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Yeast Glycolytic mRNAs Are Differentially Regulated
PAUL A. MOORE,t FRANCIS A. SAGLIOCCO, RACHEL M. C. WOOD, AND ALISTAIR J. P. BROWN*
Molecular & Cell Biology, University ofAberdeen, Marischal College, Aberdeen AB9 ]AS, United Kingdom

Received 13 May 1991/Accepted 25 July 1991

The regulation of glycolytic genes in response to carbon source in the yeast Saccharomyces cerevisiae has been
studied. When the relative levels of each glycolytic mRNA were compared during exponential growth on
glucose or lactate, the various glycolytic mRNAs were found to be induced to differing extents by glucose. No
significant differences in the stabilities of the PFK2, PGKI, PYKI, or PDCI mRNAs during growth on glucose
or lactate were observed. PYK::lacZ and PGK::lacZ fusions were integrated independently into the yeast
genome at the ura3 locus. The manner in which these fusions were differentially regulated in response to carbon
source was similar to that of their respective wild-type loci. Therefore, the regulation of glycolytic mRNA levels
is mediated at the transcriptional level. When the mRNAs are ordered with respect to the glycolytic pathway,
two peaks of maximal induction are observed at phosphofructokinase and pyruvate kinase. These enzymes (i)
catalyze the two essentially irreversible steps on the pathway, (ii) are the two glycolytic enzymes that are

circumvented during gluconeogenesis and hence are specific to glycolysis, and (iii) are encoded by mRNAs that
we have shown previously to be coregulated at the translational level in S. cerevisiae (P. A. Moore, A. J.
Bettany, and A. J. P. Brown, NATO ASI Ser. Ser. H Cell Biol. 49:421-432, 1990). This differential regulation
of glycolytic mRNA levels might therefore have a significant influence upon glycolytic flux in S. cerevisiae.

The glycolytic pathway plays a fundamental role in the
provision of metabolic energy and intermediates during
fermentative growth in the yeast Saccharomyces cerevisiae.
Under these conditions, the glycolytic genes are among the
most efficiently expressed genes in this organism, the glyco-
lytic enzymes comprising over 30% of soluble cell protein
(for reviews, see references 20 and 70). Most yeast glycolytic
genes have been isolated and sequenced (2, 4, 11, 21, 23, 25,
27, 29-31, 40, 59, 62, 63, 68, 69). The high-level expression of
yeast glycolytic genes is dependent upon complex interac-
tions between a number of cis-acting promoter elements and
trans-acting transcription factors which include the RAP1,
ABF1, GCR1, and GAL11 proteins (3, 8, 10, 12, 13, 15, 41,
48, 55, 60, 61).

It is not clear whether the expression of all glycolytic
genes is induced when yeast cultures are transferred from
nonfermentative to fermentative carbon sources. Maitra and
Lobo (37) observed 3- to 100-fold increases in the levels of
glycolytic enzymes following the addition of glucose to yeast
cultures growing on acetate. This work was performed on a
hybrid yeast strain generated by a cross between Saccharo-
myces fragilis and Saccharomyces dobzhanskii (37). Some
more recent studies appear to confirm this observation for S.
cerevisiae. For example, analyses of the enolase (EN02),
phosphoglygerate kinase (PGKJ), pyruvate kinase (PYKI),
pyruvate decarboxylase (PDCI), and alcohol dehydrogenase
(ADHI) mRNAs have suggested that their levels are regu-
lated in response to carbon source (13, 16, 39, 47, 58).
However, the levels of some other glycolytic mRNAs, for
example, the phosphoglucose isomerase mRNA (PGII) and
an enolase mRNA (ENO]), appear to remain constant (1,
39).

