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The GCRI gene product is required for maximal transcription of yeast glycolytic genes and for growth of
yeast strains in media containing glucose as a carbon source. Dominant mutations in two genes, SGCI and
SGC2, as well as recessive mutations in the SGC5 gene were identified as suppressors of the growth and
transcriptional defects caused by a gcr! null mutation. The wild-type and mutant alleles of SGCI were cloned
and sequenced. The predicted amino acid sequence of the SGC1 gene product includes a region with substantial
similarity to the basic-helix-loop-helix domain of the Myc family of DNA-binding proteins. The SGCI-1
dominant mutant allele contained a substitution of glutamine for a highly conserved glutamic acid residue
within the putative basic DNA binding domain. A second dominant mutant, SGCI-2, contained a valine-for-
isoleucine substitution within the putative loop region. The SGCI-1 dominant mutant suppressed the GCRI
requirement for enolase, glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase, phosphoglyc-
erate mutase, and pyruvate kinase gene expression. Expression of the yeast enolase genes was reduced three-
to fivefold in strains carrying an sgc null mutation, demonstrating that SGC1 is required for maximal enolase
gene expression. Expression of the enolase genes in strains carrying gcrl and sgcl double null mutations was
substantially less than observed for strains carrying either null mutation alone, suggesting that GCRI and

SGCI function on parallel pathways to activate yeast glycolytic gene expression.

GCRI is a positive regulatory gene required for maximal
expression of many yeast glycolytic genes (14). The steady-
state levels of glycolytic mRNAs are reduced 5- to 50-fold in
strains carrying a gcrl null mutation, indicating that the GCRI
gene product affects transcription of glycolytic genes (23).
Analysis of total yeast cellular proteins by two-dimensional
electrophoresis showed that the steady-state levels of a large
number of yeast proteins are affected by a gcrl null mutation,
suggesting that GCRI encodes a global regulator of yeast gene
expression (23). GCR1 protein binds to a CTTCC sequence
motif (3, 24) located within the upstream regulatory sequences
of glycolytic genes that are regulated by GCRI. The impor-
tance of GCR1 binding sites for activation of transcription has
been directly demonstrated. Specifically, two GCR1 binding
sites within the upstream activation sequences (UASSs) of the
yeast TPI1 gene (31) and a GCR1 binding site within the UASs
of the yeast ENO2 gene (36) are required for GCRI-depen-
dent activation of transcription.

GCR1 binding sites are usually located adjacent to binding
sites for the abundant DNA-binding protein RAP1. For the
ENOI, ENO2, TPI1, PYKI, PGKI1, and TDH3 genes, the CT-
TCC sequence motif is required along with an adjacent RAP1
binding site for maximal UAS activity (5, 8, 13, 31, 36). These
observations suggest that GCR1 and RAP1 proteins cooperate
to activate gene expression. The GCR2 gene product is also
required for maximal expression of yeast glycolytic genes (33).
Using a two-hybrid assay, Uemura and Jigami obtained evi-
dence that the GCR1 and GCR2 proteins interact with each
other, suggesting that a GCR1-GCR2 complex may be respon-
sible for transcriptional activation (34).
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To further define the mechanism of GCRI-dependent acti-
vation of gene expression, suppressors of the requirement for
GCRI were isolated and characterized. We show here that
dominant, gain-of-function mutations in a gene designated
SGC1 (suppressor of gcrl) suppressed the growth, transcrip-
tion, and sporulation defects caused by a gerl null mutation.
We also show that the SGC! gene product contains a region of
strong amino acid sequence similarity to the basic-helix-loop-
helix domain of the Myc family of DNA-binding proteins and
that two dominant SGCI mutations reside within the basic-
helix-loop-helix domain.

MATERIALS AND METHODS

Strains and growth conditions. All yeast strains used are listed in Table 1.
Saccharomyces cerevisiae S173-6B and S173-29A were provided by F. Sherman,
University of Rochester, Rochester, N.Y. Other yeast strains used for the anal-
yses described here were constructed as described below. Two gcrl null muta-
tions were used in the analyses. The gcr-1 mutation (14) contains a single base
pair insertion mutation within the GCRI coding sequences (23). A second ger!
null mutation, ger/A::URA3, contains a deletion of 90% of the GCRI coding
sequences and an insertion of a functional URA3 gene at the site of the deletion
mutation (23). Both null mutations are stable and exhibit the same phenotypes
(23).

YPd medium contained 1% yeast extract, 2% Bacto Peptone (Difco Labora-
tories), and 2% glucose. YPgl was identical to YPd except that 2% glycerol and
2% lactate were used as carbon sources. YNBd medium contained 0.67% yeast
nitrogen base without amino acids (Difco Laboratories) and 2% glucose, sup-
plemented with 20 pg of amino acids per ml as indicated. YNBgl medium was
identical to YNBd except that 2% glycerol and 2% lactate were used as carbon
sources. Yeast strains were grown at 30°C and harvested in early log growth
phase (Aggo = 0.5).

Diploid cells were generated by mating of haploid strains of opposite mating
types and selected on plates by using complementing auxotrophic markers or by
microdissection of zygotes. Sporulation of diploid strains was performed by
patching cells on agar plates containing 1% potassium acetate. Yeast transfor-
mations were performed by the alkaline cation procedure described by Ito et al.
(25).
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TABLE 1. Strains used in this study

Strain Genotype Source
S173-6B a GCRI SGCI leu2-3 leu2-112 his3-1 trp1-289 ura3-52 F. Sherman
S173-29A a GCRI SGCI ade2 leu2-3 leu2-112 his3-1 trp1-289 F. Sherman
BK11 a GCRI SGCI his3-1 trp1-289 ura3-52 ENOI::pENOlac-2 This work
NPT7 a gerlAt:URA3 SGC1 leu2-3 leu2-112 trp1-289 ura3-52 ENO1::pENOlac-2 This work
NPT13 a gerl A::URA3 SGCI ade?2 trp1-289 ura3-52 ENOI1::pENOlac-2 This work
TY100 a gerl-1 SGC1 enolA::URA3 leu2-112 his3-1 trp1-289 ura3-52 T. Yokoi
TY11A-1 a gerl-1 SGCI leu2-3 leu2-112 his3-1 trpI1-289 ura3-52 T. Yokoi
TY690 o gerlA:URA3 SGC1 ade?2 leu2-3 leu2-112 his3-1 trp1-289 ura3-52 T. Yokoi
KSM11-74 a gerlA::URA3 SGCI-1 leu2-3 leu2-112 trp1-289 ura3-52 ENOI1::pENOlac-2 This work
KSM13-2 a gerl A::URA3 SGC1-2 ade2 trp1-289 ura3-52 ENOI1::pENOlac-2 This work
KSM13-110 a gerlA::URA3 SGC2-1 ade2 trp1-289 ura3-52 ENOI::pENOlac-2 This work
KSM8-42 o gerl A::URA3 sge3-1 ade?2 trpI1-289 ura3-52 ENOI1::pENOlac-2 This work
KSM108-42 a gerl A::URA3 sge4-1 ade?2 trp1-289 ura3-52 ENOI::pENOlac-2 This work
KSM4-22 a gerl Ai:URA3 sge5-1 leu2-3 leu2-112 trp1-289 ura3-52 ENOI1::pENOlac-2 This work
CPY3 a gerl-1 SGCI-1 leu2-3 leu2-112 trp1-289 ura3-52 ENOI::pENOlac-2 This work
CPYS5 a GCRI SGCI-1 leu2-3 leu2-112 trp1-289 ura3-52 ENO1::pENOlac-2 This work
CPY9 a gerl-1 SGCI-2 ade2 trp1-289 ura3-52 ENO1::pENOlac-2 This work
CPY15 a gerl-1 sgelA:HIS3 leu2-3 leu2-112 his3-1 trp1-289 ura3-52 This work
CPY17 a GCRI sgclA::HIS3 leu2-3 leu2-112 his3-1 trp1-289 ura3-52 This work
CPY1-1A o GCRI SGCI leu2-3 leu2-112 his3-1 trp1-289 ura3-52 This work
CPY18-5B o GCR1 SGCI-1 leu2-3 leu2-112 his3-1 trp1-289 ura3-52 This work

