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The promoter of the yeast glycolytic gene encoding phosphoglycerate kinase (PGK) contains an upstream
activation sequence between bases —538 and —402 upstream of the initiating ATG. The upstream activation
sequence contains multiple functional elements, including an essential region called the activator core (AC)
sequence and three copies of the pentamer 5'-CTTCC-3'. The AC sequence shows strong homology to the
consensus binding sites for the yeast proteins RAP1 (GRF1) and TUF. We have demonstrated that the yeast
protein which interacts with the AC sequence is the DNA-binding protein RAP1. Expression of the PGK gene
is found to be regulated according to the carbon source in the growth medium. PGK mRNA levels are high in
yeast cells grown in glucose medium but low in yeast cells grown in media containing carbon sources such as
pyruvate and acetate. This carbon source regulation of transcription was found to be mediated, in part, via
regulation of RAP1 binding to the AC sequence. The promoters of many other yeast glycolytic genes also
contain consensus RAP1-binding sites and copies of the CTTCC pentamer. This suggests that RAP1 may be
involved in transcriptional control of many other glycolytic genes in addition to the PGK gene.

The gene encoding the glycolytic enzyme phosphoglycer-
ate kinase (PGK) is one of the most highly expressed genes
in the yeast cell, producing up to 5% of the total mRNA and
protein (18). We have studied the promoter of the PGK gene
to determine why it is such an efficient promoter and how
control of PGK transcription relates to control of the other
glycolytic genes.

The PGK promoter contains an upstream activation se-
quence (UAS) located between bases —538 and —402 up-
stream of the initiating ATG. Deletion of this region causes
a dramatic drop in the level of PGK mRNA (28). Previous
analysis of this UAS, using a combination of fine deletions
and gel retardation assays, identified three sequence motifs
(9, 32): (i) a region between bases —523 and —496 shown to
be the site of a strong DN A-protein interaction in vitro; (ii) a
region between —473 and —458, called the activator core
(AC) sequence, that is necessary for high-level expression
from the promoter and contains a good match to the consen-
sus binding sites for the proteins RAP1 (GRF1) and TUF (5,
6, 19, 30, 35); and (iii) three repeats of the pentamer
5'-CTTCC-3'. Deletion of individual repeats reduces PGK
expression but not as dramatically as does deletion of the AC
sequence. The PGK UAS therefore has a complex structure
central to which is the AC sequence. The homology between
this sequence and the consensus binding sites for the pro-
teins RAP1 (GRF1) and TUF suggested that one of these
proteins may interact with the PGK UAS.

The protein RAP1 binds to both activator and silencer
elements in vitro and has been proposed to play a role in
both activating and silencing transcription in vivo (30). The
protein GRF1 was isolated independently but is identical in
properties to RAP1 (5). Consensus binding sites for RAP1
(GRF1) have been identified in the promoters of several
genes, including the glycolytic genes ADHI, PYKI, and
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ENO1 (6, 27). The TUF protein binds to a conserved
transcriptional activator sequence (the RPG box) found in
the promoters of genes encoding components of the transla-
tional machinery (19). Because their consensus binding sites
are identical, RAP1 and TUF may be the same factor,
although the reported molecular weights of the two proteins
are different (20, 30). We have investigated DNA-protein
interactions at the PGK UAS and have now identified RAP1
as the protein that binds to the AC sequence.

Many of the yeast glycolytic enzymes share the property
of being inducible by glucose (25). In the case of PGK, this
characteristic correlates with a transcriptional effect on the
PGK gene. The PGK gene is highly expressed in yeast cells
grown in media containing glucose but less well expressed in
yeast cells grown in media containing carbon sources such as
pyruvate and acetate (32, 33). We have previously shown
that a region of the UAS upstream of —460 is necessary for
this carbon source regulation (32). This region includes the
RAPI-binding site of the AC sequence and an additional
sequence between bases —523 and —496 that is the site of a
strong DNA-protein interaction in vitro (32). We have now
analyzed deletions that remove different portions of the UAS
upstream of —460 in order to identify more precisely the
sequences responsible for carbon source regulation and to
identify a possible mechanism for this process.

MATERIALS AND METHODS

Yeast strains and media. The yeast strains used were
Saccharomyces cerevisiae DBY745 (o ade-100 leu2-3 leu2-
112 ura3-52) and MD40/4c (o ura2 trpl leu2-3 leu2-112
his3-11 his3-15). Unless otherwise stated, yeast cells were
grown in synthetic complete medium containing 2% glucose
as a carbon source (glucose medium) (15). Pyruvate media
was synthetic complete medium containing 2% pyruvate.

