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The intracellular concentrations of the polypeptides encoded by the two enolase (ENO] and ENO2) and three
glyceraldehyde-3-phosphate dehydrogenase (TDHI, TDH2, and TDH3) genes were coordinately reduced more
than 20-fold in a Saccharomyces cerevisiae strain carrying the gcrl-l mutation. The steady-state concentration
of glyceraldehyde-3-phosphate dehydrogenase mRNA was shown to be approximately 50-fold reduced in the
mutant strain. Overexpression of enolase and glyceraldehyde-3-phosphate dehydrogenase in strains carrying
multiple copies of either ENO] or TDH3 was reduced more than 50-fold in strains carrying the gcrl -1 mutation.
These results demonstrated that the GCRI gene encodes a trans-acting factor which is required for efficient and
coordinate expression of these glycolytic gene families. The GCRI gene and the gcrl -I mutant allele were cloned
and sequenced. GCRI encodes a predicted 844-amino-acid polypeptide; the gcrl-1 allele contains a 1-base-pair
insertion mutation at codon 304. A null mutant carrying a deletion of 90% of the GCRI coding sequence and
a URA3 gene insertion was constructed by gene replacement. The phenotype of a strain carrying this null
mutation was identical to that of the gcrl-l mutant strain.

Yeast glycolytic enzymes make up 25 to 60% of the
soluble protein in the organism (7). In most strains of the
yeast Saccharomyces cerevisiae, the intracellular concentra-
tions of glycolytic enzymes remain constant in cells grown
on glucose or gluconeogenic carbon sources. A notable
exception is the enzyme encoded by one of the enolase genes
(ENO2), which is induced more than 20-fold in cells grown in
glucose (12). In some yeast strains, as well as under certain
growth conditions, it has been reported that several other
glycolytic enzyme activities are induced when cells are
shifted from gluconeogenic carbon sources to glucose (11).
This paradox could be explained if many glycolytic genes are
capable of glucose-dependent induction only under certain
defined physiological conditions or in certain defined genetic
backgrounds. Both positive and negative cis-acting regula-
tory sequences have been identified within the 5' flanking
region of the enolase genes (4; R. Cohen, T. Yokoi, J. P.
Holland, and M. J. Holland, submitted for publication). By
analogy with other yeast genes (1, 6), regulation of glycolytic
gene expression by cis-acting sequences is likely to be
mediated by trans-acting regulatory proteins.

Clifton et al. (3) reported the isolation of a recessive
mutation designated gcrl-l. The specific activities of many
glycolytic enzymes, including glyceraldehyde-3-phosphate
dehydrogenase and enolase, are reduced to 2 to 5% of the
wild-type level in strains carrying the gcrl-J mutation. In
vitro translational studies suggest that this mutation affects
the intracellular levels of glycolytic mRNAs (2). The GCRI
gene, therefore, appears to encode a positive transcription
factor which is involved in coordinate expression of glycoly-
tic genes.

* Corresponding author.

In this report, we describe the effects of the gcrl-l
mutation on expression of the two enolase and three
glyceraldehyde-3-phosphate dehydrogenase structural
genes. We present direct evidence that the GCRI gene
encodes a trans-acting regulator of enolase and glyceralde-
hyde-3-phosphate dehydrogenase gene expression. The pri-
mary structures of the GCRl gene and the gcrl-l mutant
allele are reported. Strains carrying a gcrl null mutation
were constructed and characterized. The implications of
these results for coordinate regulation of glycolytic gene
expression are discussed.

MATERIALS AND METHODS

Materials. 251I-protein A was generously provided by John
Hershey, University of California, Davis. Oligonucleotides
for sequencing were provided by the DNA Synthesis Group,
Cetus Corp., Emeryville, Calif.

Strains and growth conditions. S. cerevisiae S173-6B (a
leu2-3 leu2-112 his3-1 trpl-289 ura3-52) was provided by F.
Sherman, University of Rochester, Rochester, N.Y. S.
cerevisiae S173-LA is identical to S173-6B and carries an
enol deletion mutation (12). S. cerevisiae DFY1 (wild type)
and DFY67 (gcrl-l) were generously provided by D. G.
Fraenkel, Harvard Medical School, Boston, Mass. Yeast
strains were grown at 30°C and harvested in early log phase
(A6w, 1.0). Cells were grown in YP medium (1% yeast
extract, 2% peptone) or a defined medium containing 0.67%
yeast nitrogen base without amino acids (Difco Laborato-
ries, Detroit, Mich.) supplemented with 2 ,ug of uracil per ml
where indicated. Carbon sources were 2% glucose, 2%
glycerol-2% lactate, or 2% glycerol- 2% lactate-2% maltose.

Analysis of glycolytic proteins. Western blotting with anti-
enolase polyclonal antibody was carried out as previously
described (4). Identification of glyceraldehyde-3-phosphate
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FIG. 1. The steady-state concentrations of the enolase poly-

peptides in a strain carrying the gcrl-l mutation. Western blotting
assays were performed with whole-cell extracts prepared from
wild-type strain S173-6B (WT), strain S173-LA carrying an enol
mutation (M), and strain S137-6B carrying a gcrl-l mutation (gcrl-l)
as described in Materials and Methods. The locations of the enolase
1 (band 1) and enolase 2 (band 2) polypeptides are indicated. Cells
were grown in YP medium containing 2% glycerol plus 2% lactate.

dehydrogenase polypeptides by two-dimensional polyacryl-
amide gel electrophoresis was as previously described (13).
One-dimensional (SDS)-polyacrylamide gel electrophoresis
of yeast whole-cell extract was as previously described (12).

