent to lanes containing reaction
mixes of the same oligonucleotide hybridized to M13 DNA
containing the message-sense strand of ADR/ DNA from the
5'-flanking region of the gene.

The 3’ end of ADRI mRNA was determined by using a
double-stranded Hpal-Xbal fragment extending from posi-
tion +3571 to +5524 (Hartshorne, thesis) labeled at the 3’
ends by T4 polymerase (36), denatured, and hybridized at
49°C in 40% formamide to 100 pg of total nucleic acid from
yeast cells. Samples were treated with 400 U of S1 nuclease
at 37 to 40°C (23), precipitated with ethanol, suspended in
sample buffer, and electrophoresed on agarose gels. The gels
were dried, and autoradiography was performed.

RESULTS

Construction and characterization of a null allele of ADRI.
A yeast strain carrying a null allele of ADRI was constructed
for two reasons. First, it was desirable to determine the
phenotype of a true null ADR]/ allele and to compare it with
existing adrl alleles. Second, such a strain would be useful
as a recipient strain for analyzing ADRI genes mutated in
vitro and introduced into yeast cells by transformation. This
would allow one to assess ADRI structure-function relation-
ships without the possibility of intragenic complementation
between two defective adrl alleles.

Plasmid pADR1-A1 was constructed as described in the
legend to Fig. 1. An ADR/ gene disruption was created by
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FIG. 1. Construction of an ADRI null allele: Plasmid construction. The general procedure for construction of a gene disruption is

described by Rothstein (41). Plasmid p411-B is pBR322 containing a 4.8-

kb BamHI fragment of ADRI (20). p411-B was briefly digested with

Pvull, a 6.4-kb fragment was isolated (sites cleaved are marked with an asterisk), Xhol linkers were added, and the vector was ligated to give
p411-BAPvull. This plasmid was digested with Xhol, and a 2.2-kb Sall-Xhol LEU2 fragment from YEp13 was inserted (with the direction of
transcription opposite to that of ADRI) to create pADR1-Al. A BamHI fragment of pADR1-A1 was used to transform strain 521-6 to leucine

prototrophy to create strain 521-6-A1. The same procedure was used

to transform strains HB23-3 and 4795-105 to leucine prototrophy.

Restriction enzyme sites: B, BamHI; P, Pvull; S, Sall; X, Xhol. Solid lines, ADRI noncoding sequences; hatched bars, ADRI coding
sequences; stippled bars, PBR322 sequences; crosshatched bars, LEU2 sequences.

replacing the 5’-flanking region and 2 kb of ADRI coding
sequence with the yeast LEU2 gene. Both haploid (521-6)
and diploid (4795-105) yeast strains were transformed with a
BamHI restriction fragment carrying the ADR/ gene disrup-
tion. Leu™ transformants were isolated in both haploid and
diploid strains, suggesting that ADRI is not an essential
gene. To demonstrate this more rigorously, Leu* diploid
transformants were sporulated and subjected to tetrad anal-
ysis. The 2:2 segregation of Leu™:Leu™ spores was observed
in all tetrads dissected. Southern analysis confirmed that
chromosomal ADRI sequences were replaced with LEU2
(Blumberg, thesis). The Leu™ segregants could not dere-
press ADH2, whereas the Leu™ segregants could. This is
consistent with the Adrl™ phenotype expected of a strain
carrying a null allele of ADRI (adri-Al).

The quantitative effect of an ADRI gene disruption on
ADH?2 expression was studied in haploid strains 521-6,
521-6-A1, HB23-3, and HB23-3-A1. Southern analysis indi-
cated that strains 521-6-A1 and HB23-3-Al1 carried the adri-
Al allele. Strains 521-6 and HB23-3 (Adrl*) (Table 2)
derepressed ADHII activity to greater than 1,500 mU/mg,
and strains 521-6-A1 and HB23-3-A1 (Adrl™) had insignifi-
cant ADHII activity (less than 20 mU/mg). This result was
supported by a comparison of the growth of these strains on

plates containing glycerol and allyl alcohol (10). Strains
521-6-A1 and HB23-3-A1 could grow on these plates,
whereas 521-6 and HB23-3 could not (Table 2). Thus, strains
carrying an adri-Al allele had the same phenotype as
previously identified adrl strains (11) but lower levels of
ADHII enzyme activity (Table 2). Data in Table 2 provide
further proof that adri-Al is allelic to ADRI by demonstrat-
ing that the adrl-Al allele could not complement the AdhII™
phenotype of strain 500-11 (adrl-1).