The parental strains NTP7 and NTP13 were constructed as follows. Strain
BK11 was generated by transformation of strain S173-6B with a DNA fragment
containing a functional yeast LEU2 gene followed by transformation with the
integration plasmid pENOlac-2 (described below). Transformants carrying pE-
NOlac-2 integrated at the ENOI locus of strain BK11 were identified by South-
ern blotting analysis. This latter strain was crossed with strain TY690 and sporu-
lated. Haploid strains NTP7 and NPT13 were identified after tetrad analysis.

Plasmid construction. Plasmid pENOlac-2 was constructed from the yeast
integrating vector peno46/HIS3, which carries the complete ENOI structural
gene and a selectable yeast HIS3 gene (29). Plasmid peno46/HIS3 was digested
with HindIII to remove ENOI coding sequences extending from codon 45 to the
translational termination codon. HindIII cohesive termini were filled in with the
Klenow fragment of DNA polymerase 1. A 3.4-kb BamHI-Pvul fragment from
plasmid pMC1403 (12), containing the Escherichia coli lacZ coding sequence,
was treated with the Klenow fragment of DNA polymerase I and ligated into the
ENOI coding sequence of HindIlI-digested peno46/HIS3 to generate plasmid
pENOlac-2. The ligation junction between the blunt-end BamHI site in lacZ and
the HindlII site at codon 45 of ENOI created an in-frame translational fusion
between the first 45 codons of ENOI and the lacZ structural gene (Fig. 1).
Plasmid pENOlac-2 was integrated at the ENOI locus in strains BK11, NPT7,
and NPT13. Expression of the ENOI-lacZ gene fusion in strains BK11 (GCRI)
and NPT13 (gcr/A::URA3) grown in YNB medium containing 2% glucose was

UASUAS URS TATAA
_44|5 -16'2 -10I6
-« ENO 1 >
Strain ger allele Slroghléoseph%l:&x&? E(gt(i;\ﬂ?;[(osuix‘lii?sse
BK11 GCRI + 2445 1+ 950
NPT13 gerl A ::URA3 — 325 + 61

FIG. 1. Expression of an ENOI-lacZ gene fusion in strains carrying a wild-
type GCRI gene or a gerl A::URA3 null mutation. The 5" regulatory sequences
and the first 45 codons of the yeast ENOI gene were fused in frame to the E. coli
lacZ gene on the integration plasmid pENOlac-2 as described in Materials and
Methods. This plasmid was integrated at the ENOI locus in strain BK11 carrying
a wild-type GCRI gene and strain NPT13 carrying a gcr/ null mutation. p-Ga-
lactosidase (B-Gal) activity (micromoles of ONPG consumed per minute per
milligram of protein) was measured in whole-cell extracts prepared from cells
grown in YNB medium containing 2% glucose as previously described (6). URS,
upstream repression sequence.

evaluated by using the o-nitrophenylgalactopyranoside (ONPG) B-galactosidase
assay (29). Expression was 7.5-fold lower in strain NPT13 than in strain BK11
(Fig. 1).

Mutagenesis and isolation of gcrl suppressor mutants. The parental strains
NPT7 and NTP13 were mutagenized to 50 and 80% lethality with ethyl meth-
anesulfonate (EMS) by standard methods (26). Approximately 107 viable cells
from each mutagenesis were plated on YPd selective medium. The recovery rate
of glucose-positive colonies was 0.7 X 107> to 0.3 X 107°. Glucose-positive
colonies were replica plated onto nitrocellulose filters. Immobilized cells were
permeabilized by immersing the filter in liquid nitrogen. B-Galactosidase activity
was visualized by using an in situ X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galac-
topyranoside) assay (6). X-Gal-positive colonies were verified by using the
ONPG B-galactosidase assay (29). The recovery rate of glucose-positive, X-Gal-
positive mutants was approximately 8.8 X 1077,

Mutants that failed to mate, sporulate, or grow on nonfermentable carbon
sources were discarded. Glucose-positive, X-Gal-positive mutants were mated to
parental strain NTP7 or NPT13. Five dominant mutants and 13 recessive mu-
tants were identified and further analyzed. These diploid strains were sporulated
and subjected to tetrad analysis. Haploids (a and «) carrying each of the muta-
tions were identified and used for complementation analysis. For the recessive
mutants, pairwise crosses were performed with all of the mutants. The resulting
diploid strains were then tested for growth in a medium containing glucose and
for elevated B-galactosidase activity. The 13 recessive mutants fell into three
complementation groups designated sgc3, sgc4, and sgc5. For the dominant
mutants, pairwise crosses were performed with all of the mutants. The diploids
were sporulated and subjected to tetrad analysis. Spores were then tested for the
ability to grow in a medium containing glucose and for elevated B-galactosidase
activity. The five dominant mutants fell into two complementation groups des-
ignated SGCI and SGC2. To test complementation among the dominant and
recessive mutants, haploid strains carrying SGCI or SGC2 dominant mutations
were crossed with haploid strains carrying sgc3, sgc4, or sgc5 recessive mutations,
sporulated, and subjected to tetrad analysis. This analysis showed that neither of
the dominant mutations were alleles of the recessive mutations. Representative
haploid strains from each complementation group were backcrossed twice with
strain NPT7 or NPT13 and subjected to tetrad analysis. In all cases, the glucose-
positive X-Gal-positive phenotype cosegregated as a single mutation. Haploid
strains carrying the SGCI-1, SGC2-1, sgc3-1, sgc4-1, and sgc5-1 mutations were
designated KSM11-74, KSM13-110, KSM8-42, KSM108-42, and KSM4-22, re-
spectively. The growth rates of these latter strains as well as strains BK11 and
NPT13 were determined in YP medium containing 2% glucose, 1% Casamino
Acids, and 20 pg of required amino acids and uracil per ml.