Analysis of glycolytic mRNA. In vitro translation of total
yeast cellular RNA was performed by using a wheat germ

cell-free extract (9). Northern blotting studies used a nick-
translated 2.1-kilobase (kb) HindlIl fragment isolated from
pgap491, which contains the TDH3 structural gene (8), or
nick-translated HindIII fragments from pGCR5 and pGCR6.
Solution hybridization reaction mixtures contained 100 ,ug of
total cellular RNA and a nick-translated Hinfl fragment (574
base pairs) (5,000 cpm per reaction mixture; specific activity,
107 cpm/,Lg) containing coding sequences from the TDH3
structural gene. Hybridization was carried out in 0.05- to
1.0-ml reaction mixtures containing 0.3 M NaCl, 25 mM Tris
(pH 7.4), 1 mM EDTA, and 0.3% SDS at 65°C for 2.5 to 250
min. Hybrid formation was monitored by hydroxyapatite
chromatography.

Yeast transformation and cloning. Yeast transformations
were performed by using the alkali cation procedure de-
scribed by Ito et al. (10). Multicopy plasmids (CV13) carry-
ing a 2.1-kb HindlIl fragment containing the TDH3 struc-
tural gene (8) or a 6.6-kb BamHI fragment containing the
EN02 structural gene (4) were used to transform S. cerevi-
siae S173-6B or an isogenic strain carrying the gcrl-l muta-
tion. The GCRI structural gene was isolated by transforming
S. cerevisiae S173-6B carrying a gcrl-l mutation with a

centromere-based plasmid library containing genomic DNA
(partially Sau3A digested) isolated from S. cerevisiae DFY1.
The pBR322-based plasmid vector contained a URA3 gene,
the TRPI autonomous replication sequence, and a 1.1-kb
fragment of DNA containing the centromere from chromo-
some 11. Yeast genomic DNA was ligated into a unique
BamHI site in the plasmids. Ura+ transformants that grew at
wild-type rates in medium containing 2% glucose were

isolated. Two plasmids carrying the putative GCRI gene
were isolated and identified from these transformants
(pGCR1 or pGCR2). Subcloning analysis was performed by
blunt-end ligating DNA fragments from pGCR1 or pGCR2
into the BamHI site in the centromere plasmid vector. These
plasmids (pGCR3 to pGCR8) were used to transform S.
cerevisiae S173-6B carrying a gcrl-l mutation to uracil
independence.
The gcrl-l mutant allele was isolated by transforming S.

cerevisiae S173-6B carrying a gcrl-J mutation with a linear-
ized pGCR3 plasmid in which sequences extending from

XhoI to Sacl were removed. Ura+ transformants containing
a centromere-based plasmid in which sequences extending
from the XhoI site to the SacI site were restored by gene
conversion with the gcrl-J mutant allele were isolated and
characterized.
A gcrl null mutant was constructed by transformation of

strain S173-6B with a linear fragment of DNA containing a
deletion of approximately 90% of the GCRI coding se-
quences and a URA3 gene insertion. GCRI coding se-
quences extending from a SacI site at a codon 66 to an EcoRI
site at codon 797 in pGCR3 were removed and replaced with
a fragment of DNA containing the yeast URA3 gene. A Sall
fragment containing this deletion-insertion mutation was
isolated and used to transform a diploid strain (isogenic to
strain S173-6B) to uracil independence. After sporulation
and tetral dissection, Ura+ haploid cells were identified.
Genomic DNA was isolated from these cells, digested with
Sall, and subjected to Southern blotting analysis with a
nick-translated pGCR3 probe to confirm that the wild-type
GCRI gene was replaced with the null mutant allele.
DNA sequencing. A restriction endonuclease cleavage map

of the overlapping genomic sequences in pGCR1 and pGCR2
was generated by standard procedures. The DNA sequences
of both strands of GCRI and gcrl-l mutant alleles were
determined by the dideoxy sequencing method (15) with
synthetic DNA primers. Sequence reactions were performed
as described above, with minor modifications to allow the
reactions to take place in a microtiter plate. In some regions,
it was necessary to substitute deoxyinosine triphosphate for
deoxyguanosine triphosphate (4:1) to resolve compressions
in the gel.

RESULTS

The GCR structural gene regulates transcription of the
enolase and glyceraldehyde-3-phosphate dehydrogenase struc-
tural gene. The specific activities of enolase and glyc-
eraldehyde-3-phosphate dehydrogenase are reduced to 2 to
5% of wild-type levels in strains carrying the gcrl-l mutation
(2, 3). To determine whether this reduction in specific
activity is accompanied by a proportional decrease in the
steady-state concentration of the enzymes, the polypeptides
encoded by the two enolase genes (ENO] and EN02) and
the three glyceraldehyde-3-phosphate dehydrogenase genes
(TDHI, TDH2, and TDH3) were analyzed. The two enolase
polypeptides were resolved after one-dimensional SDS-
polyacrylamide gel electrophoresis (12). Western blotting
analysis showed that both of the enolase polypeptides were
reduced approximately 50-fold in cells carrying the gcrl-l
mutation (Fig. 1). Glyceraldehyde-3-phosphate dehydroge-
nase polypeptides were resolved after two-dimensional poly-
acrylamide gel electrophoresis as previously described (13).
Several of the most abundant cellular proteins were substan-
tially reduced in extracts prepared from the strain carrying
the gcrl-l mutation (Fig. 2), consistent with the fact that
glycolytic enzymes are very abundant proteins in S. cerevi-
siae. All of the glyceraldehyde-3-phosphate dehydrogenase
polypeptides were reduced to undetectable levels in a strain
carrying the gcrl-l mutation. These data showed that the
GCRI gene regulates the steady-state concentration of the
polypeptide synthesized from all of the glyceraldehyde-3-
phosphate dehydrogenase and enolase genes.
The steady-state concentrations of enolase and glyc-