Others have reported that the steady-state levels of most
glycolytic enzymes do not differ significantly between cells
grown under glycolytic conditions and cells grown under
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gluconeogenic conditions (3, 15). This was found to be
dependent upon the activity of the GCRJ gene, which
encodes a positive activator of glycolytic gene expression (3,
15, 28). No significant glucose activation in GCRJ wild-type
cells was observed, but increased glycolytic enzyme levels
in a gcrl mutant (15) and in strains carrying gcrl deletions (3)
were observed during growth on glucose, albeit from signif-
icantly lower enzyme levels than those of the wild-type
strains under gluconeogenic growth conditions.
These individual studies have been performed under a

range of experimental conditions. In many cases, different
yeast strains or gluconeogenic carbon sources (acetate,
ethanol, glycerol, lactate, or pyruvate) have been used.
Also, some groups have studied glycolytic gene expression
under glycolytic or gluconeogenic growth conditions,
whereas others have measured activity levels during the
transition from gluconeogenic to glycolytic growth or vice
versa (1, 12, 13, 39, 47, 66).

In this study, we compare the steady-state levels of all of
the glycolytic mRNAs during exponential growth of S.
cerevisiae on glucose or lactate. All of the measurements
have been performed by using the same RNA preparations
under similar conditions, and therefore the relative re-

sponses of all of the glycolytic mRNAs can be compared for
the first time.

MATERIALS AND METHODS

Yeast strains and media. Strain DBY746 (MATa his3 leu2
trpl ura3) was used for the analysis of glycolytic mRNA
regulation in response to carbon source, and mRNA half-life
measurements were performed with RY137 (MATa ura3 his4
lys2) and RY262 (MATTa ura3 his4 rpbl), which were kindly
donated by Richard Young (49). Yeast cultures were grown
in YEPD (2% glucose, 2% bacteriological peptone, 1% yeast
extract) or YEPL (3% lactate, 2% bacteriological peptone,
1% yeast extract), and their absorbance at 600 nm was
monitored. Yeast transformation to generate strains carrying
lacZ fusions was performed as described by Beggs (4).

Protein analysis. Cells from 50 ml of culture were washed
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TABLE 1. Hybridization probes and conditions used in this study

Hybridization conditions
Target RNA Probe' Temp % Formamide Source Reference

(OC) (Vol/Vol)

HXKI and -2 GATTGAGTGGTGTCAAAGGTACGG 37 6 This laboratory 62
PGIJ CGGTGATCTTCTTACCGGTATAACCCTTCC 37 20 This laboratory 63
PFKI pPFK1 (3.4 kb of gene) 42 50 J. Heinisch 21
PFK2 pPFK2 (3.2 kb of gene) 42 50 J. Heinisch 21
FBAI pHGS001 (600 bp of gene) 42 50 S. Kohlwein 59
TPII GTTACCACCGACAAAGAAAGTTCTAGC 37 12 This laboratory 2
TDHI, -2, and -3 GGACGAGTGATGACAACCTTCTTGGCACCAGCG 37 20 This laboratory 26
PGKI pSPGK2 (2.9-kb HindIll fragment) 42 50 This laboratory 51a
PGMI GACCGTGTCTAACTAAAACTAACTITTGG 42 20 This laboratory 69
ENOI and -2 cDNA10 (1.2-kb cDNA clone) 42 50 This laboratory 27, 56
PYKI pSPK2 (550 bp of coding region) 42 50 This laboratory 7
PDC1 pPDClE (1.2 kb of gene) 42 50 S. Hohmann 57
ADHI CCAGAATCCAGAAAGTTG 37 20 This laboratory 5
LPDI pGP.R1 (3.6 kb of gene) 42 50 Z. Zaman 54
RAP] pSP56RT7 (2.9 kb of gene) 42 50 A. Chambers 13
ACT] pSPACT9 (1.5 kb of gene) 42 50 This laboratory 7
18S rRNA pSP65R (1.0 kb of gene) 42 50 This laboratory 7

a Nucleotide sequences read, left to right, from 5' ends to 3' ends.