Strain CPY3 was generated by transformation of strain KSM11-74 with a Sall
fragment containing the gcrl-1 null mutation. Strain CPY5 was generated by
transformation of strain KSM11-74 with a Sa/lI fragment containing the wild-type
GCRI gene. In each case, replacement of the gcr/A::URA3 gene disruption in
strain KSM11-74 with DNA fragments containing either the gerl-1 or GCRI
gene was selected on the basis of resistance to fluoro-orotic acid (5-FOA). Strain
CPY18-5B was derived from a cross between strains CPY1-1A and CPY3.

Isolation of the SGCI structural gene. Chromosomal DNA was isolated from
strain KSM11-74 carrying the SGCI-1 dominant mutation. The DNA was par-
tially digested with Sau3A and size fractionated by sucrose gradient density
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centrifugation. Sau3A fragments (4 to 7 kb) were ligated into the BamHI cloning
site of plasmid pCZTLC1, a pBR322-based plasmid vector containing a select-
able yeast LEU2 gene, a TRPI autonomous replication sequence, and the cen-
tromere from chromosome 11. Yeast strain NPT7 was transformed with this gene
library. Transformants were selected for leucine prototrophy and the ability to
grow on plates containing glucose as a carbon source. Leu™ glucose-positive
transformants were screened for elevated B-galactosidase activity by using the in
situ X-Gal assay described above. Two independent transformants exhibiting the
SGCI-1 dominant phenotype were recovered. Plasmid DNAs, designated
pSGC1-1A and pSGC1-1B, were isolated from these transformants. Yeast strain
NTP7 was retransformed with these plasmids to confirm the plasmid-dependent
glucose-positive X-Gal-positive phenotype. Restriction endonuclease cleavage
maps of plasmids pSGC1-1A and pSGC1-1B were generated by standard meth-
ods.

The wild-type SGCI gene as well as genes corresponding to the SGCI-2,
SGCI-3, and SGCI1-4 dominant mutations were isolated by plasmid gap repair.
Plasmid pSGC1-1A was digested with X%ol to remove sequences that included
the entire SGCI-1 gene. Purified gapped plasmid DNA was used to transform
yeast strain NPT7 as well as strains carrying the SGCI-2, SGCI-3, and SGCI-4
mutations to leucine prototrophy. Plasmid DNA was recovered from Leu™
transformants and subjected to restriction endonuclease mapping to verify gap
repair. Plasmids carrying the dominant mutant alleles conferred the glucose-
positive X-Gal-positive phenotype on strain NPT7. The nucleotide sequences of
the wild-type SGCI gene and the SGCI-1,SGCI-2, SGCI-3, and SGCI-4 mutant
alleles were determined by the dideoxynucleotide sequencing method using
oligonucleotide primers (United States Biochemicals).

Construction and characterization of strains carrying an sgcl null mutation.
To construct an sgcl null mutation, the DNA sequence extending from an SstI
site located upstream from the SGCI gene to an Xhol site located downstream
from the SGCI gene was excised from plasmid pSGC1-1A and subcloned into
plasmid pUCIS. This latter plasmid, designated pSG62, was digested with Bg/II
and Ncol to remove SGCI coding sequences extending from codons 11 to 208,
filled in with the Klenow fragment of DNA polymerase I, and religated in the
presence of BamHI linker DNA to create a unique BamHI site. A BamHI
fragment containing a functional yeast HIS3 gene was then ligated into the novel
BamHI site. This latter plasmid was digested with SsfI and Scal, and a fragment
containing the sgc/A::HIS3 deletion/insertion mutation was isolated and used to
transform a diploid strain derived by mating strains S173-6B and TY690 to
histidine prototrophy. Chromosomal DNA was isolated from 12 His™ transfor-
mants, digested with BamHI, and subjected to Southern blotting analysis using a
hybridization probe corresponding to SGCI coding sequences. Five of the trans-
formants were heterozygous for the sgc/A::HIS3 gene disruption. These diploid
strains were sporulated and subjected to tetrad analysis to recover strain CPY17
carrying the sgcIA::HIS3 gene disruption. Strain CPY15 carrying the sgclA::HIS3
gene disruption and a ger/-1 null mutation was generated by transforming strain
TY11A-1 with the SstI-Scal fragment containing the sgc/A::HIS3 deletion/inser-
tion mutation.

To generate a diploid strain homozygous for the sgc/ null mutation, yeast
strain CPY17 carrying the sgclA::HIS3 null mutation was converted to a ho-
mozygous diploid strain by transformation with plasmid pBA134 (provided by Ira
Herskowitz, University of California, San Francisco) containing a functional
yeast HO gene and a selectable yeast URA3 gene. Ectopic expression of the HO
gene in a heterothallic yeast strain results in a mixed population of a and «
haploid cells which form diploids in culture. Four putative diploids were plated
on 5-FOA plates, and cells that had lost plasmid pBA134 were recovered.
Diploid strains were generated in the same way with strain S173-6B, which
carries a wild-type SGCI gene. Diploids derived from CPY17 and S173-6B were
tested for the ability to sporulate. S173-6B diploids sporulated and yielded viable
spores. CPY17 diploids failed to sporulate. Strain CPY1-1A was recovered after
tetrad analysis of spores derived from S173-6B diploids.

Northern (RNA) blot analysis. Total yeast cellular RNA was isolated by glass
bead disruption of cells isolated from 5-ml log-phase cultures (4469 = 0.6) grown
in YNBd or YNBgl medium. Approximately 5 ug of total cellular RNA was
electrophoresed in 1.2% formaldehyde agarose gels and transferred to nylon
membranes. Hybridizations and washes of the Nytran membranes were per-
formed according to the procedure recommended by manufacturer (Schleicher
& Schuell) for oligonucleotides. Synthetic oligonucleotide hybridization probes
were oligo-ENO1-1 (3' CTTTTGGATCGATAAAAAGTATTTTTTGGTT
CGTTGACGAATAGTTGTG 5'), a 49-mer complementary to nucleotides +1
to +23 of the ENOI transcript (the remaining sequences in this probe are
complementary to ENO! sequences located upstream from the transcriptional
initiation site) (16); oligo-ENO2-1 (3" GGTCGTTGATTATGATATTGTATG
TTATTAT 5’'), a 32-mer complementary to nucleotides +5 to +36 of ENO2
mRNA (15); oligo-PGK1-1 (3' CCAGCCAAAGCTGAACGGTGTTGCACGA
CGGCCAA 5') and oligo-PGK1-2 (3" GCAGTAGTAACCACCACCACTGT
GACGGTGACAGC 5'), two 35-mers complementary to yeast PGKI mRNA
(20); oligo-PGM1 (3" CTGTGCCAGTTAGGCTTACCTTGCTTTTCT), a 30-
mer complementary to yeast PGMI mRNA (30); oligo-PYK1 (3" CTTCTTA
ACATGGGTCCATCTGGTAACCGG 5'), a 30-mer complementary to yeast
PYKI mRNA (9); oligo-TPI1-1 (3" TCTTCGGTGTTCAGTGACAGCCACGA
GTTTTGCGG 5') and oligo-TPI1-2 (3" AACCGAAGGTTCAACCCACTGTT
CCGACGGTCGCT 5'), two 35-mers complementary to yeast 7TPI] mRNA (1);
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oligo-SSA1-1 (3’ TCATTAGTTCATAATGTTCTTTGT 5'), a 24-mer comple-
mentary to SSA7 mRNA (32); and oligo-ACT-1 (3 GCCAAGACCATACAC
ATTTCGGCCAAAACG 5'), a 30-mer complementary to yeast actin mRNA
(19). Oligonucleotides were 5’ labeled with T4 polynucleotide kinase and [**P]
ATP (3,000 Ci/mmol; Amersham).