eraldehyde-3-phosphate dehydrogenase mRNAs in the
gcrl-l mutant strain was determined by cell-free translation.
Total RNA was isolated from strains carrying the gcrl-l
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mutation and the wild-type parental strain grown in media
containing different carbon sources. RNA isolated from the
mutant strain grown in a medium containing glycerol plus
lactate failed to direct the synthesis of a number of abundant
polypeptides when compared with RNA isolated from the
wild-type strain (Fig. 3). The amounts of enolase and
glyceraldehyde-3-phosphate dehydrogenase polypeptides
synthesized under the direction of RNA isolated from the
gcrl-l mutant strain were substantially reduced. Based on
these observations, we concluded that the gcrl-l mutation
affects the intracellular concentrations of translatable
enolase and glyceraldehyde-3-phosphate dehydrogenase
mRNAs.
When the gcrl-l mutant strain is grown on a medium

containing glycerol, lactate, and maltose, the specific activ-
ities of several glycolytic enzymes increase (2, 3). Under
these growth conditions, the specific activity of glyc-
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FIG. 3. In vitro translation of total cellular RNA isolated from

wild-type and gcrl-l mutant strains. Total cellular RNAs isolated
from (A) wild-type strain DFY1 grown in 2% glucose (B) wild-type
strain DFY1 grown in 2% maltose: (C) wild-type strain DFY1 in 2%
glycerol plus 2% lactate, (D) strain DFY67 (gcrl-l) grown in 2%
glycerol plus 2% lactate, (E) wild-type strain DFY1 grown in 2%
glycerol-2% lactate-2% maltose, and (F) strain DFY67 (gcrl-J)
grown in 2% glycerol-2% lactate-2% maltose were translated in a
wheat germ cell-free extract in the presence of [35S]methionine and
subjected to SDS-polyacrylamide gel electrophoresis and autoradi-
ography. All cells were grown on YP medium. The locations of the
enolase and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
polypeptides are indicated.

gcrl
FIG. 2. Steady-state concentration of the glyceraldehyde-3-

phosphate dehydrogenase polypeptides in a strain carrying the
gcrl-l mutation. Two-dimensional polyacrylamide gel electropho-
resis was performed with identical amounts of whole-cell extracts
prepared from wild-type strain S173-6B (WT) and strain S173-6B
carrying a gcrl-l mutation (gcrl) as described in Materials and
Methods. The directions of isoelectric focusing (IEF) and SDS-
polyacrylamide gel electrophoresis (SDS) are indicated. Arrows
indicate the positions of the glyceraldehyde-3-phosphate dehydro-
genase polypeptides. Cells were grown in YP medium containing 2%
glycerol plus 2% lactate.

eraldehyde-3-phosphate dehydrogenase is approximately
25% of wild-type levels. When total RNA isolated from the
gcrl-l mutant strain grown in glycerol-lactate-maltose was
translated in vitro, the pattern of polypeptide synthesis was
qualitatively and quantitatively similar to the pattern ob-
served for RNA isolated from mutant cells grown in glycerol
plus lactate (Fig. 3). The observed increase in the specific
activity of glyceraidehyde-3-phosphate dehydrogenase did
not appear to be accompanied by a proportional increase in
mRNA under these growth conditions.
The intracellular concentration of glyceraldehyde-3-

phosphate dehydrogenase mRNA in cells carrying the gcrl-J
mutation was determined by Northern blotting (Fig. 4). A
574-base-pair hybridization probe from within the coding
sequences of the TDH3 structural gene was used in this
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FIG. 4. Steady-state concentration of glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH) mRNA in a strain carrying the
gcrl-J mutation. Northern blotting was performed with a probe
containing TDH3 coding sequences and total cellular RNA isolated
from strain S173-6B grown in 2% glucose (A), strain S173-6B grown
in 2% glycerol plus 2% lactate (B), and strain S173-6B carrying a
gcrl-l mutation grown in 2% glycerol plus 2% lactate (C). All cells
were grown in YP medium. Equal amounts of total cellular RNA
were applied to each lane of the gel. The positions of 25S and 18S
rRNAs are indicated.