DNA fragments. The PGK Z+ fragment (—473 to —409)
was isolated from pSP46-Z+ (9). The Yfp control fragment
was a BamHI-BglIlII fragment isolated from pSP46-Yfp. This
plasmid contains a 28-base-pair oligonucleotide correspond-
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FIG. 1. (a) Structure of ARAP1. The EcoRlI sites are the ends of the genomic clone isolated from the \ library. Positions of restriction
enzyme sites are numbered relative to the ATG (0). (b) Structure of pSPS6RT7. SP6 indicates position of the SP6 promoter, immediately

adjacent to the ATG of the RAPI gene.

ing to the region of the PGK UAS between —523 and —496
cloned into the Hincll site of pSP46 (28). HMR(E), TEF2,
and RP51 fragments were isolated from pUC13 derivatives
containing synthetic oligonucleotides corresponding to the
RAPI1-binding sites at these loci (30). Fragments were iso-
lated from the pUC13 polylinker by digestion with HindIII
and EcoRI. For use in gel retardation assays, these frag-
ments were end labeled by using [a-*?PJdCTP (3,000 Ci/
mmol; Amersham Corp.) and Klenow polymerase (Bethesda
Research Laboratories, Inc.).

Cloning of the RAPI gene. A yeast (S. cerevisiae X2180)
genomic DNA library in Agtll (Clontech) was screened by
hybridization, using a 30-base oligonucleotide made to the
sequence between bases 1807 and 1836 in the published
RAPI sequence (30). Clone ARAP1 was obtained (Fig. 1a).
The identity of this clone was confirmed by using restriction
enzyme digestion and DNA sequencing. ARAP] contains the
entire RAPI coding sequence, 436 base pairs of promoter
sequence, and about 560 base pairs of sequence downstream
of the Xbal site, which is the limit of the published sequence.
This clone was tailored for in vitro transcription and trans-
lation. An EcoRI-Xbal fragment containing the RAPI gene
from ARAP1 was subcloned into pSP56 (28). RAPI promoter
sequences were removed by digestion of the clone with
EcoRI and PstI and subsequent regeneration of the 5’ end of
the RAPI gene by using two oligonucleotides with a total
length of 101 base pairs containing the RAPI sequence from
the ATG to the PstlI site at +93. The regenerated 5’ end of
the RAPI clone was confirmed to be correct by DNA
sequencing. This tailored RAPI clone (designated pSP56
RT7) therefore contains the RAPI gene with the ATG
positioned immediately adjacent to the SP6 promoter (Fig.
1b).

Production of RAP1 protein in vitro. pSPS6RT7 was lin-
earized with Xbal to produce the template for in vitro
transcription. Linear DNA (1 ng) was transcribed by using
SP6 polymerase under standard conditions (Promega Biotec)
in the presence of the cap analog m’G5'ppp5'G (Pharmacia,
Inc.). A 1-pg sample of RAPI RNA was translated in the
presence of [>*S]methionine (1,000 Ci/mmol; Amersham) in a
rabbit reticulocyte lysate system (Promega Biotec). The total
reaction volume was 50 pl. Mock translation reactions were
identical but were not primed with any RAPI RNA. For the
analysis of translation products, 1 to 3 pl of the reaction

mixtures was analyzed by electrophoresis through a 7.5%
sodium dodecyl sulfate (SDS)-polyacrylamide gel (23). *C-
labeled protein molecular weight markers (Amersham) were
run on the gels to allow the approximate sizes of the
translation products to be estimated. After electrophoresis,
protein gels were fixed in 10% glacial acetic acid, treated
with 1 M sodium salicylate, and dried. Labeled proteins
were detected by autoradiography at —70°C.

Gel retardation assays. Yeast nuclear protein extracts were
prepared as previously described (32). Yeast cells were
grown for at least six generations to a cell density of 4 x 10°
to 6 X 10%ml before harvesting. The protein concentrations
of the nuclear protein extracts were determined by using the
Bradford dye-binding assay (4). The gel retardation assay
was based on the methods of Fried and Crothers and Garner
and Revzin (12, 14). Mixtures for binding reactions using
yeast nuclear protein extracts contained 1 pg of nuclear
protein extract. This mixture was incubated with the labeled
DNA fragment in a buffer containing 20 mM KCl (9). Calf
thymus DNA (200 ng) was added to each binding reaction
mixture as a nonspecific competitor. After a 30-min incuba-
tion at 22°C, DNA-protein complexes were resolved by
electrophoresis on a 5% polyacrylamide gel containing 0.5x
TBE. The anti-RAP1 and preimmune antisera were prepared
in mice against the purified RAP1 protein (30). Each was
used at a final dilution of 1:400 in the binding reactions.
Binding reaction mixtures were prepared minus the labeled
DNA fragment. The antibody was added and allowed to
react with the extract for 10 min at 22°C before the labeled
fragment was added. Binding reactions using the in vitro
produced RAP1 protein were similar to those using the yeast
protein extracts. >>S-labeled RAP1 or mock lysate (0.5 to 1
ul) was incubated with the 32P-labeled DNA fragment in the
presence of 400 ng of calf thymus DNA. After electropho-
resis, the gel was covered with a reversed autoradiography
screen and exposed to X-ray film. This procedure allowed
the detection of 3’P in the labeled DNA fragment without
interference from 3°S in the translation reaction. In the
control experiment in which binding of in vitro-produced
RAPI1 protein was tested in the pyruvate extract, 0.5 ul of
mock or RAP1 lysate was mixed with 1 pg of the pyruvate
nuclear protein extract in the presence of 400 ng of calf
thymus DNA; the remainder of the assay was carried out by
the standard procedure.
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Methylation interference analysis. The method used for
assaying methylation interference was based on the proce-
dure described by Siebenlist and Gilbert (31). The PGK Z+
fragment was end labeled on the noncoding strand at the AC
end of the fragment. The labeled fragment was treated with
dimethyl sulfate in 50 mM sodium cacodylate-1 mM EDTA
(pH 8.0) for 2 min at 22°C to partially methylate the DNA.
The fragment was recovered by ethanol precipitation and
washed twice in 80% ethanol before use in a standard
binding reaction. Fragments present in complex A and in the
unbound DNA band were isolated from the gel and phenol
extracted before piperidine cleavage. The cleavage products
from each fragment were separated on a 20% polyacrylamide
sequencing gel and detected by autoradiography.

