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There are two enolase genes, ENO] and EN02, per haploid yeast genome. Expression of the ENO] gene is
quantitatively similar in cells grown on glucose or gluconeogenic carbon sources. In contrast, EN02 expression
is induced more than 20-fold in cells grown on glucose as the carbon source. cis-Acting regulatory sequences
were mapped within the 5'-flanking region of the constitutively expressed yeast enolase gene ENO]. A complex
positive regulatory region was located 445 base pairs (bp) upstream from the transcriptional initiation site
which was required for ENO] expression in cells grown on glycolytic or gluconeogenic carbon sources. A
negative regulatory region was located 160 bp upstream from the transcriptional initiation site. Sequences
required for the function of this negative regulatory element were mapped to a 38-bp region. Deletion of all or
a portion of these latter sequences permitted glucose-dependent induction of ENO] expression that was
quantitatively similar to that of the glucose-inducible EN02 gene. The negative regulatory element therefore
prevents glucose-dependent induction of the ENO] gene. Hybrid 5'-flanking regions were constructed which
contained the upstream regulatory sequences of one enolase gene fused at a site upstream from the TATAAA
box in the other enolase gene. Analysis of the expression of enolase genes containing these hybrid 5'-flanking
region showed that the positive regulatory regions of ENO] and EN02 were functionally similar, as were the
regions extending from the TATAAA boxes to the initiation codons. Based on these studies, we conclude that
the negative regulatory element plays the critical role in maintaining the constitutive expression of the ENO]
structural gene in cells grown on glucose or gluconeogenic carbon sources.

Enolase is one of the most abundant enzymes in Sac-
charomyces cerevisiae. There are two yeast enolase struc-
tural genes, designated ENO] and EN02, which encode
polypeptides differing in 20 of 436 amino acid residues (3).
The two genes are expressed differentially in vegetative cells
grown on glycolytic or gluconeogenic carbon sources. The
steady-state concentrations of the ENOJ-encoded mRNA
and polypeptide are similar in cells grown on the two carbon
sources, whereas the intracellular concentrations of the
ENO2-encoded mRNA and polypeptide are more than 20-
fold higher in cells grown on glucose than on glycerol plus
lactate (9). We showed previously that transcription of the
ENO2 gene is regulated by upstream activation sequences
located approximately 460 base pairs (bp) upstream from the
transcription initiation site (2). Genetic analysis further
showed that sequences within this regulatory region mediate
the observed glucose-dependent induction of transcription of
ENO2 (2).
Having located the cis-acting sequences which regulate

transcription of the ENO2 structural gene, we were inter-
ested to determine how transcription of the constitutively
expressed ENO] structural gene is regulated. Of particular
interest is the issue of coordinate regulation of transcription
of the two genes. Clifton et al. (1) showed that the specific
activity of enolase and other glycolytic genes is reduced
approximately 50-fold in cells carrying the recessive gcrl-J
mutation. We have shown that the gcrl-J mutation causes a
20- to 50-fold reduction in transcription of both enolase
genes as well as the glyceraldehyde-3-phosphate dehydro-
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genase gene family (4). Based on these observations, it is
clear that transcription of the enolase gene is coordinately
regulated. It is therefore possible that cis-acting regulatory
regions of the two enolase genes have structural or func-
tional similarities.

In this report, we define the locations of cis-acting se-
quences which are involved in regulating transcription of the
ENO] structural gene. Positive regulatory sequences which
are required for ENO] gene expression are located approx-
imately 445 bp upstream from the transcription initiation
site. This regulatory region is functionally similar to the
upstream regulatory region in EN02 and is capable of
mediating glucose-dependent induction of transcription. Ev-
idence is presented that a second regulatory region, located
162 bp upstream from the transcriptional initiation site,
interferes with glucose-dependent induction of transcription
of ENO], resulting in the observed constitutive expression
of the wild-type gene in cells grown on glucose or glycerol
plus lactate.

MATERIALS AND METHODS
Materials. SalI restriction endonuclease linkers were pur-

chased from Collaborative Research, Inc. Oligonucleotide
primers for sequencing deletion mutants were generously
provided by Corey Levinson, Cetus Corp. 125I-protein A was
generously provided by John Hershey, University of Cali-
fornia, Davis.

Strains and growth conditions. S. cerevisiae S173-6B (a
leu2-3 leu2-112 his3-Al trpl-289 ura3-52) was provided by F.
Sherman, University of Rochester. S. cerevisiae S173-LA (a
leu2-3 leu2-112 his3-AJ trpl-289 ura3-52 enol-1) was con-
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FIG. 1. Construction of deletions and Sall insertion mutations
within the 5'-flanking sequences of the ENO] gene. (a) Plasmid
peno46/HIS3 contains the ENO] gene and a yeast HIS3 gene on the
plasmid vector pSF2124. (b) Plasmid peno46H was generated from
plasmid peno46/HIS3 by joining the distal Hindlll sites in the ENOI
coding sequences and removing the BamHI fragment containing the
yeast HIS3 gene. Deletions were generated from the unique XbaI
site in peno46/HIS3 and from the unique HindlIl site in peno46H by
exonuclease III (Exo III) and Si nuclease digestion as described in
Materials and Methods. The exonuclease III- and S1 nuclease-
treated plasmid DNA was ligated in the presence of Sall linkers to
generate a unique SalI site at each deletion endpoint. (c) Plasmids
containing the deletion and Sall insertion mutation within the
5'-flanking region of the ENOI gene were constructed by ligating
DNA fragments A, originated from the deletion mutation con-
structed in peno46/HIS3, to DNA fragments B, originated from the
deletion mutations constructed in peno46H. The endpoints of the
deletion mutations in plasmids peno46/HIS3 and peno46H were
determined by the dideoxy sequencing method (11) with several
oligonucleotide primers complementary to the sequences within the
ENO] 5'-flanking region.