experiment. This probe cross-hybridizes with mRNA syn-
thesized from each of the three glyceraldehyde-3-phosphate
dehydrogenase structural genes (13). Previous studies
showed that the intracellular concentration of glyceralde-
hyde-3-phosphate dehydrogenase synthesized from each of
the three structural genes is approximately twofold higher in
cells grown on medium containing glucose versus glycerol
plus lactate (13, 14). As expected, the steady-state concen-
tration of total glyceraldehyde-3-phosphate dehydrogenase
mRNA was approximately two-fold higher in cells grown in
glucose versus glycerol plus lactate. The steady-state con-
centration of total glyceraldehyde-3-phosphate dehydroge-
nase mRNA in the gc rl-l mutant strain grown on a medium
containing glycerol plus lactate was less than 5% of the level
observed in the wild-type strain grown under the same
conditions (Fig. 4). Since the TDHJ, TDH2, and TDH3 genes
account for 10, 25, and 65% of the glyceraldehyde-3-
phosphate dehydrogenase activity in yeast cells (14), it is
likely that the gurl-l mutation affects transcription of all
three genes. Similar results were obtained for enolase total
mRNA levels (data not shown). These data showed that the
decrease in specific activities of enolase and glyceraldehyde-
3-phosphate dehydrogenase in the gcrl-l mutant strain re-
sulted from a proportionate decrease in the steady-state
concentrations of the respective total mRNAs.
The GCRI structural gene encodes a trans-acting regulator
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FIG. 5. Expression of cloned TDH3 and EN02 genes in a strain

carrying a gcrl-l mutation. SDS-polyacrylamide gel electrophoresis
was performed with whole-cell extracts prepared from cells grown
in YP medium. The positions of the enolase 1 (ENO1) and enolase
2 (EN02) and glyceraldehyde-3-phosphate dehydrogenase (TDH)
polypeptides are indicated. (Panel A) Whole-cell extracts were
prepared from (lanes): A, S173-6B grown in 2% glycerol plus 2%
lactate; B, S173-LA (enol) grown in 2% glycerol plus 2% lactate; C,
S173-6B carrying a gcrl-I mutation and multiple copies of the TDH3
gene grown on 2% glycerol plus 2% lactate; D, S173-6B carrying
multiple copies of the TDH3 gene grown on 2% glycerol plus 2%
lactate; and E, S173-6B carrying multiple copies of the TDH3 gene
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of enolase and glyceraldehyde-3-phosphate dehydrogenase
gene expression. Expression of the EN02 and TDH3 struc-
tural genes cloned into a multicopy plasmid containing a
2,um origin of replication was analyzed in wild-type and
gcrl-l mutant strains. Wild-type cells carrying a multicopy
plasmid containing a cloned segment of DNA containing the
TDH3 structural gene overproduced glyceraldehyde-3-
phosphate dehydrogenase polypeptide when grown on me-
dium containing either glucose of glycerol plus lactate as a
carbon source (Fig. 5A). A gcrl-l mutant strain carrying the
same plasmid did not overexpress glyceraldehyde-3-
phosphate dehydrogenase. Similar results were obtained by
using wild-type and gcrl-l mutant cells carrying the EN02
structural gene on a multicopy plasmid (Fig. 5B). Since the
intracellular concentrations of glyceraldehyde-3-phosphate
dehydrogenase and enolase in wild-type strains carrying
multiple copies of each respective gene are 20 to 40% of the
total cellular protein, failure to detect these proteins at
elevated concentrations in the gcrl-l mutant background
provided compelling evidence that this mutation leads to a
50-fold reduction in the transcription of these genes and that
the GCRI gene product is a trans-acting regulator of tran-
scription of these genes.

Isolation and characterization of the GCRI structural gene.
The GCRJ structural gene was isolated by genetic comple-
mentation of a gcrl-l mutant strain. A strain carrying ura3
and gcrl-l mutations was transformed with a library of
genomic DNA isolated from S. cerevisiae DFY1 with a
centromere-based plasmid as described in Materials and
Methods. Ura+ transformants were selected that grew at
wild-type rates on a medium containing glucose as the
carbon source. Two types of transformant were identified
after polyacrylamide gel electrophoresis of total cellular
proteins isolated from putative transformants (Fig. 6). One
type had restored the wild-type pattern of cellular proteins,
whereas the other yielded a pattern of cellular protein that
was indistinguishable from that of the gcrl-l strain. Two
transformants from the former class were further analyzed.
Genetic analysis performed with the second class of trans-
formants showed them to be pseudorevertants that grew
more rapidly on a medium containing glucose but did not
restore wild-type levels of enolase or glyceraldehyde-3-
phosphate dehydrogenase activity.

Restriction endonuclease mapping studies of the plasmids
(pGCR1 and pGCR2) isolated from the two transformants
revealed overlapping yeast genomic DNA sequences (Fig.
7). The ability of sequences within the overlapping region to
complement the gcrl-l mutation was tested with subcloned
restriction fragments (Fig. 7). These data revealed the ap-
proximate location of the complementing gene. The failure
of pGCR5 or pGCR6 to complement the gcrl-J mutant strain
suggested that the common HindlIl site in these two plas-
mids lies within the coding sequences of the complementing
gene. Northern blotting analysis was conducted by using the
HindIII fragments in pGCR5 and pGCR6 as probes. Both
probes hybridized to the same 3,000-base transcript (Fig. 8).