Growth rates of three different isogenic pairs of Adr1* and
Adrl™ strains were measured in complete liquid medium
containing either fermentable (glucose) or nonfermentable
(ethanol and/or glycerol) carbon sources. All strains had a
doubling time of approximately 100 min in glucose-con-
taining medium and a doubling time of about 210 min in
medium containing nonfermentable carbon sources (data not
shown), indicating that ADRI had little or no effect on
growth rate in these rich media.

Two positive regulatory genes required for ADH2 expres-
sion, CCRI (9, 12; shown to be allelic to SNFI [14]) and
ADRG (45, 46), are also required for sporulation. Therefore,
it was of interest to determine whether an a/a diploid strain
devoid of ADRI activity could sporulate. A strain homozy-
gous for adrl-Al was constructed and was found to sporulate
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TABLE 2. Characterization of an ADR/ null allele
ADH activity (mU/mg of protein) Growth on
Strain ADRI allele Plasmid glycerol-allyl

Repressed Derepressed alcohol”
521-5 ADRI <5 2,000 -
521-6-A1 adrl-Al <5 <20 +
HB23-3 ADRI <5 1.500 -
HB23-3-A1 adrl-Al <5 20 +
500-11 adrl-1 <5 70 +
500-11x521-6 adrl-1/ADRI <5 1.300 -
500-11x521-6-A1 adrl-1ladrl-Al <5 100 +
500-11 adrl-1 YEpl068ADR1 300 5.550 ND¢
500-11 adrl-1 YEpadrl-Al <5 50 ND

“ Cells were grown to mid-log phase at 30°C in either yeast complete medium plus 5% glucose (repressed) or 3% glycerol and 1% ethanol (derepressed). ADH
specific activities were determined at 25°C in cell extracts. The values are the average of triplicate samples and are *+ 30%. The values reflect only ADHII activity,

as all strains were adhl adh3.

b The glycerol-allyl alcohol phenotype was assayed on plates containing 3% glycerol and 5 mM allyl alcohol (10). ADH converts allyl alcohol into the toxic
compound acrolein. ADH activities of greater than 100 mU/mg prevent growth in the presence of allyl alcohol.

< ND, not determined.

as well as an isogenic a/a ADRI/ADRI diploid (data not
shown).

Identification and mapping of the ADRI mRNA. The ADRI/
mRNA was identified by hybridization of total yeast RNA to
strand-specific probes derived from the ADR/ coding se-
quence. A 5-kb mRNA species was detected which hybrid-
ized to the ADRI mRNA-complementary strand but not to
the mRNA-identical strand (Hartshorne, thesis). This
mRNA was absent in a strain carrying an adrl-Al allele (Fig.
2, lanes 1 and 2) but was present in RNA isolated from the
isogenic ADRI parent strain grown on either a repressing or
a derepressing carbon source (Fig. 2, lanes 3 and 4), consist-
ent with its origin being the ADRI gene.

S1 mapping of the 5’ end of the ADRI mRNA indicated
that the ADRI mRNA start site was about 500 nucleotides
upstream of the presumed initiation codon (see Fig. 4). The
exact 5’ end of the ADRI mRNA, determined by primer
extension, corresponded to DNA sequences 509, 500, and
499 nucleotides upstream of the translational initiation codon
(Fig. 3A and unpublished data). The 3’ end of the ADRI
mRNA, determined by S1 mapping, corresponded to posi-
tions approximately 420, 590, and 810 nucleotides beyond
the end of the ADRI open reading frame (Fig. 3B). The
distribution of these 3’ termini was not reproducibly different
in mRNA isolated from glucose- or ethanol-grown cells. The
size of ADRI mRNA determined by 5’- and 3’-end mapping
agreed with the size estimated by Northern (RNA blot)
analysis. ADRI (20) lacks the consensus sequence TAC
TAACA, which is found in all intron-containing genes tran-
scribed by yeast RNA polymerase II (29), suggesting a lack
of introns in the gene.