structed from strain S173-6B and carries a deletion of 90% of
the ENO] coding sequences (9). Yeast strains were grown at
30°C in YP medium (1% yeast extract, 2% peptone) or in a

defined medium containing 0.67% yeast nitrogen base with-
out amino acids (Difco Laboratories) supplemented with 2
,ug each of uracil, leucine, and tryptophan per ml. Histidine
(2 ,g/ml) was included in the medium for strains lacking a

functional HIS3 gene. Carbon sources were 2% glucose or
2% glycerol plus 2% lactate.

Construction of deletion and insertion mutations within the
5'-flanking region of the ENO] structural gene. Deletion and
insertion mutations were constructed in the 5'-flanking re-

gion of ENO] by using the linker scanner method of
McKnight and Kingsbury (10). The strategy for constructing
these mutants was similar to the approach used to construct
deletion and insertion mutations in the 5'-flanking region of

EN02 (2). All of the mutations were generated in a region of
ENO] extending from an XbaI cleavage site located at
position -767 relative to the transcription initiation site. The
overall strategy for isolating these deletion and insertion
mutants is outlined in Fig. 1. Plasmid peno46/HIS3 contains
a 4.6-kilobase (kb) segment of yeast genomic DNA which
includes the entire ENO] structural gene ligated by the A/T
tailing method at the EcoRI site of the vector pSF2124 (9).
This plasmid also contains a functional yeast HIS3 gene on a
1.7-kb fragment ligated at the BamHI site of pSF2124. The
first series of deletion mutations was generated from the
unique XbaI site (Fig. la) by using exonuclease III and Si
nuclease as described previously (2). Linear plasmid DNA
was ligated in the presence of a 20-fold molar excess of
phosphorylated Sall linker molecules to create a unique Sall
cleavage site and an 8-bp insertion at the endpoint of each
deletion mutation. A second collection of deletion and
insertion mutations was constructed by using the plasmid
peno46H. This latter plasmid was derived from plasmid
peno46 by removal of four HindlIl fragments from within the
coding sequences of ENO] as described previously (9).
Deletion mutations were generated from the unique HindIII
site at codon 45 in the ENO] coding sequences as described
above (Fig. lb). A SaII linker molecule was inserted at the
endpoint of each deletion mutation. Following transforma-
tion of competent Escherichia coli with ligated DNA derived
from each collection of deletion and insertion mutations,
plasmid DNA was isolated from cloned transformants and
analyzed by restriction endonuclease digestion to determine
the approximate size of the deletion in each isolated plasmid.
The exact endpoints of the deletion mutations in repre-
sentative plasmids were determined by DNA sequence anal-
ysis.
The final construction of deletion and insertion mutations

in the 5'-flanking region of ENO] is outlined in Fig. lc. A
DNA fragment extending downstream from the SailI site to
the SmaI site in the vector was isolated from a plasmid
derived from the second collection of deletion mutants
(fragment B, Fig. lb). Approximately equimolar amounts of
the two DNA fragments were ligated and used to transform
competent E. coli. By isolating the two SmaI-SalI fragments
from plasmids containing deletion mutations of known size,
it was possible to generate a deletion or insertion mutation of
known dimensions at any position within the 5'-flanking
sequences of ENOI. The final SmaI-Sall fusion step also
restored the HIS3 gene in the vector. This strategy was used
to construct deletions extending from position -767 toward
the translational initiation codon by using an SmaI-Sall
fragment (fragment B) isolated from peno46/His3, in which
the Sall linker was inserted at the XbaI site.

Analysis of expression of mutant ENO] genes. S. cerevisiae
S173-LA was transformed to histidine prototrophy by the
procedure of Ito et al. (6) with plasmids containing the
deletion and insertion mutations described in the preceding
section. Supercoiled plasmids or plasmids linearized with
XbaI were used in the transformation. In each case, expres-
sion of the mutant ENO] gene was analyzed in at least three
independent transformants. Total cell protein was extracted
from cells grown to early log phase by vortexing in the
presence of glass beads as described previously (2). Western
blotting (immunoblotting) analysis was carried out after
one-dimensional sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis with a rabbit polyclonal antibody
which cross-reacts with the enolase 1 and enolase 2 poly-
peptides (2, 9). The steady-state concentration of the enolase
1 polypeptide was measured relative to the enolase 2 poly-
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peptide encoded by the resident EN02 structural gene.
Quantitation of the amount of enolase 1 polypeptide relative
to enolase 2 polypeptide was carried out by the method of
Howe and Hershey (5). Sections of the 125I-labeled im-
munoblot corresponding to the enolase 1 and 2 polypeptides
as well as sections representative of the background were
sliced, and the amount of 1251 in each section was determined
with a Tracor 1197 gamma counter.