in 25 mM sodium phosphate, pH 7.0, containing 0.5 mM
phenylmethylsulfonyl fluoride, placed at -70°C for 15 min,
and resuspended in 100 ,ul of 25 mM sodium phosphate, pH
7.0. The cells were vortexed with glass beads for 90 s, placed
at -70°C for 15 min, and vortexed again for 30 s. Extracts
were centrifuged for 10 min at 10,000 x g, and supernatants
were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (32). P-Galactosidase as-
says were performed as described by Legrain and Rosbach
(33), and arbitrary units were calculated by the method of
Miller (43).
mRNA abundance measurements. mRNA levels relative to

the level of the actin mRNA were measured by Northern
(RNA) analysis to correct for differences in RNA yield
between samples (56). Total yeast RNA was prepared (36),
denatured, and electrophoresed on agarose gels containing
formaldehyde (34). The RNA was then transferred to Hy-
bond-N membranes (64), UV fixed, and probed with either
radiolabeled DNA fragments or oligonucleotides (Table 1).
The adaptions made to previously published hybridization
and washing conditions (7, 52) for each of the DNA or
oligonucleotide probes are summarized in Table 1. Hybrid-
izations were always performed under conditions of probe
excess (56). Hybridization signals were accurately quanti-
tated directly from the Northern filters by using the AMBIS
2D-Radioimaging System (LabLogic). Probes were then
stripped from the filters in boiling 0.1% SDS, and the filters
were subjected to autoradiography and then reprobed up to
a maximum of four times.
Probe synthesis. Hybridization probes (Table 1) were

prepared by random priming plasmid DNA or purified DNA
fragments (19) or end labeling synthetic oligonucleotides
(35). The oligonucleotides were synthesized by Veerab-
hadracharya Math and John Coggins (Glasgow University).
mRNA half-life measurements. Methods for the analysis of

mRNA half-lives by using the conditional-lethal RNA poly-
merase II mutation (rpbl) (49) were adapted from methods
described by Herrick and coworkers (22). The yeast strains
RY137 (RPBI) and RY262 (rpbl) were each grown at 26°C in
100 ml of YEPD or YEPL in a 2-liter flask with shaking at
200 rpm to mid-exponential growth phase (A6., 0.5), where-

upon an equal volume of the same medium prewarmed to
48°C was added to each flask to bring the cultures immedi-
ately to the restrictive temperature (37°C). RNA was isolated
(36) at various times following the temperature upshift, and
equal amounts of each RNA preparation were subjected to
Northern analysis as described above (15 p.g per lane). RNA
loadings were initially measured by the absorbance at 260
nm, but they were later measured more accurately by
quantitating the 18S rRNA in each sample by dot blotting
(56). Hybridization signals were accurately quantitated di-
rectly from the Northern and dot blots by using the AMBIS
2D-Radioimaging System (LabLogic).

RESULTS

Hybridization conditions for all oligonucleotide probes were
optimized experimentally. A complete set of probes for all of
the yeast glycolytic mRNAs was generated by obtaining
some genes from other laboratories and by constructing
synthetic oligonucleotides complementary to other genes
(Table 1). All of the oligonucleotides were designed to
hybridize with the coding regions of the target mRNAs.
Northern analyses of yeast RNA were performed to

establish the optimum hybridization conditions for each
oligonucleotide probe. Two parameters were varied to max-
imize the signal for the target mRNA while minimizing the
background hybridization to other RNA species: the temper-
ature at which the hybridization was performed and the
formamide concentration in the hybridization solution (not
shown). The optimum hybridization conditions for each
probe used in subsequent experiments are summarized in
Table 1.
For mRNA quantitation, all filter hybridizations were

performed under conditions of probe excess (56). An exam-
ple of this is shown in Fig. 1. Multiple dilutions of 12 RNA
preparations were dotted in duplicate and probed for the 18S
rRNA to control for RNA loadings on Northern blots. A
comparison of the bound radioactivity with the amount of
RNA dotted for each sample (Fig. 1) confirms that the
response is linear and therefore that excess probe was
present in the hybridization. Similar analyses for oligonucle-
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FIG. 1. Hybridizations performed under conditions of probe excess. (A) Multiple dilutions (shown at top) of 12 RNA preparations were

dotted in duplicate (duplicates not shown) and hybridized with an 18S rRNA probe. The 12 preparations were obtained by preparing RNA
from RPBI and rpbl yeast strains at various times (shown in minutes to left and right of the figure) following a shift from 26 to 37°C. (B)
Radioactivity bound to each dot on the filter was quantitated by using an AMBIS 2D Radioimaging System, and the data for two such dilution
series (indicated by dots and plus signs) are plotted against the RNA dilution.

otide probes were performed by using dot blots and North-
ern blots, confirming that these hybridizations were also
performed under conditions of probe excess.