RNA analysis. Deletions of the PGK UAS were produced
using BAL 31 exonuclease as previously described (28).
Deletion constructs were transformed into yeast cells on a
high-copy-number leucine-selectable plasmid by standard
procedures (17). Transformants were grown for at least six
generations in either glucose or pyruvate medium to a cell
density of 4 x 10° to 6 X 10%ml. Cells were harvested and
used to prepare both RNA for Northern (RNA) analysis and
DNA to check plasmid copy numbers. RNA and DNA were
prepared as previously described (9, 32). Northern blots
were probed by using a PGK-specific probe to detect PGK
mRNA and a ribosomal-specific probe to measure rRNA as
aloading control (both nick translated to a specific activity of
10® cpm/pg). Construction of the yeast minimal promoter
will be described elsewhere (C. Stanway, A. Chambers,
A. J. Kingsman, and S. M. Kingsman, manuscript in prep-
aration). Briefly, the promoter consists of two synthetic
oligonucleotides, designated T’ and R, corresponding to
sequences around the TATA box and RNA start site in the
PGK promoter (11). The PGK sequences in these oligonu-
cleotides were as follows: T', —163 to —125; and R, —70 to
—35 and —10 to —4. These oligonucleotides were inserted
upstream of the human a-interferon-coding sequence in the
high-copy-number leucine-selectable plasmid pMA1557 (21).
DNA fragments containing regions of the PGK UAS were
inserted into a BamHI site immediately upstream of the T’
oligonucleotide in pKV560 (see Fig. 8a). Interferon mRNA
levels were measured by probing Northern filters with a
nick-translated interferon-specific probe. RAPI mRNA lev-
els were measured in the untransformed strain DBY745.
This strain was grown to a cell density of 4 X 10° to 6 X
10%ml in glucose or pyruvate medium. A 15-pg sample of
total RNA was loaded per lane. The filter was probed with a
nick-translated internal BamHI fragment from the RAPI
gene to determine RAPI mRNA levels. The filter was then
stripped of the RAPI probe and reprobed by using PGK- and
ribosomal-specific probes. Northern blots were quantitated
by using an Ambis Beta Scan system.

RESULTS

DNA-protein contacts at the PGK AC sequence. A DNA
fragment (Z+) (Fig. 2a) from the PGK promoter, which
contains the AC sequence and the three CTTCC blocks,
interacts specifically in vitro with yeast nuclear proteins (9).
Because the AC sequence shows strong homology to the
consensus binding site for the protein RAP1 and to the RPG
box, the binding site of the TUF protein (Fig. 2b), we tested
whether one of these proteins interacts with the PGK UAS.
The end-labeled Z+ fragment was incubated in vitro with a
yeast nuclear protein extract as previously described (9).
DNA-protein complexes were resolved by the standard band
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FIG. 2. (a) Functional elements within the PGK UAS. AC,
Activator core sequence; CT, CTTCC block; Yfp, position of the
footprint from the strong in vitro interaction with the Y binding
protein; Z+, DNA fragment containing the AC sequence and all
three CTTCC blocks. (b) Comparison between the PGK AC se-
quence, the consensus RAP1-binding site, and the RPG box.