Southern blotting analysis was carried out with genomic
DNA isolated from at least one transformant obtained after
transformation with plasmids carrying each deletion and
insertion mutation as described previously (2). This analysis
confirmed that the entire plasmid was recombined at the
ENO] locus of the recipient strain. As in the case of
integration of hybrid EN02-ENOI genes at the ENO] locus
(2), the orientation of the incoming mutant gene relative to
the resident enol deletion was always such that normal
ENO] chromosomal sequences were 5' to the mutation. In
the case of transformations with supercoiled plasmids, we
assume that this preferred orientation of integration is due to
the presence of an efficient recombination site upstream
from the XbaI site in peno46/His3.
The intracellular concentration of ENO] mRNA was

determined by Northern blotting analysis as described pre-
viously (2). A hybridization probe complementary to the 3'
untranslated portion of ENO] mRNA was used for this
analysis. This probe was prepared by nick-translation of a
1.4-kb HindlIl-EcoRI fragment of DNA isolated from plas-
mid peno46 (2, 3).

Construction of ENOI-EN02 and EN02-ENOI gene fu-
sions. Fusions between the 5'-flanking sequences of EN02
and ENO] were constructed by ligating segments of the
5'-flanking region of one enolase gene at sites upstream from
the TATAAA box in the second enolase gene. Genes con-
taining ENOI-EN02 hybrid 5'-flanking regions were con-
structed in the following manner. A plasmid, designated
penoFl, was constructed as previously described (2). This
plasmid was derived from plasmid peno46/HIS3 by replacing
ENO] sequences extending from the XbaI site at position
-767 to the HindlIl site at codon 45 with EN02 sequences
extending from an XbaI site at position -1300 to a homolo-
gous HindIlI site at codon 45. We showed previously (2) that
this gene fusion encodes the enolase 1 polypeptide and that
regulation of expression of this gene fusion is quantitatively
the same as the EN02 gene. A penoFl plasmid containing a
Sall linker insertion at position -229 was constructed as
described previously (2). EN02 sequences in this latter
plasmid extending from the XbaI site at position -1300 to
the Sall site at position -229 were replaced with ENO]
sequences extending from the XbaI site at position -767
variable distances toward position -121.
Genes containing EN02-ENOI hybrid 5'-flanking regions

were constructed by the following procedure. Plasmid
peno46/HIS3, containing a Sall linker insertion at position
-121, was constructed as described above. ENO] se-
quences in this plasmid, extending from the XbaI site at
position -767 to the Sail site at position -121, were
replaced with EN02 5'-flanking sequences extending from
an XbaI site at position -1300 variable distances toward
position - 190.

Expression of both series of genes containing hybrid
5'-flanking sequences was monitored by Western blotting of
whole-cell extracts isolated from transformants carrying
each hybrid gene integrated at the ENO] locus of the enol
recipient yeast strain S173-LA.
DNA sequencing. The DNA sequence of the ENO] 5'-

flanking region between the XbaI site at position -767 and
the translation initiation codon was determined on both
strands by the method of Maxam and Gilbert (8). Routine
identification of the endpoints of deletion and insertion
mutations within the 5'-flanking region of ENO] was deter-
mined by the dideoxy sequencing method (11) with several
synthetic oligonucleotide primers complementary to se-
quences on each strand of the ENO] 5'-flanking region.

RESULTS

Mapping of the 5' and 3' boundaries of the cis-acting
regulatory sequences within the 5'-flanking region of ENO].
To locate cis-acting sequences which regulate expression of
the ENO] structural gene, plasmids carrying deletion muta-
tions within the 5'-flanking region of the cloned gene were
constructed as described in Materials and Methods (Fig. 1).
Previous studies with an EN02-ENOJ gene fusion in which
ENOI 5'-flanking sequences extending from an XbaI cleav-
age site at position -767 to the translation initiation codon
were replaced with the 5'-flanking region of the EN02
structural gene suggest that cis-acting sequences which
regulate ENO] expression reside between the XbaI site and
the initiation codon. The nucleotide sequence of this region
is shown in Fig. 2. Plasmids containing deletion and insertion
mutations within the ENO] 5'-flanking region and a select-
able yeast HIS3 structural gene were used to transform a
recipient strain (enol his3) carrying a deletion of 90% of the
coding sequences of the resident ENOI gene. Expression of
each mutant ENOI gene was monitored in at least three
independent transformants by Western blotting following
one-dimensional SDS-polyacrylamide gel electrophoresis of
whole-cell extracts prepared from early-log-phase cultures.
The steady-state concentration of the enolase 1 polypeptide
was determined relative to the concentration of the enolase
2 polypeptide encoded by the resident EN02 gene. Southern
blotting analysis was carried out on genomic DNA isolated
from at least one transformant to confirm that the entire
plasmid was integrated at the ENO] locus of the recipient
strain and that the orientation of the integration was such
that normal ENO] chromosomal sequences flanked the
mutant ENO] gene being analyzed.
To map the apparent 5' boundaries of cis-acting regulatory