Glycolytic mRNAs are differentially regulated in response to
carbon source. The yeast strain DBY746 was grown in 200 ml
of rich medium containing glucose (YEPD) or lactate
(YEPL) at 30°C with shaking at 200 rpm in a 500-ml flask.
The absorbance at 600 nm was monitored for each culture,
and cells were harvested for analysis during the exponential
growth phase (A6., 0.6). The doubling time of the lactate
culture (275 min) was threefold greater than that for the
glucose-grown culture (90 min), which compares favorably
with results of previous studies (51).

Cells from each culture were divided into two portions: 50
ml for protein analysis and 100 ml for RNA analysis.
Approximately equal amounts of total soluble protein from
each culture were analyzed by SDS-PAGE (Fig. 2). Clear
differences in the protein profiles, due at least in part to the
derepression of many glucose-repressed gene products dur-
ing growth on lactate, are evident.

(; L.

RNA isolated from each culture was used to prepare
several Northern blots. Each filter was probed for a specific
glycolytic mRNA and autoradiographed to check for back-
ground radioactivity, and the hybridization signals were
quantitated by using a 2D-Radioimaging System. The probes
were then stripped from each filter, and the filter was
reprobed for a second mRNA (Fig. 3). This cycle was
repeated up to four times, during which each filter was
probed for the actin mRNA, which acts as an internal
loading control since actin mRNA levels are similar under
glycolytic and gluconeogenic conditions (38). The level of
each glycolytic mRNA relative to that of the actin mRNA
control was calculated, and then the relative mRNA level on
glucose was divided by that on lactate to give the level of
glucose activation for each mRNA. Under the conditions
used in this study, the glycolytic mRNAs are activated to
different extents on glucose (Fig. 4). No significant induction
was observed for some mRNAs (for example, TDH and
PGII), some mRNAs were moderately activated (for exam-
ple, PDCJ and PGMI), and other mRNAs were induced to a
relatively large extent (for example, PYKI). Two peaks of
activation along the glycolytic pathway at the PFK2 and
PYKI mRNAs are observed.
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FIG. 2. Total soluble protein profiles differ between glycolyic
and gluconeogenic growth. Approximately equal amounts of protein
from the glucose-grown (G) and lactate-grown (L) cultures were

subjected to SDS-PAGE and compared with markers (M) of known
molecular mass (in kilodaltons).

FIG. 3. Northern analysis of glycolytic mRNAs by using oligo-
nucleotide and random-primed DNA probes. RNA samples from
glucose-grown (G) and lactate-grown (L) cultures were subjected to
Northern analysis, and two separate filters were sequentially probed
for the actin (ACT), TDH, PGKI, and PDCJ mRNAs or the actin,
PYKI, and LPDI mRNAs. The TDH mRNAs were detected by
using an oligonucleotide probe, whereas the other mRNAs were
detected by using radiolabeled DNA fragments (Table 1). These
hybridizations were used to measure the glucose activation for these
mRNAs (Fig. 4).
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FIG. 4. Differential glucose activation of glycolytic mRNAs. The

abundance of each glycolytic mRNA (relative to the actin mRNA
internal control) was compared during growth on glucose or lactate.
The relative abundance on glucose was divided by the equivalent
value for lactate. The mRNAs are placed in the order in which they
occur on the glycolytic pathway.

The different levels of activation for each glycolytic
mRNA are not due to differences in the nature of the
hybridization probe: similar levels of activation for the PFKI
and PFK2 mRNAs were observed when radiolabeled DNA
fragments or oligonucleotides were used (not shown). Simi-
larly, experimental errors (+8%) do 'not account for the
different activation levels. Finally, the pattern of activation
observed for the PFK2, PGKI, PYKI, and PDCJ mRNAs in
the yeast strains RY262 and RY137 (54a) is identical to that
seen for DBY746 (Fig. 4).
The relative levels of the LPDJ and RAP] mRNAs were

measured under identical conditions. Northern analysis of
the LPDJ mRNA is shown in Fig. 3. The abundance of the
RAP] mRNA (which encodes a transcriptional activator of a
large number of loci, including many glycolytic genes) (67)
remains constant, and this is consistent with previous obser-
vations (13). The level of the LPDJ mRNA (which encodes
a subunit of the pyruvate and 'succinate decarboxylase
complexes) (53) is twofold lower during growth on glucose,