Carbon source regulation of ADRI RNA. The level of
ADRI mRNA isolated from cells grown on a repressing or
depressing carbon source was determined initially by North-
ern analysis (Fig. 2). In strain 521-6 (lanes 3 and 4 for
repressed and derepressed cultures, respectively), there was
a small (twofold) increase in ADRI RNA content after
derepression, but the control RNA, URA3, increased to
about the same extent after derepression. In strain 79-72C
there was a 10- to 20-fold increase in ADR/ RNA content
after 24 h of derepression, compared with the control URA3
RNA (Fig. 2, lanes 5 and 6). These strains, as well as several
others, were assayed by quantitative S1 analysis (Fig. 4).
Strains 2150-AA, XV617, and 3482-16-1 (lanes 1 to 6)
showed about a 2-fold increase in ADRI RNA content after
24 h of derepression; strains 20B12 and HB23-3 revealed a

10- to 20-fold increase after derepression (lanes 7 to 10).
RNA from a strain deleted for ADRI had no 5'-end signal
(lane 11). To determine whether the two times at which RNA
samples were isolated were representative of fully repressed
and derepressed cultures, RNA was isolated from strain
HB23-3 at various times after glucose removal. The time
course of derepression indicated that ADRI/ RNA levels in
strain HB23-3 showed a rapid 20-fold increase to a maximum
at 1 h after glucose depletion (Fig. 5, bottom inset). As a

— ADR1

- 3.4

> — 1.8

. ¢
.—unAa
‘oeeT /

FIG. 2. Identification of ADRI mRNA. Total yeast nucleic acid
(20 ng) was treated with formaldehyde and formamide, electropho-
resed on a gel containing 1.0% agarose and 2.2 M formaldehyde (32),
transferred to nitrocellulose, and hybridized to a 1.2-kb ADR/
EcoRI fragment (Hartshorne, thesis) and a 1.2-kb URA3 Hindlll
fragment (1) which were both *?P-labeled by nick translation (32) to
a specific activity of 5 X 10® cpm/ug. Lanes: 1, strain 521-6-Al
grown on glucose: 2, strain 521-6-A1 grown on ethanol; 3, strain
521-6 grown on glucose; 4, strain 521-6 grown on ethanol; 5, strain
79-72C grown on glucose; 6, strain 79-72C grown on ethanol. The
bands seen at 3.4 kb and 1.8 kb represent nonspecific hybridization
to yeast rRNA. The size of ADR] mRNA was approximately 5 kb,
as determined on gels containing molecular weight standards (data
not shown).
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control for RNA content, DEDI RNA (44) was analyzed and
showed little difference between different carbon sources in
the same strains (data not shown).

The ADHII enzyme activity was determined in strains
521-6 and HB23-3, which are representative of strains show-
ing little and 20-fold derepression of ADRI RNA, respec-
tively. Gene disruptions of ADRI were also performed in
both strains (Fig. 1 and Table 2). The results indicated that
ADHII levels were indistinguishable and ADH2 expression
was completely dependent on ADR/ in both strains.

Expression of ADRI-lacZ gene fusions. The results pre-
sented in the previous section demonstrated that ADH2
expression was not regulated solely via regulation of ADRI
transcription. ADRI expression could be regulated at the
translational or posttranslational level. To test the former
possibility, a gene fusion was made that would allow the
transcription and translation of ADR/ to be measured by the
activity of B-galactosidase.

Strains 521-6-A1 and HB23-3 were transformed with inte-
grating plasmids containing an ADRI-lacZ gene fusion,
creating strains HB10 and HB1S, respectively. This gene
fusion contains 1.8 kbp of ADRI 5'-flanking region and 1.9
kbp of ADRI coding sequence (encoding the amino-terminal
642 amino acids of ADR1) fused in-frame to an E. coli lacZ
structural gene lacking its first seven codons. Transformants
were assayed for B-galactosidase activity after growth in