shift assay (12, 14). Three major complexes were observed
(see Fig. 4). We have previously shown that complexes A
and C are specific and that complex C probably results from
partial proteolysis of the protein responsible for complex A
(9). Several faint complexes could also be seen, but these
were not consistently observed. The faster-migrating com-
plex was nonspecific. DNase I footprinting of complex A had
previously localized DNA-protein interactions to the AC
sequence, with minor changes in DNase I sensitivity at the
CTTCC blocks (9). We have now analyzed the DN A-protein
contacts in complex A more closely by using methylation
interference footprinting (31). The noncoding strand of the
Z+ fragment was end labeled to detect contacts at the G
residues opposite the C residues in the AC sequence (Fig. 3);
contacts were detected through the AC sequence. The highly
conserved G - C base pairs in the RAP1 (GRF1) consensus
binding site (6, 30) are all involved in DN A-protein contacts
in the complex. Because the residues contacted correspond
to these conserved residues, the protein responsible for the
complex may be RAP1 (GRF1). Methylation of one residue
in the BamHI linker, upstream of the AC sequence, also
interfered with complex formation. This contact may not be
base specific because this residue is not conserved in other
RAPI1-binding sites. No DNA-protein contacts were de-
tected at the CTTCC blocks; however, this technique is
limited because it detects only contacts in the major groove
of the DNA. Further experiments using different footprinting
techniques are therefore necessary to determine the extent
of DNA-protein interactions at these sites.

Inhibition of complex formation by an anti-RAP1 antibody.
An anti-RAP1 antibody (a generous gift from David Shore,
Columbia University) was then used to determine whether
the protein responsible for the specific complexes was RAP1
(Fig. 4). This mouse antibody was prepared against purified
RAPI1 protein. It has been shown to react specifically at a
concentration of 1:400 with RAP1 protein on Western blots
(immunoblots) and was used to screen a Agtll library at a
dilution of 1:250 to isolate RAP1 clones (30). This antibody
was added to yeast nuclear protein extracts and allowed to
preadsorb the RAP1 protein before the labeled test frag-
ments were added. It was added to standard binding reac-
tions at a final dilution of 1:400. The antibody was allowed to
react with the extract for 10 min at room temperature before
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FIG. 3. Methylation interference analysis of Z+ complex A. F,
Free fragment; B, fragment bound in complex A. Positions of
sequence elements in the PGK UAS relative to the autoradiograph
are shown on the left. Contacted residues within the Z+ fragment
are circled.

the labeled DNA fragment was added; the remainder of the
assay was carried out by the standard procedure. Two
controls were used. First, a labeled fragment (Yfp) (Fig. 2)
containing the region of the UAS between —523 and —496,
previously identified as the site of a DN A-protein interaction
in vitro (32), was tested in binding reactions with the
anti-RAP]1 antibody. The protein that binds to this region of
the UAS has been shown to be different from the AC-binding
protein (9). As a second control, the same dilution of a
preimmune serum from the same mouse was tested in
binding reactions with the same two DNA fragments. The
anti-RAP1 antibody inhibited formation of the Z+-specific
complexes A and C but had no effect on the nonspecific
complexes (Fig. 2; compare lanes 4 and 6). This antibody
had no effect on the complexes formed by the control
fragment (compare lanes 10 and 12). In the presence of the
same dilution of the preimmune serum, formation of the
Z+-specific complexes A and C was not affected (compare
lanes 4 and 5). These results show that the RAP1 protein, or
a protein that shares with RAP1 a determinant recognized by

TRANSCRIPTIONAL CONTROL OF THE YEAST PGK GENE 5519

e At B S e et ol faed Y o B b B
A —

III
c -
NS -k G

“Ww e e P

FIG. 4. Inhibition by an anti-RAP1 antibody of formation of
Z+-specific complexes. A and C, Z+-specific complexes; N/S,
nonspecific complex; III, Yfp complex. Lanes: 1, free fragment; 2,
fragment plus preimmune antibody; 3, fragment plus anti-RAP1
antibody; 4, standard binding reaction; 5, binding reaction plus
preimmune antibody; 6, binding reaction plus anti-RAP1 antibody; 7
to 12, as 1 to 6 except that the labeled Yfp fragment was used.

the antibody, is necessary for formation of the Z+-specific
complexes. The anti-RAP1 antibody only identified clones
containing the RAP1 gene when it was used to screen a Agtll
library (30). This makes it unlikely that S. cerevisiae con-
tains a family of different proteins sharing a protein domain
recognized by the antibody.