grown on 2% glucose. (Panel B) Whole-cell extracts were prepared
from (lanes): A and G, S173-LA (enol) grown on 2% glycerol plus 2%
lactate; B and F, S173-6B grown on 2% glycerol plus 2% lactate; C,
S173-6B carrying multiple copies of the EN02 gene grown on 2%
glycerol plus 2% lactate; D, S173-6B carrying multiple copies of the
EN02 gene grown on 2% glucose; and E, S173-6B carrying a gcr]-l
mutation and multiple copies of the EN02 gene grown on 2% glycerol
plus 2% lactate.
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FIG. 6. Isolation of the GCRI gene by complementation of a

strain carrying the gcrl-I mutation. SDS-polyacrylamide gel elec-
trophoresis of whole-cell extracts was performed as described in
Materials and Methods. Extracts were prepared from (A) strain
S173-6B, (B) strain S173-LA (enol), and (C to H) Ura' transform-
ants which grew on medium containing 2% glucose obtained after
transformation of strain S173-6B carrying a gur]-l mutation with a
plasmid library containing yeast genomic DNA. The patterns of
proteins present in extracts prepared from transformants carrying
plasmids pGCR1 (lane D) and pGCR2 (lane F) are similar to that of
an extract prepared from strain S73-6B (lane A). Cells were grown in
YP medium containing 2% glycerol plus 2% lactate. The positions of
the enolase 1 (EN01), enolase 2 (EN02), and glyceraldehyde-3-
phosphate dehydrogenase (TDH) polypeptides are indicated.

These results demonstrated that the coding sequence of the
complementing gene spans the Hindlll site.

Southern blotting analysis was performed with genomic
DNA isolated from the wild-type strain and a strain carrying
the gcrl-l mutation. Genomic DNA was limit digested with
Sall, and DNA filter blots were hybridized with a nick-
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FIG. 7. Identification of the cloned GCRI structural gene. A restriction endonuclease map of overlapping yeast genomic DNA sequences

in two plasmids (pGCR1 and pGCR2) that complement a strain carrying the gcrl-I mutation. Plasmids pGCR3 to pGCR8 contain segments
of DNA isolated from pGCR1 or pGCR2 (indicated by bars). These plasmids were tested for their ability to complement a strain carrying the
gcrl-l mutation.

translated probe corresponding to the genomic Sall fragment
in pGCR3. A single 7.7-kb genomic Sall fragment was
observed with DNA isolated from both strains (data not
shown). These data indicated that the complementing gene is
present in one copy per haploid genome and is not grossly
altered in the mutant strain.
The nucleotide sequences of the GCRI gene and the gcrl-1

allele. The nucleotide sequence of the cloned GCRI struc-

25S-

18S-

A B
FIG. 8. Identification of the transcript encoded by the GCR1

gene. Northern blotting analysis was performed with total cellular
RNA isolated from strain S173-6B grown in YP medium containing
2% glucose. RNA blots were hybridized with nick-translated
HidldIll fragments isolated from pGCR5 (A) or pGCR6 (B). The
positions of 25S and 18S rRNAs are indicated. The arrow indicates
the position of a 3.000-base transcript.

tural gene is presented in Fig. 9. The gene contains one

continuous open reading frame encoding a putative 844-
amino-acid polypeptide. These data, as well as the observa-
tion that the open reading frame does not contain the
-TACTAAC- sequence found in the 3' terminal sequences of
all yeast mRNA intervening sequences, suggest that the
GCR1 gene does not contain any intervening sequence(s).
The predicted size of the GCRJ gene is consistent with the
Northern blotting data shown in Fig. 8. Comparison of the
amino acid sequence predicted from the sequence of the
GCRI gene with known sequences in protein structure data
bases revealed no significant homologies.
The gcrl-l allele was also cloned and sequenced as

described in Materials and Methods. The mutant gene con-

tains 1-base-pair insertion (T/A) at codon 304. This frame-
shift mutation would lead to premature termination of trans-
lation. A strain carrying a gcrl null mutation was con-

structed by transforming S. ceres'isiae S173-6B with a frag-
ment of DNA containing a deletion of 90% of the GCRI
coding sequences and a URA3 structural gene insertion at
the site of the deletion. Replacement of the GCRI allele with
the allele containing this deletion-insertion mutation was

confirmed by Southern blotting analysis (data not shown).
The growth phenotype of strains carrying this null mutation
is identical to that of strains carrying the gcrl-l mutant
allele, as are the patterns of the cellular proteins observed
after SDS-polyacrylamide gel electrophoresis (data not
shown). Diploid strains that are heterozygous for the reces-
sive gcrl-l mutation and the recessive deletion-insertion
mutation display the same phenotype observed for haploid
strains carrying either mutation. These observations further
confirmed that the cloned complementing gene is the GCRI
structural gene.

DISCUSSION

The experiments described in this paper provided direct
evidence that the GCRI gene encodes a trans-acting protein
that positively regulates expression of the two enolase and
three glyceraldehyde-3-phosphate dehydrogenase genes. It
is likely that the effects of the gunrl-l mutation on the specific
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AAPTCXrAT CGAAAM A AOX.GTTA 29
ATPAG9%A PGUIfAPG TGX>AAOG$ 0I367TATATT TMT1GGOCT TTOATATATA iTTGMATOG TATWATGA TCATACACG CArTCT(?A ATGITATCTG G(GNlTITC OATWrATG GOGrIT=xT TOAITCTCAC TrAHTATOOC 189
TTGATIGTA ATIOAlIXTT CPGTMTATr TUJGAXW1 CPCACUATC CMTITrICA TTU3rTTATrA CTATTIM.W T1TTrIIA GnCTI(1TII TAIILMTAT MATTT(XCTOA CAOGTPGTM A1TrPOCAXA CMTATrAAG ATTAMAG 349