A B
AC: 1 .G % 2 M123

FIG. 3. Mapping the 5’ and 3’ ends of the ADR/ mRNA. (A)
Determination of the 5’ end of the ADR]I mRNA. The 5’ end of
ADRI mRNA was determined by primer extension as described in
Materials and Methods. Lanes: 1, strain 521-6-A1 grown on glucose-
containing medium; 2, strain E8-11C grown on ethanol-containing
medium. The 5’ ends of the ADRI mRNA corresponded to positions
—509, —500, and —499 nucleotides upstream of the translation
initiation codon. (B) Determination of the 3’ end of the ADRI
mRNA. The 3’ end of ADRI mRNA was determined by S1 mapping
as described in Materials and Methods. Total nucleic acid (100 pg)
was used. Lanes: 1, probe alone, no S1; 2, strain 7972-C (Adrl™)
grown on glucose-containing medium; 3, strain 7972-C (Adrl*)
grown on ethanol-containing medium. No protected fragments were
observed when total nucleic acid derived from strain 521-6-A1 was
used (data not shown) or when total nucleic acid was treated with
RNase prior to hybridization with the probe. Protected fragments of
1,090, 870, and 700 nucleotides correspond to RNA 3’ ends 810, 590,
and 420 (+20) nucleotides beyond the ADRI open reading frame
(20). Increasing the amount of S1 to 1,500 U did not alter the pattern
of fragments obtained.
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FIG. 4. Quantitation by S1 mapping of the ADRI RNA from
different strains of S. cerevisiae. Total nucleic acids were isolated
from various yeast strains and analyzed by S1 mapping of the 5’ end
as described in Materials and Methods. Total yeast RNA (80 pg)
was used. Lanes M1 and M2, molecular weight markers (nucleo-
tides); lanes 1 and 2, strain 2150AA; lanes 3 and 4, strain XV617;
lanes 5 and 6, strain 3482-16-1; lanes 7 and 8, strain 20B12; lanes 9
and 10, strain HB23-3; lane 11, strain 521-6-Al; odd-numbered
lanes, 1 to 9, RNA from glucose-repressed cultures; even-numbered
lanes 2 to 10 and lane 11, RNA from derepressed cultures; lane 12,
E. coli tRNA replaced the yeast RNA; lane 13, no RNA and no S1
treatment. The position of ADRI RNA protected from S1 is indi-
cated; P indicates the position of the intact 1.3-kb probe.

glucose-containing medium or after transfer to ethanol-
containing medium. B-Galactosidase activities correlated
positively with ADRI mRNA levels detected in the parent
strains by Northern or S1 analysis (Table 3). There was a
2-fold increase in B-galactosidase activity in strain HB10
(parent strain 521-6-Al1) and a 10- and 20-fold increase in
B-galactosidase activity in transformants of strains HB23-3,
HB15, and HB16. The latter two strains differ only in the site
of integration of the plasmid containing the ADRI-lacZ gene
fusion. Since their B-galactosidase activities were not detect-
ably different, the site of integration (trp/ and ura3) does not
play a significant role in expression of the gene fusion.