RELATIVE ABUNDANCE
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as expected for an enzyme that is subject to glucose repres-
sion (17).
The differential activation of glycolytic mRNAs is not medi-

ated at the level of mRNA degradation. Differences in tran-
scription or mRNA degradation might account for the differ-
ential responses of the glycolytic genes to the carbon source.
Therefore, the stabilities of a subset of glycolytic mRNAs
were compared during growth on glucose or lactate by using
the yeast strain RY262, which carries a temperature-sensi-
tive lesion in RNA polymerase II (rpbl) (49). This mutation
has been used previously to measure yeast mRNA half-lives
(22). Strain RY137 (RPBI) was used to control for the effects
of the temperature upshift on mRNA half-life.
RY262 and RY137 were grown at 26°C to mid-exponential

phase on glucose (YEPD) or lactate (YEPL), whereupon the
cultures were shifted to 37°C (see Materials and Methods).
RNA was prepared from cells harvested at various time
points following the temperature upshift, and equal amounts
of RNA from each sample (15 ,ug per lane) were subjected to
Northern analysis. The accuracy of the RNA loadings was
checked by probing dot blots of each sample for the 18S
rRNA (Fig. 1). Northern filters were then probed sequen-
tially for glycolytic mRNAs that showed relatively high
(PFK2 and PYKI) or moderate (PGKI and PDCJ) levels of
glucose activation. Following autoradiography, the hybrid-
ization signals were quantitated by using the 2D-Radioimag-
ing System, and these signals were corrected for minor
errors in RNA loading by using the 18S rRNA-cqptrol (Fig.
1). The decay of the PYKI and PGKI mRNAs following the
temperature upshift in the rpbl strain is illustrated in Fig. 5.

In the RPBI- control strain RY137, a threefold increase in
the abundance of the PGKI mRNA was observed after the
temperature was increased from 26 to 37°C (not shown). This
was expected, because the PGKJ promoter carries a func-
tional heat shock element (50). As described previously (51),
the heat shock induction ofPGKI was observed only during
glycolytic growth and not under gluconeogenic conditions.
mRNA half-lives were calculated by linear regression

analysis by using the 10- to 40-min time points. No signifi-
cant differences in the half-lives of two control mRNAs
(ACT] and TRP3) were observed during glycolytic or gluco-
neogenic growth (Table 2). The values obtained for the
half-lives of the ACT] and PGKI mRNAs are similar to
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FIG. 5. The half-lives of glycolytic mRNAs do not differ significantly during growth on glucose or lactate. The decay of the PYKI and
PGKI mRNAs following a shift to the restrictive temperature (time zero) during exponential growth of the rpbl-i strain on glucose or lactate
is shown. The abundance at each time point (corrected by using the 18S rRNA control) is given relative to that at time zero (100%o). Dots
indicate growth on glucose, and plus signs indicate growth on lactate.
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TABLE 2. The effect of carbon source on the stability of
glycolytic mRNAs

Half-life (min) witha:
mRNA

Glucose Lactate

PYKI 67 (0.968) 60 (0.884)
PGKI 45 (1.000) 74 (0.731)
PDCI 43 (0.997) 77 (0.631)
PFK2 29 (0.762) 40 (0.834)
ACT) 29 (0.872) 20 (0.991)
TRP3 12 (0.954) 12 (0.995)

a Approximate half-lives were calculated by linear regression analysis by
using mRNA decay data from the 10- to 40-min time points. The figures in
parentheses represent the correlation coefficients for the lines of best fit used
to calculate each mRNA half-life.

those obtained previously by Herrick and coworkers (22)
using the temperature-sensitive polymerase II mutant.
The PFK2, PGKI, and PDCJ mRNAs are all relatively

stable (Table 2), as would be expected for "housekeeping"
functions (9). The PFK2, PGKI, PYKI, and PDCJ mRNAs
are not degraded more rapidly during growth on lactate
(Table 2). Therefore, the differential glucose induction of
glycolytic mRNA levels is probably mediated at the tran-
scriptional level.