AMTITAIfCA AGk11lGT ATATrATCTT ATACA.MC CTTTIO9= TAC1TTOTM AGjWATAC CrCTAM CUT CTATTAdkA ATPGMPAAG PCWMTATG CMAAG,M TMT1TITC AMAATAMCAI TGUGUGPGGT 1UGA'CTATG 509
GATUATTMT .VOTAAOGC AAACrr1MCG AAMCIVGG CTrTACATU A;GTATTrAT A KGJAAT TTA1IXOOCA AAAAMAA IXTATPCTTA ATAAAOG GQ?ATIMT ATCMITG1G TGrTG=CU GTCTGTCU'GC GTACkAGGG 66

ATG MU T1i CTG A31CT4 Gcr ATG iCA wAcPr iT cmA GG PCA mT C AGG.4ATA mA (fT mT GICxP CA CAA PGT GIG OCA TCA PCT rOC TAT MT MT GSC MA Gk~A TCA TAT GCA CEA MT ACT 801
t Asn.Pene LouTlhr GinAla -Mt SorGluT7hrRheGln Gly ThrPAsnAsnPArg Ile LyskAgAsn ValAg lhr Gln Ser Val ProSr ThrSorTyrP ArfnAsnGly Lys GluSr Tyr Gly OPronlThr 44

A)C CM HTA MT GO CTA CTT rCT cm TTG O'A CAG CM ACA AGT GIT OAT AGT POCA3PG~PA3PG TCA AAcTiTT UAT TUC Afl GxA CMA TAT All TTA CM TCA TPC TIC A4G GTC MT GTA GAT TCT CTA 933
Pse,Gln LauAsn Ala Lou Lou SorGin LauGIuiGin Gln1lhr Sr Val As e h e h eo e 6 n y IleoAla Gin Tyr Ile Lou Gin SrTyrPne LysVal Asn Val AP epr Lou 88

0 0 0 0

AAC TCT CTGMATTG GTG ST1TGATA GrG MCCAACTTAc cT GATricr 1TGAO3CTGGSMcCTGmT O GAAG A Am GGSACAACCA TAC MATTAT TTCmTPCAcAGIr CT O3T oTOACTlETSATAC 1065
AsnSortLou Lys Lou VaiPep Lou IleValAsp Gin Thr TyrProAspSer Lou ThrLouArg Lys LouAsnGiu GlyAla ThrGlGlyfGn PoTyrAspTyr PfheAnlThrVal SerPCrAp6PAlaAp6 lie 132

* 0 0 0 0

100 AAG TOT CGA AllTT MflGOG P0GAO ATA TTr rrr GiT ArA OGA TGG AGC CAC OCEA AAC OC~T (lEA ATl TCA Alr @G MT TIT PCT ACA GTA C03311G CTA OAT TCA AAC MT Arr TCI cTA MAT Toc MT 1197
Sar Lys0~sPr-o IlePne Ala Lou lhr IleoR*oheVa IIlekg Trp Er 4s PoPAsnProPro I leTr Ille Glu AsnRhohr lhr Val ProLou Lau ApSeprAnPenRe IlieEarLouPesn Tar Psn 176

0 0 0 0

OCT HTA CTA TAT ATT CMA MT CMA AAC OCA AAC NE MT JCA PGT GIT MA GrT T A 430 TCA CAAMP MT OAA OCT iCT MA GP43 TUG ATC GAT TUG GUA TrT CEA TGG CTG rOT TAT TTG AAG CAG OAT 1329
ProLou Lau Tyr IleoGinAsn GlnAnPrno AsnSr Asn SorSer ValI Lys VaolSe Arkg SrGlnThr PheGluPro SorLys Glu Lou IleAsp Lau Val RIePro Trp Lou SorTyr Lou LysGlnPesp 220

0 0 0 0 0

%bt LouLou IlePAsp AgThrAsn Tyr Lys Lou Tyr SErtLou0ts Glu Lou R*Glu PieWt GlykAg VaI Ala Ile GinAsp Lou Ag Tyr LuSar Gln HsProtLou Lou LouProPesn IleoVaI lhr 264

TIC ATT ICA MAA TM ATT (lT GAG HrA TTC CMA MAC GkA G MT MAA GS ATC GIT TOA ATT MA MT TOA MAC MT MT GC CTGMC MT GUT PCA GGA ATA GOAACP0 ACM1TUrA MT OlEA TCT A0C 1593
Pho IleSer Lys Phe IlleProGlu Lau PheGlnAsn Glu Giu PReoLys Gly I le Gly Sor Ile LysAsnSerPAsnPAsnAsn Ala LouPAsn Arn VolI Thr Gly I leGlu Thr Gln PheLouAnPrno SerThr 308

* 0 0 0

(GP( SA GIG PGT CMA AMA GTT OAT TOT TAC HI AG GkA HTA TCA AMAMA HTA ACI PCA GSA MT ATC PAG HTA POT CM GAA ATA ACA CM CTA AMA MEA OAT ATG AAC TOE GTA GlE MT Gi7 TOT AAC 1725
Glu Glu Val Tar Gin Lys Val Ap SrTyr Phebt Glu LouTSar Lys Lys Loulhr lhr GluPAsn Ilekg Lou ar GlhGlu Ilelhr Gin Lou Lys AlaPesp tiPen Tar Val GlyPsn Val 0(,sPen 352