Binding of in vitro-produced RAP1 protein to the PGK UAS.
The RAPI gene was tailored so as to allow it to be tran-
scribed and translated in vitro (see Materials and Methods).
The tailored gene was transcribed by using SP6 RNA poly-
merase to generate RAP1 mRNA, which was then translated
in a rabbit reticulocyte lysate system in the presence of
[3SImethionine. The major translation product migrated on
an SDS-polyacrylamide gel with a mobility consistent with it
being the 120-kilodalton full-length RAP1 protein (Fig. 5a,
lanes A to C). Identical reactions not primed with the RAP1
RNA produced no detectable labeled proteins (Fig. 5a, lanes
D to F). The in vitro-produced RAP1 protein was tested on
oligonucleotides containing RAPI1-binding sites from the
HMR(E) silencer region and the UASs from the TEF2 and
RP51 genes (30) (a generous gift from David Shore, Colum-
bia University) in gel retardation assays (Fig. 5b). In each
case, a complex was obtained with the in vitro-produced
protein identical in mobility to that obtained with a yeast
nuclear protein extract. The in vitro produced-protein was
therefore capable of binding to RAP1-binding sites in the
same way as the yeast-produced protein. The in vitro-
produced protein was then tested for binding to the PGK Z+
fragment (Fig. 6). The in vitro-produced protein gave a
complex of mobility identical to that of complex A formed in
the yeast protein extract. The mock lysate, not primed with
RAP1 SP6 RNA, gave no detectable complexes. As a
control, the in vitro-produced protein was tested on a DNA
fragment that does not contain a consensus RAP1-binding
site. The fragment chosen (Yfp) contains an oligonucleotide
of the region of the PGK UAS between bases —523 and
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FIG. 5. (a) SDS-polyacrylamide gel of in vitro-produced RAP1 protein. Lanes: A to C, 0.5, 1, and 1.5 pl of lysate containing the RAP1
protein; D to F, identical amounts of a mock lysate; M, protein molecular weight markers (sizes shown are in kilodaltons). RAP indicates the
position of the 120-kilodalton RAP1 protein. (b) Binding of the in vitro-produced RAP1 protein to three different binding sites. DNA fragments
containing RAP1-binding sites from the HMR(E), TEF2, and RP51 loci were tested. Lanes: F, fragment minus protein extract; Y, binding
assay using a yeast nuclear protein extract; R, binding assay using in vitro-produced RAP1 protein. C, Position of the RAP1 complex; Fr,

position of the unbound DNA fragment.

—496. The control fragment formed strong complexes with
the yeast nuclear protein extract but no complexes with
either the in vitro-produced RAP1 or the mock lysate. These
results argue strongly that complex A is caused by the RAP1
protein binding to the AC sequence.

Regulated expression requires the RAP1-binding site and
flanking sequences. The PGK gene is highly expressed in
yeast cells grown in minimal medium containing glucose as a
carbon source but poorly expressed in yeast cells grown in
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FIG. 6. Binding of in vitro-produced RAP1 protein to the PGK
Z+ fragment. The Yfp and Z+ fragments were tested in gel
retardation assays with the in vitro-produced RAP1 protein. Lanes:
F, free fragment; Y, fragment plus yeast nuclear protein extract; M,
fragment plus mock lysate; R, fragment plus lysate containing in
vitro-produced RAP1. III, Complex III formed on the Yfp fragment
in the yeast nuclear protein extract; A, complex A formed on the Z+
fragment in the yeast nuclear protein extract and in the lysate
containing RAP1.

minimal medium containing a carbon source such as pyru-
vate or acetate (32, 33). We have previously shown that the
region of the UAS between bases —538 and —460 is neces-
sary for this carbon source regulation (32). This region of the
UAS contains the RAP1-binding site of the AC sequence and
the Yfp sequence, the site of a strong DNA-protein interac-
tion in vitro (32). The Yfp sequence can be deleted from the
promoter without affecting PGK expression in glucose media
(9). However, as the DNA-protein interaction at this se-
quence is carbon source dependent, we thought it possible
that this sequence may play a role as a modulator of carbon
source regulation (32). We therefore tested the effects of
deletions that removed either all or part of this sequence on
carbon source regulation (Fig. 7). When the whole UAS was
present (pMA27), the difference in PGK mRNA levels
between cells grown in glucose and pyruvate media was
approximately fivefold. Deletions that removed either the
whole Yfp sequence (pMA779 and pMA797) or parts of it
(pKV501 and pKV514) showed the same degree of regula-
tion as the construct containing the whole UAS. The loading
control shows that there were no differences in the amounts
of RNA loaded per gel track. The copy numbers of the test
plasmids in yeast cells grown in the different media were also
tested (Fig. 7c). For all plasmids except pMA779, the copy
number in pyruvate medium was either identical to or
slightly higher than that in glucose medium. Therefore,
changes in plasmid copy number do not explain the observed
decrease in expression from these plasmids in pyruvate-
grown cells. pMA779 showed a decrease in copy number in
pyruvate-grown cells; this finding does not affect our con-
clusions because the region deleted in this construct was also
absent in pMA797, which did not vary in copy number. The
Yfp sequence is therefore not essential for carbon source
regulation.