sequences, a series of deletion and insertion mutations were
analyzed which extended from the XbaI site at position -767
variable distances toward the translation initiation codon.
The coordinates of these mutations are illustrated in Fig. 3.
The Western blotting analyses for representative mutants
are shown in Fig. 4. Expression of ENO] genes carrying
deletion mutations extending from position -767 to position
-447 was similar to the wild-type gene in cells grown on
glycerol plus lactate (Fig. 4) and glucose (data not shown).
ENOI genes containing deletions extending from position
-767 to position -442 and beyond to position -212 were not
expressed at detectable levels (Fig. 4). These data mapped
the apparent 5' boundary of a positive regulatory region
between positions -447 and -442. Interestingly, ENO]
genes containing deletions extending from position -767 to
position -182 and beyond to position -121 were expressed
at near wild-type levels in cells grown on glycerol plus
lactate (Fig. 4). We presume that deletion of these latter
sequences allows a putative positive regulatory element
located upstream from the XbaI site at position -767 to
activate ENO] expression. Evidence is presented below that
the 5' boundary of a negative regulatory region is located
between positions -121 and -182. Deletions extending to
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Xba I

TCTAGAGTTACCACTA
AGATCTCAATGGTGAT

-760

GTCAGATGCCGCGGGCACTTGAGCACCTCATGCACAGCAATAACACAACACAATGGTTAGTAGCAACCTGAATTCGGTCATTGATGCA
CAGTCTACGGCGCCCGTGAACTCGTGGAGTACGTGTCGTTATTGTGTTGTGTTACCAATCATCGTTGGACTTAAGCCAGTAACTACGT

-750 -740 -730 -720 -710 -700 -690 -680 -670

TGCATGTGCCGTGAAGCGGACAACCAGAAAGTCGTCTATAAATGCCGGCACGTGCGATCATCGTGGCGGGGTTTTAAGAGTGCATAT
ACGTACACGGCACTTCGCCTGTTGGTCTTTTCAGCAGATATTTACGGCCGTGCACGCTAGTAGCACCGCCCCAAAATTCTCACGTATA

-660 -650 -640 -630 -620 -610 -600 -590 -580

CACAAATTGTCGCATTACCGCGGAACCGCCAGATATTCATTACTTGACGCAAAAGCGTMTGAAATAATGACGAAAAAGAAGGAAGAAA
GTGTTTAACAGCGTAATGGCGCCTTGGCGGTCTATAAGTAATGAACTGCGTTTTCGCAAACTTTATTACTGCTTTTTCTTCCTTCTTT

-570 -560 -550 -540 -530 -520 -510 -500 -490

AAAAAAAATACCGCTTCTAGGCGGGTTATCTGCTAATCCGAGCTTCCACTAGGATAGCACCCAAACACCTGCATATTTGGACGA
TTTTTTCTTTTTATGGCGAAGATCCGCCCAATAGACGATTAGGCTCGAAGGTGATCCTATCGTGGGTTTGTGGACGTATAAACCTGCT

-480 -470 -460 -450 -440 -430 -420 -410

CCTTTACTTACACCACCAAAAACCACTTTCGCCTCTCCCGCCCCTGATAACGTCCACTAATTGAGCGATTACCTGAGCGGTCCTCTTT
GGAAATGAATGTGGTGGTTTTTGGTGAAAGCGGAGAGGGCGGGGACTATTGCAGGTGATTAACTCGCTAATGGACTCGCCAGGAGAAA

-400 -390 -380 -370 -360 -350 -340 -330 -320

TGTTTGCAGCATGAGACTTGCATACTGCAAATCGTAAGTAGCAACGTCTCAAGGTCAAAACTGTATGGAAATCTTGTCACCTCACCTA
ACAAACGTCGTACTCTGAACGTATGACGTMTAGCATTCATCGTTGCAGAGTTCCAGTTTTGACATACCTTTAGAACAGTGGAGTGGAT
-310 -3 00 -290 -280 -270 -260 -250 -240 -230

ATTCTAGCTAGCCTACCCTGCAAGTCAAGAGGTCTCCGTGATTCCTAGCCACCTCAAGGTATGCCTCTCCCCGGAACTGTGGCCTTTT
TAAGATCGATCGGATGGGACGTTCAGTTCTCCAGAGGCACTAAGGATCGGTGGAGTTCCATACGGAGAGGGGCCTTGACACCGGAAAA

-220 -210 -2 00 -1 90 -18 -170 -160 -150 -140

CTGGCACACATGATCTCCACGATMTCAACATATAAATAGCTTTTGATAATGGCAATATTAATCAAATTTATTTTACTTCTTTCTTGTA
GACCGTGTGTACTAGAGGTGCTAAAGTTGTATATTTATCGAAAACTATTACCGTTATAATTAGTTTAAATAAAATGAAGAAGAACAT