Glycolytic mRNAs are differentially regulated at the tran-
scriptional level. To confirm that the differential glucose
induction of glycolytic mRNAs is mediated at the transcrip-
tional level, yeast strains were constructed which contain
either a PYK::lacZ or a PGK::lacZ gene fusion integrated at
the ura3 locus (Fig. 6).
A PYK::lacZ gene was constructed by fusing the 5' region

of the PYKI gene in frame to a lacZ reporter. Only 36
nucleotides from the 5' end of the PYK1 mRNA are present
in this fusion, with the lacZ sequences following the third
codon In addition. a PGK::lacZ gene was made bv inserting
the lacZ coding region into the
from pMA91 (42). An oligonucl

5' GENE 3'

I PYA P-K

FIG. 6. PYK::IacZ and PGK::laci
ulated in response to glucose. PYK:
were integrated independently at the
dase activity in each strain was meas
or lactate (arbitrary units as describe(
glucose activation was obtained by
level on glucose by the equivalent
represents the average of duplicate
cultures (error, + 10%). For the g4
represent PYKI sequences, black rc
quences, and hatched rectangles repi
Areas surrounded by the thick lines
The start codon in the PYK::IacZ fusi
sequence, the fusion occurring after t
otide linker was used to join the PG
second gene, and this linker provider

provide an in-frame initiation codon, because the 5' PGK1
sequences present in pMA91 terminate at -2 with respect to
the ATG. The PYK::lacZ and PGK::lacZ fusions contained
a PYKI and a PGK1 transcriptional terminator, respectively
(Fig. 6). Each lacZ fusion was cloned onto an integrating
shuttle vector, and in independent transformations they
were targeted to the ura3 locus by using the unique StuI site
within the wild-type URA3 gene on each plasmid. After
transformants were selected on the basis of uracil prototro-
phy, Southern blotting was performed on genomic DNA
from individual transformants (not shown), and only those
carrying a single copy of the appropriate lacZ fusion were
taken for further analysis.
Each lacZ strain was grown on either glucose (YEPD) or

lactate (YEPL), cells were harvested during mid-exponential
growth phase, and 3-galactosidase levels in each sample
were measured (Fig. 6). During growth on lactate, the
PYK: :lacZ gene generates lower levels of ,-galactosidase
than does the PGK: :lacZ fusion. However, during growth on
glucose, similar amounts of j-galactosidase are made by
each lacZ fusion. No glucose activation is observed for the
PGK::lacZ gene, but the PYK::lacZ gene is activated about
10-fold by glucose. Quantitative Northern analysis has re-
vealed that a 10-fold induction of P-galactosidase in response
to glucose is mediated by a 3-fold increase in PYK::lacZ
mRNA (not shown). This is similar to the level of glucose
activation observed for the wild-type PYKI mRNA (Fig. 4).
Therefore, the transcription of yeast glycolytic genes is
differentially regulated in response to the carbon source.
We have demonstrated previously that the PYKI gene is

regulated at multiple levels (46). This might account for the
difference between the levels of activation of PYK::lacZ
mRNA (about 3-fold) and protein (about 10-fold; Fig. 6) in
response to glucose.

DISCUSSION

PGKI expression cassette In this study, we have measured the relative level of each
leotide linker was used to glycolytic mRNA during exponential growth on glucose and

lactate (Fig. 4). Since these measurements have been made
with the same RNA preparations and all of the data have
been related to an internal control (the actin mRNA), it is

B-GALACTOSIDASE LEVELS clear that the glycolytic mRNAs are differentially regulated
in response to the carbon source. We have demonstrated

Glucose Lactate Activation that this differential regulation is not affected by changes in
mRNA stability (Fig. 5). Furthermore, we have shown that
single-copy, chromosomally located PYK::lacZ and PGK::

805 81 9.9 lacZ genes respond in a manner similar to that of their
respective wild-type loci (Fig. 6). Therefore, yeast glycolytic
mRNAs are differentially regulated in response to glucose at

564 732 0.8 the transcriptional level.