SGC1 mRNA was detected with nick-translated hybridization probes corre-
sponding to the 1.3-kb Sau3A-Pst] fragment, the 1.2-kb PstI-Sst] fragment, and
the 2.6-kb SstI-Sau3A fragment derived from plasmid pSGCI1-1A. Glyceralde-
hyde-3-phosphate dehydrogenase mRNA was detected with a nick-translated
hybridization probe corresponding to the 2.1-kb HindIII fragment from plasmid
pgap491 (21) which includes the entire coding region from the glyceraldehyde-
3-phosphate dehydrogenase gene TDH3.

The levels of mRNAs, detected after Northern blotting analysis, were quan-
titated with a scanning laser densitometer (Molecular Dynamics model 300A).
mRNA levels were normalized to the level for yeast actin mRNA, which served
as an internal control.

Western blot (immunoblot) analysis. Expression of ENOI and ENO2 was
measured by Western blotting analysis using a yeast enolase polyclonal antibody
as previously described (15). Whole-cell extracts were prepared by glass bead
disruption of cells isolated from 5-ml log-phase cultures grown in YNBgl or
YNBd (Agp = 0.6). The secondary antibody was peroxidase-conjugated goat
anti-rabbit immunoglobulin G (Calbiochem), which was detected by the en-
hanced chemiluminescence method as described by the manufacturer (Amer-
sham). The levels of enolase polypeptides were quantitated with a scanning laser
densitometer (Molecular Dynamics model 300A).

RESULTS

Isolation of suppressors of a gcrl null mutation. We showed
previously that a small deletion mutation that removed an
ABF1 binding site within the 5’ regulatory sequences of the
enolase gene ENO?2 rendered ENO?2 expression independent
of the GCRI gene product (7). This observation raised the
possibility that certain trans-acting mutations also suppress the
GCRI requirement for glycolytic gene expression. Strains car-
rying a gerl null mutation are viable but display three distinct
phenotypes. First, expression of many glycolytic genes includ-
ing the two yeast enolase genes ENOI and ENO?2 is reduced up
to 50-fold in cells grown in a medium containing glycerol plus
lactate and approximately 10-fold in cells grown in a medium
containing glucose (2, 14, 23). Second, gcr! strains grow poorly
in a medium containing glucose but grow at near wild-type
rates in a medium containing glycerol plus lactate (14). Finally,
gerl homozygous diploids fail to sporulate (37). To isolate
suppressor mutants, strains NPT13 and NPT7 containing a gecrl
null mutation and an ENOI-lacZ gene fusion integrated at the
ENOI locus were mutagenized with EMS and selected for
growth on plates containing YP medium and 2% glucose. Glu-
cose-positive colonies (391 mutants) were screened for ele-
vated expression of the ENOI-lacZ gene fusion by using a
colony X-Gal assay. Approximately 7% (27 mutants) of the
glucose-positive colonies exhibited elevated B-galactosidase
activity compared with strains NPT13 and NPT7. Eighteen of
these latter mutants which were able to mate, sporulate, and
grow on nonfermentable carbon sources were further ana-
lyzed. Five of the mutants were dominant over wild type, and
13 of the mutants were recessive to wild type. These mutants
were placed into complementation groups as described in Ma-
terials and Methods. The 18 mutants fell into five complemen-
tation groups (Table 2). Representative mutants from each
complementation group were backcrossed twice to the un-
mutagenized parental strains and subjected to tetrad analysis.
For each mutant, the glucose-positive X-Gal-positive pheno-
type segregated as a single mutation. These latter alleles, des-
ignated SGCI-1, SGC2-1, sgc3-1, sgc4-1, and sgc5-1, were used
for the analyses described below.

Properties of the suppressor mutant strains. Growth rates
were determined for representative mutant strains grown in a
complex medium containing glucose (see Materials and Meth-
ods). As expected, all of the mutant strains grew more rapidly
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TABLE 2. Complementation analysis of mutations that
suppress a gcrl null mutation
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TABLE 3. Doubling times of strains carrying suppressors of a
gerl null mutation and grown on YP containing glucose

Complementation group Dominant/recessive No. of alleles Strain Genotype Doubling time (h)

SGC1 Dominant 4 KSM11-74 gerlA::URA3 SGC1-1 22
SGC2 Dominant 1 KSM13-110 gerlA::URA3 SGC2-1 2.7
sgc3 Recessive 6 KSMS8-42 gerlA::URA3 sge3-1 35
sgcd Recessive 5 KSM108-42 gerl A:URA3 scgd-1 43
sgeS Recessive 2 KSM4-22 gerl A::URA3 sge5-1 33

BK11 GCRI SGCI 15

NPT13 gerlA:URA3 SGC1 >8.0

than the parental strain NPT13 (Table 3). The highest growth
rate was observed for a strain carrying the SGCI-1 mutation.

Expression of the yeast enolase genes in strains carrying a
gerl null mutation and each of the suppressor mutations was
analyzed by Northern blotting using hybridization probes spe-
cific for ENOI and ENO2 mRNAs, respectively (Fig. 2A).
ENO1 mRNA was elevated in strains carrying each of the
suppressor mutations. Interestingly, the ENOI mRNA level
observed for a strain carrying the SGCI-1 mutation was ap-
proximately 10-fold higher than that observed for the control
strain carrying a wild-type GCRI gene. The ENO2 mRNA
levels were elevated in strains carrying the SGCI-1, SGC2-1,
and sgc5-1 mutations but were not significantly elevated in
strains carrying the sgc3-1 or sgc4-1 mutation.