-130 -120 -110 -100 -90 -80 -70 -60 -50

ACATCTCTCTTGTAATTCCTTATTCCTTCTAGCTATTTTTCATAAAAAACCAAGCAACTGCTTATCAACACACAAACACTAAATCAAA ATG
TGTAGAGAGAACATTAAGGAATAAGGAAGATCGATAAAAAGTATTTTTTGGTTCGTTGACGAATAGTTGTGTGTTTGTGATTTAGTTT

-40 -30 -20 -10 +1

FIG. 2. Nucleotide sequence of the ENO] 5'-flanking region. The nucleotide sequence of the ENO] 5'-flanking region extending from the
XbaI cleavage site 767 bp upstream from the transcription initiation site to the translation initiation codon was determined on both strands
by the method of Maxam and Gilbert (8). The nucleotide sequence is numbered from the first nucleotide of the transcript synthesized in vivo
from the ENO] gene (arrow) 40 bp upstream from the translation initiation codon.

position -100 and beyond were not expressed at detectable
levels, suggesting that the TATAAA box located immedi-
ately upstream from position -100 is required for ENO]
expression.
The apparent 3' boundaries of these cis-acting regulatory

regions were mapped by analyzing the expression of the
ENO] gene containing deletion and insertion mutations
extending from position -121 variable distances toward the
XbaI site at position -767. The coordinates of these muta-
tions are shown in Fig. 3, and Western blots for repre-
sentative mutants are illustrated in Fig. 5. An ENO] gene
containing a deletion extending from position -121 to posi-
tion -126 was expressed at the same level as the wild-type
gene in cells grown on glucose or glycerol plus lactate.
ENO] genes containing deletion mutations extending from

position -121 to positions -166 and -195 were expressed
normally in cells grown on glycerol plus lactate; however,
they were expressed at elevated levels in cells grown on
glucose. These data mapped the apparent 3' boundary of the
negative regulatory region between positions -126 and
-166. The data also suggest that this negative regulatory
region interferes with glucose-dependent induction of
ENO]. ENO] genes containing deletions extending from
position -121 to positions -276, -415, and -440 were
expressed normally in cells grown in glycerol plus lactate
and at only slightly elevated levels in cells grown on glucose.
Deletion of sequences between positions -121 and -489
abolished expression of the gene. These data mapped the
apparent 3' boundary of a positive regulatory region between
positions -440 and -489.

MOL. CELL. BIOL.



ENOI TRANSCRIPTION MEDIATED BY cis-ACTING SEQUENCES

Fine-structure deletion mapping of the positi
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FIG. 4. Mapping the 5' boundary of cis-acting sequences re-

quired for expression of the ENOI gene. Plasmids containing
deletions within the 5'-flanking region of the ENOI gene extending
from position -767 variable distances toward the translation initia-
tion codon were integrated at the ENOI locus of strain S173-LA.
Expression of each mutant ENOI gene was analyzed by Western
blotting of whole-cell extracts obtained from log-phase cells grown
on glycerol plus lactate as described in Materials and Methods. The
deletion mutations extended from position -767 to the position
indicated below each lane. Extracts obtained from strain S173-6B
(WT) and strain S173-LA (M) were analyzed as controls. The
positions of the enolase 1 and enolase 2 polypeptides are indicated.

5' boundary of unless the negative regulatory sequences are removed. As
tween positions described earlier (Fig. 4), ENOI genes containing deletions
ences upstream extending from position -182 to -767 were expressed, and
ssion of ENOI the expression was presumed to be dependent on sequences

located upstream from position -767. ENO] genes contain-
ing deletions extending from position -182 to -489, how-
ever, were not expressed at detectable levels (Fig. 5). Based
on these data and those shown in Fig. 6, we suggest that

TATAAA

T^TA_Tr. sequences immediately upstream from position -440 can
-106 +1+40 activate transcription of the ENO] gene in the absence of the

negative regulatory region.
To further define the negative regulatory region within the

5'-flanking sequences ofENO], a series of small deletion and
insertion mutations were constructed between positions
-276 and - 121. The coordinates of these deletion mutations
are illustrated in Fig. 7. None of the mutations affected
expression of ENOI in cells grown on glycerol plus lactate.
However, the mutations defined sequences which interfered
with glucose-dependent induction of ENO] expression. Re-
moval of sequences between positions -143 and -121 had

-| no effect on ENOI expression in cells grown on glucose. In
contrast, deletions which removed all or a portion of the

N sequences between positions -178 and - 143 resulted in an
average 10-fold increase in expression of ENO] relative to
the wild-type gene in cells grown on glucose. ENOI genes

GLYCEROL / LACTATE

1 _

+

100 bp

FIG. 3. Deletion and Sall insertion mutations within the 5'-
flanking region of ENO]. The solid line represents the ENOI
5'-flanking region. The bars below show the extent of each deletion.
Each mutation contains a Sall linker between the deletion
endpoints. The coordinates of the deletion endpoints are numbered
relative to the last ENO] nucleotide remaining at each endpoint and
are shown at the left of the figure. Asterisks indicate endpoints
which were not determined by DNA sequencing. Expression of each
mutant ENO] gene was monitored by Western blotting analysis of
transformant strains as described in Materials and Methods. Sym-
bols: +, expression in cells grown on glucose or glycerol plus
lactate; -, no detectable expression in cells grown on glucose or

glycerol plus lactate.