Z fusions are differentially reg-
At first glance, one might expect yeast glycolytic genes to

::fusionsnaePdiffereniallyireg- be coordinately regulated in response to the carbon source.

eura3 locus. The
P

-galactosi- All their gene products are required for the catabolism of
,ured during growth on glucose glucose and all are efficiently expressed, having very strong
d previously [43]). The level of codon biases (6) and optimal translation initiation regions
dividing the P-galactosidase (14). Furthermore, the transcription factors encoded by

value on lactate. Each assay ABFJ, GCRI, and RAP) are known to influence the expres-
assays on three independent sion of several glycolytic genes (3, 7, 13, 15, 61). However,
ene fusions, open rectangles despite a considerable amount of attention being focused on
ectangles represent PGKI se- this area, the exact mechanisms by which yeast glycolytic
,resent the lacZ coding region. '
srepresent coding sequences. genes are regulated remain obscure.sionwas providediby theqPYKI The positive transcriptional activator RAP1 binds to a
he third codon. An oligonucle- specific sequence motif in the promoters of many glycolytic
rKI and lacZ fragments in the genes, the deletion of which causes a marked decrease in
s the start codon. transcription (10, 13, 41, 59, 65). However, there is some
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debate as to whether carbon source regulation is mediated
through the RAP1 protein. While RAP1 binding at the PGKJ
promoter appears to be dependent upon the carbon source
(13), the deletion of the RAP1 binding site from the TPIJ,
PDCJ, or ADHI promoter does not seem to disrupt carbon
source regulation (12, 60, 65).
The role of the RAP1 protein is further complicated by its

interactions with other factors. For example, the ABF1 and
RAP1 proteins bind at overlapping sites within the EN02
promoter in a region that imparts both positive and negative
regulation (8). In addition, the GCR1 protein, which does not
bind glycolytic promoters directly, seems to mediate its
effect on ADHI transcription through the RAP1 protein (55).
In contrast, GCR1 does not appear to activate the EN02
promoter by modulating the activity of RAP1 or ABF1 (24).
Interestingly, Baker (3) has demonstrated clearly that geri
gene deletions affect the expression of the glycolytic genes to
different extents. Therefore, subtle differences may exist
among individual glycolytic promoters with respect to their
interactions with the transcription factors ABF1, GCR1,
RAP1, and possibly GAL11. These differences might depend
upon the juxtaposition of specific cis-acting sequences
within the promoters (10) and the relative activities of the
transcription factors under different physiological condi-
tions.
The functions of all glycolytic enzymes are not equal. For

example, the HXK2 gene product not only catalyzes the
phosphorylation of glucose but also plays a key role in
glucose repression (18). During growth on glycerol, the
lower part of the pathway catabolizes the carbon source,
while enzymes in the upper part of the pathway fulfill an
anabolic function. Also, whereas most glycolytic enzymes
catalyze reversible reactions that are exploited during glu-
coneogenesis, phosphofructokinase and pyruvate kinase cat-
alyze essentially irreversible reactions that are bypassed by
the gluconeogenic enzymes fructose biphosphatase and
phosphoenolpyruvate carboxykinase, respectively (re-
viewed in reference 70). Furthermore, the activities of both
phosphofructokinase and pyruvate kinase are modulated by
a large number of allosteric effectors (70, 71). Therefore, it is
very significant that the two peaks of transcriptional activa-
tion occur at the PFK2 and PYKI mRNAs (Fig. 4).

Previously, we have shown that compared with most other
glycolytic genes, the PYKI gene is subject to additional
levels of regulation (44, 45) and that the PFK2 and PYKI
mRNAs are coregulated at the translational level (46). It is
not inconceivable that the expression of other glycolytic
genes might be modulated by posttranscriptional mecha-
nisms. Taken together, all of these observations strongly
suggest that the regulation of phosphofructokinase and pyru-
vate kinase synthesis is significant in the control of glycolytic
flux in S. cerevisiae.
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