The time course of derepression of the ADRI-lacZ gene
fusion mRNA and B-galactosidase activity were determined
for strain HB10. As shown in the top curve of Fig. §,
B-galactosidase activity increased rapidly after removal of
glucose to a level twofold higher than during repression. The
RNA levels (top inset) behaved differently. They showed a
transient 5- to 10-fold increase by 5 h after glucose removal
and then a decrease, so that at 22 h the level was about twice
that during glucose growth. In strain HB1S5 (middle curve),
B-galactosidase activity increased more slowly to a level
about 30-fold higher than during glucose repression, as
shown in Table 3. The total ADR! RNA measured by S1
analysis in this strain represented both the gene fusion RNA
and ADRI RNA derived from the normal gene. There was a
very low level of total ADRI RNA during repressed growth
(inset), indicating that the gene fusion was expressed at a low
level at that time, as was the wild-type ADRI RNA (bottom
inset). Northern analysis of ADRI/ and ADRI-lacZ RNA
isolated from repressed and derepressed cells corroborated
the conclusion that these two genes are regulated in a similar
fashion (Hartshorne, unpublished). Since very little ADR/
RNA was present during glucose growth of either strain
HB23-3 or HB15, the ADRI-lacZ gene fusion appears to be
as efficiently glucose-repressed as the wild-type ADRI gene.
Thus, there is no evidence for translational control of
expression of the gene fusion mRNA during glucose repres-
sion.
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FIG. 5. Activity and expression of ADR1-B-galactosidase fusion
proteins in strains HB10, HB15, and HB23-3. Strains HB10 and
HB15, derived from strains 521-6-A1 and HB23-3, respectively,
contain an ADRI-lacZ gene fusion integrated in single copy at the
trpl locus (Blumberg, thesis). The gene fusion encodes 642 amino
acids of ADRI fused to amino acid 8 of B-galactosidase (Blumberg,
thesis). The cultures were grown in YEP medium containing 5%
glucose to an Agy of 1, centrifuged, and resuspended in YEP
containing 3% glycerol and 2% ethanol. Samples were withdrawn
for B-galactosidase assays at the indicated times. The insets adjacent
to each curve show the amount of ADRI mRNA 5’ end at the times
indicated (in hours) as revealed by S1 analysis (Materials and
Methods). Strain HB15 contains two ADRI genes: a copy of the
wild-type gene at the normal chromosomal locus and a copy of the
ADRI-lacZ gene fusion at the trpl locus. RNA (80 ng) was analyzed
for each time point shown; in addition, 16 ng was analyzed at 22 h
(22/5) to demonstrate that the DNA probe was in excess. B-
Galactosidase is expressed as the slope, A ,,¢/min., normalized to the
Agoo Units assayed, multiplied by 1,000. Symbols: O, HB10; @,
HBI1S; A, HB23-3 (no ADRI-lacZ gene fusion). Zero time represents
the time that glucose was removed.
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Function of ADR1-lacZ gene fusion. We previously showed
that ADRI-lacZ encodes a bifunctional protein. When
present on a centromere-containing plasmid, this gene fusion
produces an activator of ADH2 expression that partially
overcomes glucose repression (6). The present data (Table 4)
confirmed this observation and showed that the ability of the
fusion protein to activate ADH2 during repressed growth
conditions was strain dependent. In strain HB16, ADH?2
expression was barely detectable during glucose growth
conditions, and 150-fold derepression occurred during
growth on a nonfermentable carbon source. In strain HB10,
which contains the same gene fusion, constitutive ADH?2
expression was observed, and there was 15-fold derepres-
sion. Presumably, ADRI-lacZ gave rise to partially consti-
tutive ADH?2 expression in strains derived from 521-6 but not
in those derived from strain HB23-3 because higher levels of
ADRI1-B-galactosidase were produced during glucose growth
in the former (Fig. S and Table 3). In further support of this
interpretation, increasing the ADRI-lacZ copy number by
means of a high-copy-number plasmid led to even higher
levels of ADHII activity (Table 4). This strain had 10-fold
higher levels of B-galactosidase activity than strains contain-
ing a single copy of the gene fusion (Table 3).

It was surprising that a single copy of the gene fusion led
to partially constitutive ADH2 expression in strain HB10
since an isogenic ADRI parent strain (521-6) lacking the gene
fusion was completely glucose repressed. The constitutive
expression could occur because ADRI1-B-galactosidase is
missing the carboxy-terminal region of ADR1 or because of
fusion to LacZ. To distinguish between these possibilities, a
plasmid carrying the same fragment of ADRI not fused to
lacZ was integrated at the trpl locus in strain 521-6-Al.
ADH? expression in this strain (HB9) was glucose repressed
and derepressed to about 10% of the level observed in strain
HB10 (Table 4). This indicates that fusion of the amino-
terminal 642 amino acids of ADRI1 to B-galactosidase is
responsible for constitutive expression and enhanced dere-
pression of ADH?2 in strain HB10.

Increased ADRI gene dosage leads to partially constitutive
ADH? expression. We studied the effects of increased ADR/
gene dosage on ADH?2 expression under glucose and ethanol
growth conditions. Increased ADRI gene dosage, due to a
multicopy plasmid containing the entire ADRI gene, led to
partially constitutive ADH?2 expression and higher levels of
ADH? derepression than in a strain with a single-copy ADRI
gene (Table S). A truncated gene which encoded the amino-
terminal 302 amino acids of ADR1 also caused partially
constitutive ADH?2 expression, while a truncated gene en-

TABLE 3. Expression of ADRI-lacZ gene fusions

B-Galactosidase activity®

Strain“ ADRI allele Plasmid® (U/mg of protein)
Repressed Derepressed

521-6-A1 adrl-Al <0.1 <0.1
HB10 adrl-Al trpl::Y1p642ADR1-lacZ 5.5 9.3
HB23-3 ADRI <0.1 <0.1
HB16 ADRI ura3::Y1p642ADR1-lacZ 0.5 4.7
HB15 ADRI trpl::YIp642ADR1-lacZ 0.3 6.1
2150-AA ADRI YEpC1/1-642ADR1-lacZ 50 40

“ Strains are listed in Table 1. The parent strain of HB10 is 521-6-A1: that of strains HB16 and HB15 is HB23-3.