GLUCOSE

1=-_-_w
WT M -126 -166 -195 -276 -415 -440 -489

FIG. 5. Mapping the 3' boundaries of cis-acting sequences re-
quired for expression of the ENOI gene. Plasmids containing
deletions within the 5'-flanking region of the ENO] gene extending
from position -121 variable distances toward position -767 were
integrated at the ENO] locus of strain S173-LA. Expression of each
mutant ENOI gene was analyzed by Western blotting of whole-cell
extracts obtained from log-phase cells grown on glycerol plus lactate
or glucose. The deletion mutations extended from position -121 to
the position indicated below each lane. Extracts from strain S173-6B
(WT) and strain S173rLA (M) were used as controls. The positions
of the enolase 1 and enolase 2 polypeptides are indicated.
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GLYCEROL /LACTATE

1~~~~~~~~~~~~~~.2 .A oll Wile

GLUCOSE

WT M -489/-475 -48'9/-442 -4891-3639

GLYCEROL /LACTATE

GLUCOSE

WT M -489J-447 -440/-369 -440/-212 -440f-182

FIG. 6. Expression of the ENO] genes containing mutations
within the UASs. Plasmids containing deletions within the upstream
regulatory region were integrated at the ENO] locus of strain
S173-LA. Expression of each mutant gene was monitored in log-
phase cells grown on glycerol plus lactate or glucose after Western
blotting of whole-cell extracts. The endpoints of each deletion
mutation are indicated below each lane. Extracts from strain
S173-6B (WT) and S173-LA (M) served as controls. The positions of
the enolase 1 and enolase 2 polypeptides are indicated.

containing deletions of sequences between positions -276
and -181 were expressed at three- to fivefold higher levels
than the wild-type gene in cells grown on glucose. One
exception to these observations was a deletion between
coordinates -195 and -173. This deletion resulted in a
5-fold increase in ENO] expression, whereas a deletion
between -178 and -173 resulted in a 13-fold increase in
ENO] expression. We have no explanation for this anoma-
lous observation. The results summarized in Fig. 7 are
consistent with those shown in Fig. 4 and 5 and defined a

tiegative regulatory region located between positions -181
and - 143.
To determine whether the positive and negative regulatory

regions within the 5'-flanking sequences of ENO] regulate
transcription of the gene, Northern blotting analysis was
carried out on total cellular RNA isolated from strains
carrying representative deletion and insertion mutations in
ENO]. A hybridization probe complementary to the 3'

untranslated portion of ENO] mRNA was used for this
analysis. Northern blots of representative mutants are
shown in Fig. 8. The steady-state concentration of ENO]
mRNA in strains carrying deletion mutations with coordi-
nates -489 to -447 and -440 to -182 was indistinguishable
from that in the wild type. Strains carrying deletion and
insertion mutations with coordinates -489 to -442, -440 to
-369, and -440 to -212 contained undetectable levels of
ENO] mRNA. Finally, a strain carrying the -195 to -121
deletion mutation contained more than fivefold-higher con-
centration of ENO] mRNA than the wild-type parental
strain when cells were grown in a medium containing glu-
cose. All of these data were consistent with the Western
blotting data shown in Fig. 5 and 6, indicating that the
positive and negative cis-acting regulatory sequences mod-
ulate transcription of the ENO] gene.
Comparison of the functional properties of the upstream

regulatory regions of ENOl and EN02. The functional prop-
erties of the upstream regulatory sequences within the
5'-flanking sequences of ENO] and EN02 were compared
by monitoring expression of heterologous gene fusions con-
taining the upstream regulatory region from one enolase
gene fused to the promoter region of the second enolase
gene. The locations of the upstream activation sequences
(UASs) and upstream repression sequences (URSs) in ENO]
and EN02 are illustrated in Fig. 9. The presence of more
than one UAS element in ENO] was inferred from the
deletion mapping described above.