Deletions that remove either CTTCC block 1 (—432 to
—428) or CTTCC block 2 (—449 to —445) (Fig. 2a) have
previously been shown to reduce PGK expression in glucose
media by 50 and 75%, respectively (9). We tested these
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FIG. 7. Demonstration that regions of the UAS upstream of
—479 are not essential for carbon source regulation. (a) Structure of
the PGK UAS showing the extent of the deletions tested. (b)
Northern analysis showing carbon source regulation of PGK mRNA
levels. Lanes: G, RNA isolated from cells grown in glucose medium;
P, RNA isolated from cells grown in pyruvate medium. Rb, Position
of rRNA; PGK, position of PGK mRNA. (c) Southern blot of DNA
isolated from the cultures used for RNA analysis. Lanes and
abbreviations are as for panel b.

deletions to determine whether either of these CTTCC
blocks is necessary for carbon source regulation. When
tested, both deletions retained the ability to be carbon
source regulated (data not shown). Therefore, although the
CTTCC blocks are important for full activation, they are not
essential for carbon source regulation.

To investigate further the mechanism of carbon source
regulation, we identified the sequences within the UAS
required to confer carbon source regulation on a minimal
assay promoter. The minimal assay promoter consisted of an
oligonucleotide containing a TATA box and an RNA start
site, based on the PGK sequence, linked to the coding region
of human « interferon as a reporter gene (Fig. 8a) (Stanway
et al., submitted). DNA fragments were inserted into a
BamHI site upstream of the TATA box, and their UAS
activities were measured by monitoring the production of
interferon mRNA. The parental plasmid produces no inter-
feron mRNA in the absence of UAS sequences upstream of
the TATA box (Stanway et al., submitted). When the whole
PGK UAS was present, interferon mRNA levels were car-
bon source regulated (Fig. 8b; compare 561G and 561P). This
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finding confirms the previous observation that the PGK UAS
contains the sequences through which carbon source regu-
lation is mediated (32). When the PGK Z+ fragment was
inserted in place of the whole UAS, the level of transcription
in glucose-grown yeast cells was less than when the whole
UAS was present; however, this transcription was also
carbon source regulated (Fig. 8b; compare 564G and 564P).
An oligonucleotide containing only the AC sequence and one
CTTCC block (PGK UAS sequence —473 to —453) was also
tested. This oligonucleotide directed no detectable transcrip-
tion of interferon mRNA (Stanway et al., submitted). These
results suggest that flanking sequences, in addition to the
RAP1-binding site, are required for both transcriptional
activation and carbon source regulation. All constructs
tested that were transcriptionally active were also carbon
source regulated. We have not been able to identify a
separate sequence in the UAS responsible for carbon source
regulation.

RAP1 binding to the PGK UAS is carbon source regulated.
Nuclear protein extracts were made from yeast cells grown
in glucose and pyruvate minimal media under the conditions
previously used for the RNA analysis. Identical amounts of
each protein extract were tested for the ability to form the
RAP1 complex (complex A) with the PGK Z+ fragment
(Fig. 9). Formation of complex A was detected in the glucose
extract but not in the pyruvate extract. Formation of the
faster-migrating nonspecific complex was not affected by
carbon source. Equal samples of the glucose and pyruvate
nuclear protein extracts were electrophoresed on an SDS-
polyacrylamide gel and visualized by Coomassie staining.
Although some proteins were present in the pyruvate extract
and absent from the glucose extract, and vice versa, the
majority of proteins were equally abundant in both extracts
(data not shown). As a control to show that the pyruvate
nuclear protein extract did not contain an inhibitor that
prevented RAP1 binding to DNA, we also carried out
retardation assays, using the pyruvate nuclear protein ex-
tract with the addition of the in vitro-produced RAP1 pro-
tein. The RAP1 complex (A) was efficiently formed by the in
vitro-produced RAPI protein in the presence of the pyruvate
extract, indicating that this extract did not contain an inhib-
itor of RAP1 binding. These results suggest the hypothesis
that regulation of RAP1 binding to the AC sequence may
play a role in carbon source regulation of PGK transcription
in vivo. These results also suggest that in yeast cells grown
in pyruvate medium, the RAP] protein might be less abun-
dant than in cells grown in glucose medium or exist in a
modified form that does not bind as efficiently to the PGK
UAS.