Northern blotting analysis was also performed to evaluate
the steady-state level of glyceraldehyde-3-phosphate dehydro-
genase mRNA in strains carrying a gcrl null mutation and each
of the SGCI mutations (Fig. 2A). Glyceraldehyde-3-phosphate
dehydrogenase mRNA (23) and enzymatic activity (14) are
reduced in strains carrying a gcrl null mutation. There are
three glyceraldehyde-3-phosphate dehydrogenase structural
genes (TDHI, TDH2, and TDH3) per haploid yeast genome
(22). The hybridization probe used in this analysis cross-hy-
bridizes with all three mRNAs; however, TDH3 encodes 50 to
60% of the cellular glyceraldehyde-3-phosphate dehydroge-
nase enzymatic activity (27). Glyceraldehyde-3-phosphate de-
hydrogenase mRNA levels were elevated in ger! strains carry-
ing the SGCI-1, SGC2-1, or sgc5-1 mutation but were not
significantly increased in gcrl strains carrying the sgc3-1 or
sge4-1 mutation (Fig. 2A). These results and those described
above for the enolase genes suggest that the SGCI-1, SGC2-1,
and sgc5-1 mutations are global suppressors of the growth and
transcriptional defects caused by the gcr! null mutation. In
contrast, the sgc3-1 and sgc4-1 mutations appear to affect only
transcription of the ENOI gene.

The effect of the SGCI-1 mutation on expression of four
additional glycolytic genes was evaluated in a strain carrying a
gerl null mutation by Northern blotting analysis (Fig. 2B).
Relative mRNA levels were determined by densitometry and
normalized to the level of yeast actin mRNA, which is not
regulated by GCRI or SGCI. The steady-state levels of
mRNAs encoded by PGKI (3-phosphoglycerate kinase),
PGM]I (phosphoglycerate mutase), PYKI (pyruvate kinase),
and TPII (triose phosphate isomerase) were 10-, 50-, 12-, and
12-fold, respectively, lower in a strain carrying a gcr/ null
mutation than in a strain carrying a wild-type GCRI gene (Fig.
2B). The effects of the gcrl null mutation on expression of
these genes determined by Northern blotting (Fig. 2B) were
comparable to those determined by Clifton and Fraenkel (14)
using enzymatic activity assays with extracts prepared from
cells grown under similar growth conditions. The steady-state
levels of mRNAs encoded by PGKI, PGM1, and PYKI were
4.5-, 6-, and 5-fold, respectively, higher in a ger! strain carrying
the SGCI-1 dominant mutation than in the strain carrying the

wild-type SGC1 gene (Fig. 2B). In contrast, the steady-state
level of TPII mRNA increased less than twofold in a ger! strain
carrying the SGCI-1 dominant mutation (Fig. 2B).

Finally, the sporulation efficiency of diploid strains that are
homozygous for a gcrl null mutation and heterozygous for the
SGCI-1 or SGC2-1 mutation was similar to that of a strain
carrying wild-type GCRI alleles, demonstrating that these
dominant mutations also suppress the sporulation deficiency
caused by the gcrl null mutation.

Isolation of the wild-type and mutant alleles of the SGC1
structural gene. The SGCI-1 mutant allele was cloned by
transformation of strain NPT7 with a centromere-based plas-
mid library of genomic DNA isolated from a strain carrying the
SGCI-1 dominant mutation. Transformants were selected for
the plasmid LEU2 marker and growth on plates containing
YNB medium and 2% glucose. Glucose-positive transformants
were screened for elevated synthesis of B-galactosidase activity
from an ENOI-lacZ gene fusion integrated at the ENOI locus
of strain NPT7. Two independent plasmids (pSGCI1-1A and
pSGCI1-1B; Fig. 3A) containing the putative SGCI-1 structural
gene were isolated. Restriction endonuclease mapping re-
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FIG. 2. Northern blot analysis of glycolytic mRNAs in strains carrying sup-
pressors of a gcrl null mutation. (A) Total cellular RNA was isolated from strains
grown in YNB medium containing 2% glucose. Lanes: WT, strain S173-6B
carrying a wild-type GCRI gene; C-1, strain NPT7 carrying a gcr! null mutation;
C-2, strain NPT13 carrying a gcr! null mutation; 1, strain KSM11-74 carrying a
gerl null mutation and the SGCI-1 mutation; 2, strain KSM13-110 carrying a ger!
null mutation and the SGC2-1 mutation; 3, strain KSM8-42 carrying a gcrl null
mutation and the sgc3-1 mutation; 4, strain KSM108-42 carrying a gcr! null
mutation and the sgc4-1 mutation; and 5, strain KSM4-22 carrying a gerl null
mutation and the sgc5-1 mutation. Hybridization probes were as described in
Materials and Methods. Northern blots with yeast ENO1, ENO2, and glyceral-
dehyde-3-phosphate dehydrogenase (TDH) hybridization probes are indicated.
Yeast actin mRNA (ACT1), which is not regulated by the GCRI gene, served as
an internal control. (B) Total cellular RNA was isolated from strains grown in
YNB medium containing 2% glucose. Lanes: WT, strain S173-6B carrying a
wild-type GCRI gene; C-1, strain NPT7 carrying a gcr! null mutation; and 1,
strain KSM11-74 carrying a gerl null mutation and the SGCI-1 mutation. Hy-
bridization probes were as described in Materials and Methods. Northern blots
with yeast TPI1, PGK1, PGM1, and PYKI1 hybridization probes are indicated.
Yeast actin mRNA (ACT1), which is not regulated by the GCRI gene, served as
an internal control.
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FIG. 3. (A) Restriction endonuclease maps of the yeast genomic DNA in-
serts in two independent plasmid isolates, pPSGC1-1A and pSGC1-1B, carrying
the SGCI-1 gene. The restriction maps are aligned to indicate regions of overlap
between the two cloned segments of yeast genomic DNA. Northern blotting
analysis was performed with total cellular RNA isolated from strain S173-6B,
using hybridization probes corresponding to the 1.3-kb Sau3A-Pst] fragment, the
1.2-kb PstI-Sstl fragment, and the 2.6-kb SstI-Sau3A fragment from plasmid
pSGCI1-1A. The approximate position of a 2-kb SGC1 transcript is indicated. (B)
Northern blot analysis of total cellular RNA isolated from strain S173-6B grown
in YNB medium containing 2% glucose (Glu) or 2% glycerol plus 2% lactate
(Gly/Lac) as the carbon source. Equal amounts of total cellular RNA (5 pg) were
applied to each lane of the gel. Hybridization probes were the 1.3-kb Sau3A-Pst1
fragment from plasmid pSGC1-1A (SGCI) and an oligonucleotide complemen-
tary to yeast actin mRNA (ACT1I).

vealed that the two plasmids contained overlapping segments
of yeast genomic DNA (Fig. 3A). Northern blotting analysis
was performed with probes derived from pSGCI-1A to identify
a putative SGCI-1 transcript. The 1.3-kb Sau3A-PstI fragment
from pSGCI1-1A hybridized to a 2-kb transcript from total
cellular RNA (Fig. 3B). The 1.2-kb PstI-SstI fragment from
pSGC1-1A also hybridized to a 2-kb transcript from total cel-
lular RNA, whereas the 2.6-kb SstI-Sau3A fragment failed to
hybridize to a cellular transcript (data not shown). These data
show that the PstI site lies within sequences that encode the
2-kb transcript. The data also show that the steady-state levels
of the putative SGCI transcript are similar in cells grown in a
medium containing glucose or glycerol plus lactate (Fig. 3B).