In the first series of experiments, a tribrid gene fusion was
constructed. This gene fusion contained ENO] 5'-flanking
sequences extending from an XbaI cleavage site at position
-767 variable distances toward position -126. These ENO]
sequences were ligated at a position 229 bp upstream from
the EN02 transcriptional initiation site to generate an
ENOJ-EN02 hybrid 5'-flanking sequence. This hybrid 5'-
flanking region was then ligated to the ENO] coding se-
quences and 3'-flanking sequences at a homologous HindIlI
site at codon 45 in the ENO] coding sequences. These tribrid
gene fusions encoded the enolase 1 polypeptide. Expression
of these genes was monitored by Western blotting analysis of
whole-cell extracts prepared from transformants carrying
the tribrid gene fusion integrated at the ENO] locus of the
ENO] recipient strain. As illustrated in Fig. 10, tribrid genes
containing ENO] 5'-flanking sequences extending from po-
sition -767 to position -440 and beyond to position -126
directed the synthesis of enolase 1 polypeptide at the same
level as the endogenous EN02 gene when cells were grown
in a medium containing glycerol plus lactate as the carbon
source. A gene which contained ENO] 5'-flanking sequences
extending from position -767 to position -489 did not direct
the synthesis of detectable enolase 1 when cells were grown
on glycerol plus lactate or on glucose. This latter gene lacked
the ENO] upstream activation and repression sequences.
Tribrid genes containing ENO] sequences extending from
-767 to positions -415, -276, and -195 directed the
synthesis of enolase 1 at levels comparable to the endoge-
nous enolase 2 polypeptide when cells were grown in the
presence of glucose. These genes lacked the upstream re-
pression sequences located at position -162. A gene con-
taining ENO] sequences extending from position -767 to
position -126 directed the synthesis of enolase 1 at levels
comparable to the wild-type ENO] gene. This gene con-
tained the upstream repression sequences. Expression of the
tribrid gene fusions (Fig. 10) was qualitatively and quantita-
tively similar to that of the ENO] gene deletions described in
Fig. 3. These data demonstrated that ENO] sequences
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FIG. 7. Deletion mapping of the URSs in the ENO] gene. The line at the top represents the ENOI 5'-flanking region. The bars below
indicate the extent of each deletion. Each mutant contains a Sall linker between the deletion endpoints. The coordinates of the deletion
endpoints are numbered relative to the last ENOI nucleotide remaining at each endpoint and are shown on the left. Expression of each mutant
gene was monitored in cells grown on glucose by Western blotting analysis. The amounts of enolase 1 and enolase 2 were quantified as

described in Materials and Methods; lx indicates wild-type levels of expression of the ENOI gene in cells grown on glucose.

located upstream from position -126 were sufficient to
confer accurate transcriptional regulation on the heterolo-
gous EN02 promoter sequences.
A second series of gene fusions were constructed which

contained EN02 5'-flanking sequences extending from an
XbaI site located at position -1300 variable distances
toward position -190. These EN02 sequences were ligated
at a position 121 bp upstream from the ENO] transcription
initiation site. Fused genes containing EN02 5'-flanking
sequences extending from position -1300 to positions -351
and -190 directed the synthesis of enolase 1 polypeptide at
levels comparable to the endogenous enolase 2 polypeptide
when cells were grown on a medium containing either
glycerol plus lactate or glucose as the carbon source (Fig.
10). A gene containing EN02 5'-flanking sequences extend-
ing to position -479 failed to direct the synthesis of detect-
able enolase 1 polypeptide when cells were grown on either
carbon source (Fig. 10). This latter gene lacked both of the
EN02 UASs. These results confirm that the EN02 UASs
are sufficient to confer accurate transcriptional regulation on
the heterologous ENOI promoter.

EN01

A a B b C c D d E F G H I

FIG. 8. Northern blot analysis of strains carrying deletion muta-
tions within the 5'-flanking sequences of the ENOI structural gene.
Northern blotting was performed with 5-p.g samples of total cellular
RNA isolated from log-phase wild-type and mutant strains grown in
a medium containing glycerol plus lactate or glucose. A hybridiza-
tion probe complementary to the 3' untranslated portion of ENOI
mRNA was used. The position of the ENOI mRNA is indicated. A
second, nonenolase mRNA which also hybridized with the probe
was used as an internal control (band X). Uppercase letters indicate
RNAs isolated from strains grown on glycerol plus lactate; lower-
case letters indicate RNAs isolated from strains grown on glucose.
Lanes: A and a, strain S173-6B; B and b, strain S173-LA; C and c,
mutant (-126/-121); D and d, mutant (-195/-121); E, mutant
(-489/-447); F, mutant (-489/-442); G, mutant (-440/-369); H,
mutant (-440/-212); I, mutant (-440/-182).

DISCUSSION
The deletion mapping studies described in this report

established the location of positive and negative regulatory
regions within the 5'-flanking sequences of the ENOI struc-
tural gene. The positive regulatory region appeared to be
complex. A functional UAS was located immediately down-
stream from a position 447 bp upstream from the transcrip-
tion initiation site. Our results further suggest that UAS
regions located immediately upstream from position -440
and upstream from position -767 can activate transcription
of the ENO] gene but only in the absence of URS located
approximately 162 bp upstream from the transcription initi-
ation site. Multiple UASs were also identified within the
5'-flanking sequences of EN02 (2).
The surprising observation regarding the regulation of

expression of the ENOI gene was the presence of a URS.
Deletion of this URS region permitted glucose-dependent
induction of ENO] which was quantitatively similar to that
of the glucose-inducible EN02 gene. The URS therefore
appears to be the crucial regulatory element for maintaining
constitutive expression of the ENOI gene in cells grown on
gluconeogenic or glycolytic carbon sources. The relative
spacing between URS sequences and the UAS region or the
TATAAA box in ENO] could be varied without significantly
affecting URS function. Furthermore, the URS sequence
contained within a segment of DNA which included the
ENOI UAS region functioned normally when placed up-