» ADR1-lacZ integrating plasmids and episomal plasmids contain a 7.0-kb ADRI-lacZ BamHI fragment as described in the text.

< Cells carrying plasmids were grown as described in Materials and Methods. Cells not carrying a plasmid were grown as described in Table 2, footnote a.
B-Galactosidase specific activities were determined as described (29) in cell extracts. The values are the average of at least four determinations in separate extracts

and are = 50%.
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TABLE 4. ADRI-lacZ encodes an activator of ADH2 expression

ADH activity (mU/mg of protein)

Strain ADRI allele Plasmid
Repressed Derepressed
521-6 ADRI <5 2,000
521-6-A1 adrl-Al <5 <20
HB9 adrl-Al trpl::YIp642ADR1 <5 600
HB10 adrl-Al trpl::YIp642ADR1-lacZ 600 9,000
HB23-3 ADRI <5 1,500
HB16 ADRI ura3::YIp642ADR1-lacZ 20 3,200
2150-AA ADRI YEpC1/1-642ADR1-lacZ 2,500 12,000

“ Cells were grown as described in Table 2, footnote «. ADR specific activities were determined in cell extracts. The values are the averages of at least four

determinations and are + 30%.

coding the amino-terminal 150 amino acids of ADR1 did not
(Table 5). The relief of ADH?2 glucose repression required
the ADH2 UAS (data not shown), indicating that overex-
pression of ADRI leads to ADH?2 expression by the normal
ADH? activation pathway (2, 43).

DISCUSSION

ADRI is predicted from its nucleotide sequence to encode
a protein of 1,323 amino acids. The amino-terminal 302
amino acids are sufficient to restore a partial Adh2* pheno-
type to an adrl strain (18, 20). The carboxy-terminal 1,000
amino acids may play an auxiliary but nonessential role in
derepression of ADH2. An essential role for the carboxy-
terminal portion of the protein in mitotic growth or sporula-
tion is apparently ruled out by the studies with a strain
disrupted for ADRI. Since the disrupted and 5'-deleted
ADRI gene lacks a promoter, it seems unlikely that the
remaining 3’ portion of the gene still present in the disrupted
strain could be expressed. The only abnormal phenotype of
the strain disrupted for ADR/ detected was an inability to
express ADH?2. This suggests that ADRI has no repressor
function and that it acts primarily as a positive regulatory
factor in ADH?2 expression, consistent with genetic (11) and
in vivo titration (24) data.

We found that yeast strains differed in their regulation of
ADRI expression. In some yeast strains ADRI mRNA
accumulation was strongly glucose repressed (20- to 30-
fold), while in other strains the RNA was approximately
equally abundant during repressed and derepressed growth
conditions. However, in one such strain, transient derepres-
sion occurred. The major difference in terms of ADRI/
expression was a 20-fold-lower level of ADRI mRNA during
glucose growth conditions in strains such as HB23-3, 20B12,
and 79-72C than in strains such as 521-6, 2150-AA, XV617,
and 3482-16-1. This glucose repression of ADRI was evident
both in RNA analyses and from assays of an ADRI1-B-
galactosidase fusion protein. A cloned ADRI-lacZ gene
fusion behaved the same way as the resident ADRI gene in

both types of strains, as assessed by RNA analyses, suggest-
ing that the regulation is not due to differences in ADR] itself
in the two types of strains. Neither type of strain expressed
ADH? under glucose growth conditions, and both types of
strain derepressed ADH?2 to similar final levels. Therefore,
regulation of ADRI mRNA levels is not required for normal
regulation of ADH2. Recently, it was reported that the
ADRI mRNA levels are not regulated by the carbon source
in the medium (17). However, it appears from the data that
were presented (Fig. 3 and 4 in reference 17) that significant
derepression of the ADRI mRNA occurred in strain 79-72C,
as we found by Northern analysis.