The wild-type SGCI gene as well as three additional mutant
alleles, SGC1-2, SGC1-3, and SGCI-4, was isolated by plasmid
gap repair using pSGC1-1A that was limit digested with Xhol.
The nucleotide sequence of the wild-type SGCI allele extend-
ing upstream and downstream from the Ps¢I site is shown in
Fig. 4. A 291-codon open reading frame which spans the PstI
restriction endonuclease site was identified. The nucleotide

MoL. CELL. BIOL.

1 GAGCTCACTTCATTGCGCTGTTACTCCCCTAACAACGTGGCCTCTCTCCATTCGGTARGG 60
61 AATCAAATTTTGTTCTAGAATGTTCATGCTGCTGCGGTCATTTCTTACCCTAGTAGTAAT 120
121 TCATTGTGCCCACGTACGAACCGTACAATGGGATTCTGCCCTGCGCACGTTCACAGTTCG 180
181 CCRAATAACAATTCTTATTTTCATTTCTTTTTCACAGTGTAGATGATACCGTGTCTGCGA 240

241 CATTTCCATTCTTAGTAGAAATGCAAAACGCAACGTTTGCTATTAATTTTTTTCACCTCT 300
301 GTTTCCTTTITTTTTCTCACCTCAACAATCAAATGTACTTATATAAACTTCTTTTGTTAT 360
361 CTCCRARATTTAAACTTATTTACATCCTTTTTCACTTCATATATCAATTCATGGGAAAGT 420
421 AAAGCTATCTTAATTACATCCTTATTTTATATTTCCCAACCATCAACCTTTATTCTTTAC 480
481 ATATTTCTCTCTTTTCTCATTTTCTTTCTTATTAAGCGTAAAGCACCACAAGCAGTACCG 540
541 ATCTAAAGTCTCTCTACTTTACTATTATTTTTTTTTTTTGTTCACTTCATAAACTTTTAG 600
601 TGCAAAAATAAAAATAAAGACAAATAACACACTATCAAATCTCTTCAAGTTTAACAATTA 660
661 TGAACTCTATTTTAGACAGARATGTTAGATCTAGCGAAACTACTTTAATTAAACCTGAAT 720
1M NS I L B RNVIRS S ETTTLTIZKZPE 20
721 CTGAATTTGATAATTGGTTGTCGGATGAAAATGACGGAGCTAGTCATATCAACGTCAACA 780
21s E F D NW L S DENUDTGA ASHTINUVN 40
781 AGGACTCCTCGTCAGTICTTTCTGCATCTTCTTCCACATGGTTCGAACCATTGGARAACA 840
41K D § 8§ §$ VL $ A S 8§ § T W F E P L E N 60
841 TTATCTCCTCTGCATCCAGCTCCTCGATAGGCTCTCCAATCGAAGACCAGTTTATATCTT 900
61I I S S A S s 8§ 8 I G S P I E D Q F I § 80
901 CCAACAACGAGGAATCTGCTCTTTTTCCAACAGATCAGTTTTTCAGTAATCCTTCCTCAT 960
81s N N E E S A L F P T D Q F F § N P § S 100
961 ACTCGCATTCTCCCGAGGTTAGCAGCTCGATAAARAGAGAAGAGGATGACAATGCCCTTT 1020
101Y s H 8 P E V 8§ 8§ § I K R E E D D N A L 120
1021 CGTTGGCAGATTTTGAACCGGCTTCTTTGCAATTAATGCCTAACATGATAAATACTGATA 1080
122 L. A D F E P A S L Q L MPNMTINTD 140
1081 ATAATGACGATAGTACCCCACTTAAGAATGAAATCGAGCTAAACGACTCGTTTATAAARA 1140
141N N D D § T P L K N E I E L N D S P I K 160
1141 CAAATCTAGATGCTAAGGAAACGAAAAAGAGGGCTCCAAGAAAAAGACTGACCCCCTTCC 1200
11T N L D A K E T K K R A P R K R L T P F 180
1201 ARARGCAAGCTCACAACAAGATTGAAAAACGCTACAGAATAAACATCAACACAAAGATIG 1260
181Q K Q A H N K I E K R ¥ R I N I N T K I 200
BASIC HELIX I-----

1261 CAAGACTGCAGCAGATTATCCCATGGGTAGCAAGTGAACAAACAGCTTTCGAAGTAGGTG 1320
200A R L 0 @ I I P WV A SETUGQTA ATFTEV G 220

1321 ATTCTGTAAAAAAACAGGACGAAGACGGCGCAGARACTGCCGCTACTACTCCTCTTCCAT 1380
221D §$ V K K ¢ DEDGA AETOSAA ATTU®PTL P 240

1381 CTGCCGCTGCTACAAGCACGAAGCTAAATAAAAGCATGATCCTAGAAAAAGCTGTTGACT 1440

241 S A A AT S T K L N K S M I L E K A V D 260
HELIX IT

1441 ATATTCTATATCTACAARATAACGAACGACTATACGAAATGGAAGTTCAAAGGTTGAAAA 1500

261 Yy I L ¥ L Q N N E R L Y E M E V Q R L K 280

1501 GTGAAATCGACACTTTGAAACAAGACCAARAATAARAGCACGCTTGCTTAARCACCAATA 1560

281 E I D T L K Q D Q K * 291

1561 TTATAAAATTACGATAGAAATTCCTTTCTCCTCTTTTGTTTATGCGACATTTTTTTCTTT 1620
1621 CTTAGCGAAGTACTTTAAAAAACAAGCCCAAAAAATAACAAGGCCATAACATAGCAGACA 1680
1681 AGAATACAAARAAAAAAAAGAAGTTGGAAAAAACATACAAAAAAAAAA 1728

FIG. 4. Nucleotide sequence of the yeast SGCI structural gene. The nucle-
otide sequence of 1,728 bp of genomic DNA was determined as described in
Materials and Methods. The predicted amino acid sequence of a 291-codon open
reading frame is indicated below the nucleotide sequence. The locations of
regions of the SGCI nucleotide sequence that are similar to the basic, helix I, and
helix II regions of the Myc family of DNA-binding proteins are indicated above
the nucleotide sequence.

sequence of SGCI-1 differed from the sequence of the wild-
type allele by a single base substitution in codon 189 which
converts a Glu codon (GAA) to a GIn codon (CAA). The
nucleotide sequences of SGCI-2, SGCI-3, and SGCI-4 were
identical. Each of these mutant alleles contained a single base
substitution in codon 210 which converts a valine codon
(GUA) to an isoleucine codon (AUA).