ENO 1
mRNA

UAS UAS URS TATAAA FI~S----- ATG
-445 -162 -106 + +40

ENO 2
mRNA

UAS UAS TATAAA ATG
-461 -151 +1 +36

FIG. 9. cis-Acting regulatory regions of the ENOI and EN02
genes. Locations of the cis-acting regulatory regions within the
5'-flanking region of ENO] were deduced as described in Results.
The locations of the cis-acting regulatory sequences in EN02 were
determined previously (2).
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FIG. 10. Expression of enolase genes containing hybrid 5'-
flanking sequences. Hybrid 5'-flanking regions were constructed as
described in Materials and Methods by fusing the upstream regula-
tory region of one enolase gene at a site upstream from the
TATAAA box in the other enolase gene. (A) ENOI-ENO2 gene
fusions contained ENO] sequences extending from an XbaI site at
position -767 to the positions indicated below each Westem blot
joined at a site 229 bp upstream from the EN02 transcription
initiation site. This hybrid 5'-flanking region was ligated to the
ENOI coding sequences to generate a tribrid gene which encoded
the enolase 1 polypeptide. (B) EN02-ENOJ gene fusions contained
EN02 sequences extending from an XbaI site at position -1300 to
the positions indicated below each Western blot joined at a site 121
bp upstream from the ENO] transcription initiation site. Western
blotting was carried out with extract prepared from yeast transform-
ants, grown in a medium containing the indicated carbon source,
carrying each hybrid enolase gene. Extracts from strain S173-6B
(WT) and strain S173-LA (M) were used as controls. The positions
of the enolase 1 and enolase 2 polypeptides are indicated.

stream from the EN02 TATAAA box (Fig. 10). We did not
observe a strict spacing requirement between the ENO]
UASs and the TATAAA box; however, we did observe
diminished glucose-dependent induction of gene expression
when these activation sequences were brought within ap-
proximately 200 bp of the ENO] TATAAA sequence (Fig. 5)
or the EN02 TATAAA sequence (Fig. 10). A similar spacing
effect was observed for the EN02 gene (2).
The ability of the URS to regulate gene expression appears

to be highly dependent on the nature of the UASs. Deletion
of URS alone permitted glucose-dependent induction of
ENO] expression but had no effect on gene expression in
cells grown on glycerol plus lactate as the carbon source. In
contrast, ENO] genes carrying deletions which removed

sequences located downstream from position -440 were not
expressed at detectable levels in cells grown on glycerol plus
lactate or glucose unless the URS was also deleted. We have
obtained preliminary evidence that insertion of the ENO]
URSs between the complete UAS region of EN02 and its
TATAAA box has no effect on expression of the EN02 gene
in cells grown on glucose or glycerol plus lactate. Taken
together, these data suggest that the URS interferes with the
ability of the UAS regions to activate gene expression and
that the extent of this URS effect is dependent on the nature
of the UASs.
Negative regulatory sequences have been described

within the 5'-flanking sequences of the yeast MATotl (12),
CARl (13), CYC7 (14), and STE6 (7) genes. In MATotJ and
CARl, the URSs are located between the UAS region and
the TATAAA box. In the CARl gene, a point mutation
within the putative URS leads to constitutive expression of
the gene (13). Interestingly, CAR) sequences surrounding
the site of this point mutation have significant nucleotide
sequence homology with the core URSs from ENO]. It is
therefore possible that putative trans-acting regulators of the
ENO] URS also mediate repression of other yeast structural
genes. Such a role has already been established for the
MATa2 gene product, which coordinately represses expres-
sion of yeast a-specific genes (7).

Analysis of expression of enolase genes containing hybrid
5'-flanking regions (Fig. 10) confirmed that the ENO] UASs
and URS were sufficient to confer ENOJ-like transcriptional
regulation on the EN02 promoter. These studies also
showed that the UASs of ENO] and EN02 are functionally
similar. The observation that the upstream regulatory re-
gions from either gene directed quantitatively similar levels
of gene expression regardless of which enolase promoter
region was used further suggests that the two enolase
promoter regions, extending from sites upstream from the
respective TATAAA boxes to the translation initiation
codons, are functionally similar. We compared the nucleo-
tide sequences of the ENO] and EN02 UASs. There were
some short (6 to 8 bp) homologies among the sequences;
however, additional studies will be necessary before func-
tional significance can be assigned to these observations. It
is tempting to speculate that sequences which are involved in
coordinate regulation of expression of the two enolase genes
are located within these UASs, since these regulatory se-
quences are required for expression of each enolase gene
and because these regulatory sequences are functionally
similar. Additional experiments will be necessary to confirm
this point.
The results described in this report define transcriptional

regulatory sequences within the ENO] 5'-flanking region
extending 767 bp upstream from the transcription initiation
site. It is possible that other, as yet unidentified regulatory
sequences reside further upstream from the gene. We did
observe expression of the ENO] gene when sequences
extending from position -767 to position -182 and beyond
to position -121 were deleted from the 5'-flanking region
(Fig. 3 and 4). These observations suggest that there is
another UAS region located upstream from position -767.
Our results do not unequivocally distinguish between the
fortuitous action of a UAS region from another gene and a
second ENO] UAS region. It should be pointed out, how-
ever, that small deletions which removed the UAS se-
quences between positions -478 and -442 and beyond
abolished transcription of the ENO] gene. This observation
suggests that the observed expression ofgenes carrying large
deletions extending from position -767 may be fortuitous.
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