RAPI mRNA levels are not regulated by carbon source. We
measured RAPI mRNA levels in glucose- and pyruvate-
grown cells to determine whether the presence and absence
of RAP1-binding activity in the different growth media was
due to transcriptional control of the RAPI gene. RNA was
isolated from untransformed yeast cells grown in glucose
and pyruvate media under the conditions used previously.
These RNAs were analyzed by agarose gel electrophoresis,
followed by Northern blotting (Fig. 10). The Northern filter
was initially probed with a PGK probe and an rRNA probe
as a loading control (Fig. 10a). This assay showed a fivefold
difference in chromosomal PGK mRNA levels between the
two growth media. The same filter was then reprobed with a
RAPI-specific probe (Fig. 10b). RAPI mRNA levels were
identical in the two lanes, indicating that RAP/ mRNA levels
are not regulated by carbon source.
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FIG. 8. Carbon source regulation of a minimal assay promoter. (a) Structure of minimal promoter derivatives. TATA, Oligonucleotide
containing the TATA box region from the PGK promoter; RIS, oligonucleotide containing the region surrounding the RNA start site in the
PGK promoter; PGK UAS and Z+, DNA fragments inserted upstream of the TATA box in pKV561 and pKV564 (UAS, —538 to —402; Z+,
—473 to —409). IFN, a-interferon-coding sequence. Bgl/Bam, Bg/II-BamHI junction. (b) Carbon source regulation of pKV561 and pKV564.
RNA was isolated from transformants grown on glucose (G) and pyruvate (P) media. The Northern filter was probed with a ribosomal probe
as a loading control (Rb) and an interferon probe to detect RNA produced by the minimal promoter constructs (IFN).

DISCUSSION

The AC sequence is essential for high-level expression
from the PGK promoter (9). Here we have shown that the
yeast nuclear protein that binds in vitro to the AC sequence
is the protein RAP1. Three different items of data lead to this
conclusion: (i) DNA-protein contacts in Z+ complex A map
to residues in the AC sequence that are highly conserved
between RAPI1-binding sites, (ii) an anti-RAP1 antibody
inhibited formation of specific complexes on the Z+ frag-
ment, and (iii) RAP1 protein produced in vitro bound
strongly and specifically to the Z+ fragment.

FGP FPMPR

N/S —»

won & -ﬁi

FIG. 9. Demonstration that nuclear protein extracts from pyru-
vate-grown cells are depleted in RAP1-binding activity. Nuclear
protein extract from cells grown in glucose (G) and pyruvate (P)
media were tested for binding to the Z+ fragment. As a control
experiment, binding of the in vitro-produced RAP1 protein mixed
with the pyruvate extract was also tested. F, Free fragment; A,
RAP1 complex; N/S, nonspecific complex; P/M, binding reaction
containing the pyruvate extract plus a mock translation mix; P/R,
binding reaction containing the pyruvate extract plus in vitro-
produced RAP1 protein.

The use of a specific antibody to abolish complex forma-
tion, rather than induce a further mobility shift of the
complexes, is not without precedent: an antibody raised
against the presumed DNA-binding domain of the Jun pro-
tein prevented the formation of Jun-Fos protein complexes
on the 12-O-tetradecanoylphorbol-13-acetate-responsive
promoter element (29). We assume that the polyclonal RAP1
serum recognizes many sites on the RAP1 protein molecule,
including sites at or close to the DNA-binding domain, and
that by binding to these sites with high affinity, it prevented
RAP1 binding to DNA.

The RAP1 protein produced in vitro in a reticulocyte
lysate system bound strongly and specifically to DNA frag-
ments containing RAP1-binding sites, including the PGK Z+
fragment. Any posttranslational modifications of the protein
necessary for efficient DNA binding must therefore occur in
the lysate in the same way as in the yeast cell. The in
vitro-produced RAP1 gave a DNA-protein complex with the
Z+ fragment of mobility identical to that obtained by using a
yeast nuclear protein extract. This finding suggests that the
only protein present in complex A, formed in the yeast
protein extract, is RAP1. We previously obtained a DNase I
footprint of complex A, and we identified minor changes in
DNase I sensitivity in the proximity of the CTTCC blocks
(9), although DNA-protein contacts at the G - C base pairs
within these motifs were not detected in methylation inter-
ference footprints. We previously suggested that the changes
in DNase I sensitivity might be due to a second protein in the
complex that interacts with the CTTCC motifs (9). It now
seems more likely that these motifs are involved in second-
ary interactions with the RAP1 protein.

The interaction between RAP1 and the AC sequence
detected in vitro is almost certainly necessary for the UAS to
function in vivo. We considered the possibility that a dif-
ferent protein, with a recognition sequence similar to that of
RAPI1, may actually be important in vivo. The strong binding
of the RAP1 protein in vitro could mask the binding of other
proteins. This possibility is, however, unlikely because no
new DNA-protein complexes were detected when RAP1
binding was inhibited by using the specific antibody.
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FIG. 10. Demonstration that RAPI mRNA levels are not regulated by carbon source. RNA was isolated from glucose (G)- and pyruvate
(P)-grown cells. The Northern filter was probed with ribosomal- and PGK-specific probes (a) and a RAPI-specific probe (b). Rb, rRNA

(loading control); PGK, PGK mRNA; RAP, RAPI mRNA.

We have investigated the mechanism of carbon source
control of PGK transcription. The previously identified Yfp
sequence, the site of a strong DNA-protein interaction in
vitro (32), can be deleted from the promoter without af-
fecting carbon source regulation. The role of this sequence
within the UAS is unclear, although studies using a minimal
assay promoter suggest that it may play a part in creating the
correct context for efficient transcriptional activation by
RAP1 (Stanway et al., in preparation).