Since regulation of ADRI mRNA levels is not necessary
for proper expression of ADH2, we wished to determine
whether ADRI was regulated at the translational level. We
used the B-galactosidase activity derived from an ADRI-
lacZ gene fusion as a measure of translation of ADRI/
mRNA. There was a positive correlation between the levels
of ADRI mRNA, ADRI-lacZ mRNA, and B-galactosidase
activity in all strains studied, which indicates that ADRI-
lacZ, and presumably ADRI itself, is not translationally
regulated.

The data suggest that neither transcriptional nor transla-
tional regulation of ADR/ can account for the proper expres-
sion of ADH?2 in all yeast strains. It seems likely that the
activity of the ADRI1 protein is regulated in a carbon
source-dependent manner, at least in strains which do not
regulate ADRI mRNA levels. In strains which downregulate
ADRI mRNA levels on glucose-containing medium, a sec-
ond posttranslational mechanism may not be needed. Alter-
natively, these strains may regulate ADRI expression both
transcriptionally and posttranslationally to provide two in-
dependent mechanisms to ensure glucose repression of
ADH?2.

The interpretation that ADR] is regulated posttranslation-
ally is complicated by the fact that ADR1-B-galactosidase
activated ADH?2 transcription during glucose growth condi-
tions. However, there was still a 15-fold derepression of

TABLE 5. Increased ADRI gene dosage causes constitutive ADH2 expression

ADH activity (mU/mg of protein)

Strain Alli) lf ! Plasmid :numycm“
allele Repressed Depressed phenotype
521-6-A1 adrl-Al pMWS5 <5 25 S
YEp150ADR1 <5 20 S
YEp302ADR1 210 1,400 R
YEp1323ADR1 230 6,500 R
521-6 ADRI pMW5 <5 2,000 S

“ The antimycin phenotype was determined on YPD plates containing antimycin A (1 pg/ml). S, Sensitive: R, resistant.
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ADH?2, suggesting that ADR1-B-galactosidase is still subject
to some form of post-translational regulation. The hyperac-
tivity of the ADRI1-B-galactosidase fusion protein on both
repressing and derepressing medium requires the B-galacto-
sidase part of the fusion protein, but how it does so is not
known. The B-galactosidase protein could, for example,
interfere with the ability of ADR1 to be modified or to
interact with another protein.

Increasing the gene dosage of ADRI caused partially
constitutive ADH?2 expression during glucose growth condi-
tions and led to higher than normal levels of ADH2 dere-
pression during growth on nonfermentable carbon sources
(15, 24; Blumberg, thesis). We presume that increased
expression of ADRI overrides a regulatory mechanism
which normally keeps ADRI inactive during growth on
glucose. If this is true, low-level ADRI expression would be
required for maintenance of ADH2 glucose repression. In-
creased gene dosage of ADRI mimics the effect of the
ADRI-lacZ gene fusion and of ADRI® mutations on ADH?2
expression. It is unclear whether increased ADR! gene
dosage, ADRI-lacZ, and ADRI® mutations act by the same
mechanism to increase ADH2 expression. Recently, the
ADRI-5° mutation has been identified (17) as a single-amino-
acid change in one of three putative phosphorylation sites in
ADRI (20). Since this mutation is in the coding part of the
gene and the ADRI-5° RNA is expressed at normal levels
(17; Hartshorne, thesis), the simplest explanation for its
effect is that it alters the activity of the protein, an interpre-
tation consistent with our conclusion that ADR] is regulated
posttranslationally.

There are many posttranslational mechanisms one could
imagine as being involved in regulating ADRI activity.
Among the possible mechanisms are protein-protein interac-
tion between ADR1 and a negative regulatory protein,
covalent modification of ADR1, regulation of ADRI1 protein
half-life, and competition with other factors for binding the
ADH?2 UAS. All of these models must take into account the
observation that overexpression of ADRI/, synthesis of an
ADRI1-B-galactosidase fusion protein, and mutation to
ADRIC only partially relieve ADH?2 glucose repression.
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