* 0 0 0 S

cm AHr HG CTG HrG CPG PAk CMA TTG CHT TCA GGA MT CAG GnG ATC GCA TOA AAG TIE GkA MT AHr GIG TCT TCC ACA GGIT(G3G UGG ATA HTA ATA CIA GAT MA MT ANC ATC MT TOG MAC GIA CTG 1857
GIn IleLou Lou Lau GIlnArg Gin Lou Lou Ser Gly Asn GInAla I le Gly Sor Lys SorGlu Pen IloValI Ser Ser Thr Gly Gly Gly Ille Lou I le LouPAspLysPAsn Sr IloeAn SerPAsn VatI Lou 396

AGT MTTTGGHTCOGTCGATASkTOCTMTCPC TOC COC ACGO ACM(GOCMCAACACATCMPAG GTOGUCAMAGOkACMTCACATGZACA3GHGTCMPAGTPACTMT AC CTGT(GCTAGnG3CEAATT 1989
Sor Asn Lou Vol Gln Tar IlIe Pep Pro Pen Hs Tar Lys Pro Pen Gly Gln Ala GIn lhr IHs Gin krg Gly Pro Lys Gly GIn Tar H-s Ala GIn Vol Gin Tar Thr Pen Tar Pro Ala Lou A:a Pro IlIe 440

* 0 0 0 0

MAC ATG TIC lG AGC HTA PGT MT TOT ATA CPAG OOG ATG CTT GGC P03 HTG lET COGx CMA COG CMA OAT ATA GIA CPG AAC 4GG AAG CIA XG HrA OCEA GG7 TCA ATA (CX ICT lEA (LEA PCA GtE PT OCTI 2121
AsnWtheroereuersnerleGlnProWtou ly hr ou la ro in ro in sp leValGlnLysArgLysLauProLeuProGlySerI l Al Se Al Al Th Gl Se P 4848

* 0 0 0

HIr TCI oXA TCAoXc GHr GOT @4 TCT lEE TAT AGC AMA COC TT AMA CTA GCSAT AMA CA ACT CO3 TCT CAG P03 GCT CHT OAT TUC HTA CHT ACA AM TUG AHT TCOkANC OCT PAi HTA OOC CHT TUG 2253
RioSarProTarrRoVaoI GlyGluTaer Ro Tyr-Sr LysAg Pie Lys LouPespPep LysPr-olhr RoTer GIlnThr Ala Lou ApSepr Lou Lou lhr LysTaer IleoSar Sor rRoktg Lairo Loair 528

POG TG (E.TMAC AA OCT GIC P03GG IOT TTrUOC TGOCICGCA GCOC3TIrCAGCAI TCT OGA GAT1MUGrAGrTGGTGGT NAIGTCA AGT TCAPACAPAOG AAMTMACTCTMAAG OTAGrAMTG OA(AT TCT 2385
Thr Lou AlaPesnlhr Ala VaoIThr Glu SrPhrRog SerPo Gin Gin PheGIn 4sSerProPAspPheoVaI VolI Gly Gly Ser Sor Sor Sorhrlhr GluPesnPAsn SrLys Lys VaIPen GluPespSor 572

CGA TCA TCT TCU TO, AMA CTA lET SMA OGA 01 OGT CHT CA MAC MAC G4C TCC ACT ACT NEC ATG OCT (?kA AGT OXC P03 @ OTA (lT GOT SAT SA GIlST P0AGG MAA CO3 CCA (AG TOAPNT M 2517
R-o SrT%rFrErLysLou AlaGlukgProkAg LouProPesnnPenApTa erlhr lhTr Sr tPro0GluT erPro0hr Glu Val AlaGlyPespPesp Vol PepkAg GluLysProPro GluTaerTrtLys 616

TOGSG#G OCXMT GOTATMC ANCOA OkAATOGMA GSTIOCT GGMAMTGTMAMAC AGr TM oT3GCHGTPAm GkT lT @cMwcAG0AoTA0AArTUTOTMTATCATMTOTPCTA@OGGET (LAMT 2649
Ssr Glu Pro Pen Pesp Psn Sor ProGlu Sor Lys Psp ProGlu Lys Pen Gly Lys Pen Ser Pen Pro Lou Gly Thr Asp Ala Pep Lys Pro VaIPol lie Sor Pen Ilie Hls Pen SerTlhr Glu Ala Ala Pen 660

TOP AGT GOT7 ACA GTG ACA AAG ACA lET OXA TCA Ml lOG CAG AGT Ter TCT AAG il SAA AHr ATA MAT MAA AAG SA AUG AAG lG lGG CCA MAC @4 tEA AbC MAA TPC AMC CT3 TOC PGA GMA MT MAA 2781
Tar Ser Gly lhr Vol Dir Lys Thr Ala Pro Tar Rio Pro GIn Tar Sar- Tar Lys Pio Glu Ilie Ilie Pen Lys Lys Pep lhr Lys Ala Gly PoAs-aPe Glu Ala Ilie Lys Tyr Lys Lou Tar Arg Giu Pen Lys 704