The nucleotide and amino acid sequences of SGCI were
compared with known sequences in the databases. The pre-
dicted amino acid sequence of SGC1 extending from residues
181 to 265 contained a match to the basic-helix-loop-helix
domain of the Myc family of DNA-binding proteins. An align-
ment among the basic-helix-loop-helix regions of SGC1 and
the yeast CBF1 (10), PHO4 (4, 38), and INO?2 (28) proteins is
shown in Fig. 5. Interestingly, the mutation in SGCI-1 converts
a highly conserved glutamic acid residue within the basic re-
gion to a glutamine residue. The valine-to-isoleucine mutation
in SGCI-2 is located in the loop region immediately down-
stream from helix I.

SGC1 is required for maximal transcription of the yeast
enolase genes. To further define the role of SGCI in transcrip-
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FIG. 5. Amino acid sequence alignment among the basic-helix-loop-helix regions of SGC1 and the yeast proteins CBF1 (10), PHO4 (4, 38), and INO2 (28). Highly
conserved amino acids within the basic, helix I, and helix II regions are boxed. The positions of the E189Q mutation in SGC1-1 and the V210I mutation in SGC1-2
are indicated. The dashes indicate that the loop region of SGC1 is larger than that in CBF1, PHO4, or INO2. A consensus amino acid sequence for basic-helix-loop-helix

proteins from yeasts and humans is also indicated.

tional regulation of the enolase genes, a strain carrying an sgcl
null mutation was constructed. SGCI coding sequences ex-
tending from a Bg/II site at codon 10 to an Ncol site at codon
208 were removed from plasmid pSG62 and replaced with a
BamHI fragment containing a functional HIS3 structural gene.
A strain carrying this gene disruption was constructed as de-
scribed in Materials and Methods. Strains carrying the sgcl
null mutation were viable and did not display a significant
growth phenotype. Diploid strains homozygous for the sgcl
null mutation were constructed as described in Materials and
Methods. These latter strains failed to sporulate, indicating
that the SGCI gene is required for sporulation. Northern blot-
ting analysis with a probe for ENOI mRNA showed that ENOI
mRNA levels were reduced approximately fourfold in a strain
carrying an sgc/ null mutation (Fig. 6A). The steady-state level
of PGMI mRNA was reduced approximately twofold in a
strain carrying an sgc/ null mutation, whereas the steady-state
levels of ACT1, TPI1, and SSAI (heat shock protein 70)
mRNAs were not significantly affected by the sgc/ null muta-
tion (Fig. 6).

The yeast CBFI and INO2 genes encode basic-helix-loop-
helix DNA-binding proteins (10, 28). CBF1 binds to centro-
meres and is required for expression of genes involved in
methionine biosynthesis (10). INO2 is required for expression
of the yeast INO1 gene. Loss-of-function mutations in CBF1 or
INO?2 cause methionine auxotrophy or an inositol requirement,
respectively (28). Strains carrying an sgc/ null mutation did not
display a requirement for methionine or inositol, indicating
that SGC1 is not an essential dimerization partner for CBF1 or
INO2.

The effects of the SGCI-1 and SGCI-2 mutations and the
sgcl null mutation on enolase gene expression in strains car-
rying a wild-type GCRI gene or a gcrl null mutation were
evaluated by Western blotting analysis (Fig. 7). The steady-
state concentration of the enolase 1 polypeptide was reduced
fourfold in strains carrying an sgc/ null mutation and either a
wild-type GCRI gene or the gerl-1 null mutation. The steady-
state concentration of the enolase 2 polypeptide was reduced
30 and 70% in strains carrying an sgc/ null mutation and either
the wild-type GCRI gene or the gcrl-1 null mutation, respec-
tively. These results show that the SGCI gene product is re-
quired for maximal expression of both enolase genes in the
presence or absence of a functional GCRI gene. ENO?2 expres-
sion increased threefold in strains carrying the SGCI-1 domi-
nant mutation and a gcrI-1 null mutation and only slightly in a
strain carrying a wild-type GCRI gene. ENOI expression in-
creased 13- and 4-fold in strains carrying the SGCI-1 dominant
mutation and a gerl-1 null mutation or wild-type GCRI gene,
respectively. Consistent with the Northern blotting analysis
shown in Fig. 2A, the level of expression of the ENOI gene in
a strain carrying the SGCI-1 and gcrl-1 mutations was approx-

imately fourfold higher than that observed for a strain carrying
wild-type alleles of SGCI and GCRI.

Finally, enolase gene expression was also elevated in a strain
carrying the SGCI-2 allele and a gcrl-1 null mutation; how-
ever, the effects were less than those observed for the SGCI-1
allele (Fig. 7).

DISCUSSION

The genetic analyses reported here show that the growth
defect and the transcriptional defects for expression of the
enolase genes ENOI and ENO2 and the glyceraldehyde-3-
phosphate dehydrogenase genes caused by a gcr! null mutation
can be suppressed by dominant mutations in the SGCI and
SGC2 genes as well as recessive mutations in the SGC5 gene.
The SGCI-1 mutation partially suppressed the transcriptional
defect caused by a gcr! null mutation for three additional
glycolytic genes, PGKI, PGM]I, and PYKI, but had only a
modest affect (less than twofold) on expression of TPI1, which
encodes triose phosphate isomerase. Recessive mutations in
two additional genes, SGC3 and SGC4, partially suppressed
the growth defect of the gcr! null mutation but only caused an
increase in ENOI expression. This latter result suggested that
mutations that cause an increase in ENOI expression alone can
partially suppress the growth defect caused by a ger! null mu-
tation. We recently confirmed this observation by showing that
overexpression of ENOI in a strain carrying a gcrl null muta-
tion partially suppressed the glucose-negative growth pheno-
type (unpublished results); however, the observed suppression
was less than that observed for strains carrying the SGCI-1
dominant mutation.