Using the minimal assay promoter, we have confirmed the
observation that sequences within the UAS are sufficient to
confer carbon source regulation on a heterologous promoter
(32). We detected strong binding of RAP1 to the UAS in
nuclear protein extracts from glucose-grown cells; however,
using protein extracts from pyruvate-grown cells, we de-
tected no specific binding to the UAS. This result argues that
carbon source regulation may be mediated in part via the
presence or absence of RAP1 binding to the activator core
sequence; we saw no evidence for the binding of repressor
proteins to the UAS.

Regulation of RAP1-binding activity could occur either by
a posttranslational modification of the protein, leading to less
efficient binding, or by a reduction in the actual amount of
RAPI protein available to bind. The levels of RAPI mRNA
do not vary with carbon source; therefore, changes in
RAP1-binding activity are not due to transcriptional control
of the RAPI gene. We have recently shown that dephosphor-
ylation of RAP1 inhibits its ability to bind to DNA (J. Tsang,
A. Chambers, A. J. Kingsman, and S. M. Kingsman, sub-
mitted for publication). This posttranslational modification
could therefore play a role in the differential binding of RAP1
according to carbon source. In addition, we have prelimi-
nary evidence that the levels of RAP1 protein are also
reduced in pyruvate extracts (unpublished observations).

These data are consistent with a model in which changes
in binding of RAP1 to the activator core sequence play an
important role in carbon source regulation of PGK transcrip-
tion. This may be an oversimplified view because RAP1-
binding sites are found in other promoters and at the HML
and HMR silencers (5, 6, 19, 27, 30, 35). If RAP1-binding
activity is regulated by carbon source, binding to these other
sites might be affected. Some of these other promoters, such
as the promoter of the ribosomal protein gene L25, are
carbon source regulated (16); however, some of the addi-
tional locations might not be expected to be regulated by
carbon source. This may be explained by the observation
that different RAP1-binding sites within the cell have widely
different affinities for the RAP1 protein (6, 30). Clearly, if the

level of RAP1-binding activity falls, strong-affinity sites will
be less affected than weak-affinity sites. By selecting the
correct affinity site for the appropriate location, the yeast
cell could have the potential to control many cellular pro-
cesses by simply changing the level of one protein. Recently,
a mechanism for carbon source regulation of the promoter of
the glycolytic gene encoding pyruvate kinase (PYK) was
proposed (27). An upstream repressor sequence located
between UASI and the TATA box is responsible for repress-
ing PYK transcription in nonfermentable carbon sources.
UAS1 of the PYK promoter contains homologies
to the PGK promoter, including a RAP1-binding site and
CTTCC block (Fig. 11). In the absence of the upstream
repressor sequence, expression increased in both glucose
and nonfermentable media, but this expression was still
carbon source regulated to some extent. This promoter may
require an upstream repressor sequence because the RAP1-
binding site in the PYK promoter is known to be a very high
affinity site (6). Therefore, changes in RAP1-binding activity
might have less effect on RAP1 binding to the PYK UAS
than to the PGK UAS.

RAP1 consensus binding sites and CTTCC blocks are
present in the promoters of the glycolytic genes PYKI,
ENOI1,ADHI, PDCI, and TPI in addition to PGK (1, 2,7, 8,
24, 27, 34) (Fig. 11). In each case, where the position of the
UAS is known, these motifs are within the UAS. The
promoter of the TDHI gene (3) also contains a consensus
RAPI1-binding site, but in this case there is not a CTTCC
block in close proximity. Genes encoding enzymes in the
first half of the glycolytic pathway, such as the HXK! and
HXK?2 genes encoding hexokinase isoenzymes, appear not
to contain obvious matches to the consensus RAP1-binding
site within their promoters (13, 22). We propose that the
consensus RAP1-binding site and the CTTCC motif are part
of a common system of transcriptional control of many
glycolytic genes. The specificity of action of the RAP1 protein

TPI -420 5' AACCCAT-CAGG™35bpCTTCC 3'
TDH1 -565 5' AACCCGTACAT 3
PGK -476 5'AAAACCCAGACACGCTCGACTTCC 3'
ENOL  -483 5' CTTCC------ ACTAGGATAGCACCCAAACACC 3'

PYK -656 5'TACACCCAGACA--TCGGGCTTCC 3'
PDC -635 5'  ACCCATAC - - - -CTTCC 3'
ADH1  -683 5' CTTCCTCTTTTCTGGCAACCAAACCCATACATCG 3'

FIG. 11. Conserved sequences in glycolytic promoters.
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on glycolytic promoters may be provided both by the binding
affinity of the RAP1-binding site and by secondary interac-
tions with flanking sequences, including the CTTCC motif.
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