* 0 0 0

ACA ATA bUG GAC CTA TAT GM2 GAG TOG TAT AHr GGT CTG MAC GGT MA rCT bOA ATA MA MA HTG AHT OA.A MT TAT GtE TOG CG A30 TOG AAG GIT NEG GA OAT TCA CAT MT TM lET ACT NGk AG 2913
Thr Ilie Trp Pep Lou Tyfr Ala Giu Trp Tyr Ilie Gly Lou Pen Gly Lys Tar Tar Ilie Lys Lys Lou Ilie Glu Pen Tyr Gly Trp Arg krg Trp Lys Vol TaSr Glu Pesp Tar li PeRio PrioA Thr krg krg 748

0 0 0 0

ATT AHT ATG SAT TAT AHr SM AUG GM TOT SAT CGT lGM ATA AMA CTC GlE NE I ACT MT (XI cm cm COG 430 @0 OAT PTA 0GO MC AHr HTA OTA GGG GAC CTA GkA M TC AGGA0TA MT MAC 3045
iileI ie Sbt Pep Tyr Ilie Glu Thr Giu 0~s Pep krg Gly Ilie Lys Lou Gly Arg Pho Dhr Pein Pro Gin Gin Pro krg Glu Pep Ile k-g Lys Ile Lou VolI Gly Pep Lou Glu Lyse Rio kg Ilie Pen Pen 792

GOT CTG ACT CTG MT ICT CTA TCA JTG T43 MT PAG MT HTA POG MA MT MAC AMC OAA AHT TOT AT fT OAA MAC MI MA MT TGG MAC GIT AGA TCA ATG PCA GMASAP @0 MA HTA MCG TAT TtE 3177
Gly Lou Thr Lou Pesn Tar Lou Tar Lou Tyr PhekAgPesn LouTlhr LysPesn Pen Lys Glu Il Oys Ile PoeiGlu Pen Rio Lys Pen TrpPesn VoI krgTarlbt Thr Glu Giu Glu Lys Lou Lys Tyr Ofs 836

0 0 0 0

AMAPG OGSA CAT MT ACA lEA TCT TM GI1ATbTG4G GTIGTIXIXACMATA3TI CrIPCPMC ATA/DkAE @0ATPA(G AATGTGA HT3GGITATT ACTAIM11A TPAAWTAT ATATACTTAT HTMTATTTA 3324
Lys krg krg '-is Pen lhr Pro Taer. 844

0

TATP1TTUA TGTGTGUACA TA0CTAJI3CG SATGTATICX TATGIOGOA)A TIC 3377

FIG. 9. The nucleotide sequence of the GCRJ structural gene. The nucleotide sequence of 3,377 base pairs of genomic DNA was
determined as described in Materials and Methods. The predicted amino acid sequence from an 844-codon open reading frame is indicated
below the nucleotide sequence.
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activities of other yeast glycolytic enzymes (2, 3) are
also mediated at the level of transcription. Given the obser-
vation that the gcrl-1 mutant allele contains a frameshift
mutation, it is likely that the protein encoded by the mutant
allele is nonfunctional. This suggestion is supported by the
observation that strains carrying a gcrl null mutation have
the same phenotype as gcrl-l strains. The GCRI gene is,
therefore, not essential for cell viability but is required for
efficient and coordinate expression of glycolytic genes.
The specific activities of several glycolytic enzymes in-

crease when strains carrying the gcrl-J mutation are grown
in medium supplemented with maltose (2, 3). Under these
growth conditions, the specific activity of enolase did not
increase appreciably; however, the specific activity of
glyceraldehyde-3-phosphate dehydrogenase increased to
25% of wild-type levels. In vitro translation studies (Fig. 3)
did not support a commensurate 25% increase in glyc-
eraldehyde-3-phosphate dehydrogenase mRNA when cells
were grown in the presence of maltose. We did observe a
three- to fivefold increase in the doubling time of the gcrl-l
mutant strain when 2% maltose was included in medium
containing 2% glycerol plus 2% lactate. The observed in-
crease in the specific activity of glyceraldehyde-3-phosphate
dehydrogenase may have been due to accumulation of
enzyme in these cells rather than a large increase in tran-
scription of the genes.
When EN02 or TDH3 genes were introduced into a gcrl-l

mutant strain on a multicopy episomal plasmid, expression
of these genes was reduced more than 50-fold over that in
wild-type strains. These observations suggested that the
cis-acting sequence which mediate the effect of the GCRJ
gene product on transcription of EN02 and TDH3 are
located within or adjacent to the genes. Expression ofENO]
(Cohen et al., submitted), EN02 (4), and TDH3 (unpublished
data) is positively regulated by cis-acting sequences located
within the 5' flanking regions of these genes. It is possible
that the GCRI gene product modulates the activity of these
cis-acting regulatory sequences. Although the polypeptide
encoded by the GCRI gene does not share significant ho-
mology with any other known DNA-binding proteins, it is
possible that this polypeptide binds to glycolytic gene cis-
acting regulatory sequences analogous to GAL4 protein
binding to the cis-acting regulatory sequences of GAL] (5).
Alternatively, the protein encoded by the GCRJ gene may
modulate binding of another protein to these sequences.
Further studies will be necessary to distinguish between
these possibilities. Regardless of the mechanism of action of
the GCRI protein, it is clear that this protein plays a
significant role in coordinate regulation of transcription of
many yeast glycolytic genes.
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ADDENDUM IN PROOF
Baker (H. V. Baker, Mol. Cell. Biol. 6:3774-3784, 1986)

recently reported the nucleotide sequence of the GCRI
structural gene and characterization of a gcrl null mutation.
Our results and his are in essential agreement.
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