The highest level of suppression of the growth and transcrip-
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FIG. 6. Total cellular RNA was isolated from the following strains grown in
YNB medium containing 2% glucose. Lanes: SGCI, strain S173-6B carrying the
wild-type SGCI gene; sgcl, strain CPY17 carrying a sgc/A::HIS3 null mutation;
and SGCI-1, strain CPYS5 carrying a SGCI-1 mutation. (A) Northern blot anal-
ysis using oligonucleotide hybridization probes complementary to ENOI mRNA
(ENOL1), SSAI mRNA (SSA1), and actin mRNA (ACT1). (B) Northern blot
analysis using oligonucleotide hybridization probes complementary to PGM1
mRNA (PGM1), TPII mRNA (TPI1), and actin mRNA (ACT1).
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FIG. 7. (A) Western blot analysis of ENO1 and ENO2 polypeptides in
strains carrying the SGCI-1 and SGCI-2 mutations and the sgc null mutation in
the presence or absence of a functional GCRI gene. Total cellular protein was
isolated from strains grown in YNB medium containing 2% glucose. Lanes: 1,
strain S173-6B carrying wild-type GCRI and SGCI genes; 2, strain TY100 car-
rying a gcrl-1 null mutation and a wild-type SGCI gene; 3, strain CPY3 carrying
a gerl-1 null mutation and the SGCI-1 mutation; 4, strain CPY5 carrying a
wild-type GCRI gene and the SGCI-1 mutation; 5, strain CPY9 carrying a gcrl-1
null mutation and the SGCI-2 mutation; 6, CPY15 carrying a gcrl-1 null muta-
tion and a sgcl null mutation; and 7, strain CPY17 carrying a wild-type GCRI
gene and a sgcl null mutation. Equal amounts of total cellular protein were
applied to each lane of the gel. Western blot analysis was performed as described
in Materials and Methods, using a polyclonal antibody which cross-reacts with
the enolase 1 (ENO1) and enolase 2 (ENO2) polypeptides. (B) Densitometric
quantitation of multiple exposures the Western blot analysis shown in panel A.
The relative enolase gene expression levels were measured relative to the level of
enolase 2 polypeptide synthesized in strain S173-6B (10 arbitrary units). The
filled bars represent enolase 1 polypeptide, and the open bars represent enolase
2 polypeptide.

tional defects caused by a gerl null mutation was observed for
the dominant mutant allele SGCI-1. This latter mutation and
the SGC2-1 dominant mutant also suppressed the sporulation
defect caused by a gcr! null mutation. Expression of the eno-
lase genes was reduced three- to fivefold in a strain carrying an
sgcl null mutation, demonstrating that SGCI encodes a novel
regulatory factor that is required for maximal expression of the
yeast enolase genes. This latter observation mitigates against
the possibility that dominant mutations in the SGCI gene
created a nonphysiological activator of enolase gene expres-
sion.

Interestingly, the largest transcriptional effect of the SGCI-1
mutation was observed for expression of ENOI. ENOI expres-
sion was elevated 13- and 4-fold in strains carrying the SGCI-1
mutation and either a gcrl null mutation or a wild-type GCRI
gene, respectively. Since expression of the ENOI gene in
strains grown in a medium containing glucose is repressed
approximately 20-fold by an upstream repression sequence
(URS) element located between the ENOI UAS element and
TATAAA box (11, 16), it is tempting to speculate that the
SGCI-1 dominant mutation overrides URS element-depen-
dent repression, permitting higher levels of ENOI expression
in strains grown in glucose.

How do GCRI and SGCI cooperate to activate gene expres-
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sion? A clue to this interaction comes from the observation
that enolase gene expression is significantly lower in strains
carrying gcrl and sgcl null mutations than in strains carrying
either null mutation alone. Thus, the two regulatory genes
appear to function on parallel pathways to activate enolase
gene expression. The observation that 7PI1 expression is reg-
ulated by GCRI but not SGC1 further suggests that the SGC1
gene product is not required for the GCRI-dependent activa-
tion pathway. For those glycolytic genes that are regulated by
GCRI and SGC1, dominant mutations in the SGCI gene may
potentiate the SGCI-dependent pathway, resulting in a re-
duced requirement for the GCRI-dependent pathway. In this
regard, the genetic relationship between the GCRI and SGC1
regulatory genes differs from the genetic relationship between
the GCRI and GCR?2 regulatory genes. GCR2 is required for
maximal expression of all of the yeast glycolytic genes that are
regulated by GCRI (33). In contrast to the results described
above for the gerl and sgcl null mutations, however, enolase
gene expression was reduced in strains carrying ger! and ger2
null mutations to the same levels observed for a strain carrying
a gerl null mutation alone (33), suggesting that the GCRI and
GCR?2 gene products function on the same regulatory pathway.

An analysis of the amino acid sequence of the SGCI gene
product revealed a strong match to the basic-helix-loop-helix
domain of the Myc family of DNA-binding proteins. This ob-
servation suggests that SGCI encodes a DNA-binding protein.
The positions of the dominant gain-of-function mutations are
interesting in this regard. The mutation in SGCI-1 converts a
glutamic acid residue to a glutamine residue (E189Q). A ho-
mologous glutamic acid residue is conserved within the basic
DNA binding domains of all basic-helix-loop-helix proteins
described to date. X-ray structure analysis showed that the
homologous glutamic acid residue in the basic-helix-loop-helix
protein Max participates in DNA binding by contacting the C
or A residue of the E-box binding site (CACGTG) for Max
(17). Amino acid substitution mutations at the homologous
glutamic acid residue in the yeast basic-helix-loop-helix protein
PHO4 (E9) have been constructed and analyzed (18). Substi-
tution mutations, including E9D, E9N, and E9L, abolished
PHO4 DNA binding in vitro (18). In contrast, a glutamine-for-
glutamic acid (E9Q) mutation analogous to the SGCI-I mu-
tation did not abolish PHO4 DNA binding (18). These obser-
vations raise the possibility that the dominant mutation in
SGCI-1 caused an alteration in the DNA binding properties of
a putative SGCl homodimer or SGCl-containing het-
erodimeric DNA-binding protein. The isoleucine-for-valine
substitution mutation in SGCI-2 is more difficult to speculate
about since loop regions among basic-helix-loop-helix proteins
are variable in length and amino acid sequence. Although the
SGCI-2 allele was a weaker suppressor than SGCI-1, it is
conceivable that the SGCI-I and SGCI-2 mutations caused
similar gains of function since certain mutations in the loop
region of E47 result in altered DNA binding site selection (35).

Regulatory sequences that are required for and sufficient for
GCRI-dependent activation of ENO?2 expression were previ-
ously mapped between positions —486 and —390 relative to
the transcriptional initiation site (36). Overlapping binding
sites for ABF1 and RAP1 were mapped within these regulatory
sequences between positions —486 and —450 (7). A GCR1
binding site and a second RAP1 binding site were mapped
between positions —420 and —390 (36). Sequences between
positions —450 and —420 are required together with sequences
between positions —420 and —390 for high-level GCRI-depen-
dent ENO2 expression (36). ENO2 regulatory sequences be-
tween positions —486 and —390 lack a sequence corresponding
to the E-box binding site consensus (CACGTG) for basic-
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helix-loop-helix DNA-binding proteins, suggesting that SGC1
protein may not interact directly with these latter regulatory
sequences. Mapping of putative SGC1 binding site(s) within
the ENO2 5’ flanking sequences using purified recombinant
SGCI protein is in progress.
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