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Abstract. Autonomously replicating sequence (ARS)-binding factor 1 (ABF1) is a multifunctional
protein involved in transcriptional activation and repression, as well as DNA replication, in yeast.
The ADH1 gene, encoding alcohol dehydrogenase 1, contains two ABF1 consensus binding sites in
the promoter and the coding regions. To examine the effect of ABF1 on expression of the ADH]
gene, we constructed an ADHI-lacZ fusion plasmid. Both ABF1 binding sites appeared to be
transcriptional activators because deletions and mutations of these sites decreased transcriptional
activity. The ABF1 binding sites also acted in an orientation-independent manner when a synthetic
ABF1 binding site was inserted into the yeast CYCI gene lacking its transcriptional activation
region. A gel mobility shift assay showed that ABF1 bound in vitro to both ABF1 binding sites in the
promoter and coding regions. In a glycerol medium the degree of activation by ABF1 was higher
than in a glucose medium. The expression of ADHI was activated synergistically by both ABF1
binding sites. These observations suggest that ABF1 transactivates the ADH]I gene through its

binding sequences in both the promoter and coding regions.

In Saccharomyces cerevisiae the coordinate expression
of genes with related functions is accomplished via
the interaction of specific DNA binding proteins with
conserved sequences located within the promoter
regions. Recently, a class of abundant sequence-
specific DNA binding proteins was identified. One
such protein, autonomously replicating sequence
(ARS) binding factor 1 (ABF1), was initially identi-
fied by interactions with ARSI and HMRE silencer/
ARS which are required for optimum ARS activity [5,
9, 25, 28]. Subsequent studies have shown that ABF1
binding is not limited to ARS elements. The ABF1
binding site has been identified in the 5’-flanking
regions of a number of genes [6, 7, 14, 15, 26]. These
genes include those encoding RNA polymerase, ribo-
somal proteins, and glycolytic enzymes, all of which
are proteins involved in cell growth. Comparison of a
number of ABF1-binding sites has revealed that
5'-RTCRYNNNNNACG-3' (R=AorG,Y=Cor
T, N is any nucleotide) is the consensus sequence
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high-affinity recognition by ABF1 [10] and that the
role of the ABF1 binding site is as a constitutive
upstream activation sequence for several genes [6, 14,
26]. Recently, ABF1 binding sites were observed in
the coding region of the LPD] gene [30] for which the
expression level was slightly repressed by ABF1
binding within the coding region {27].

The gene encoding the glycolytic enzyme ADH]
is one of the most highly expressed genes in yeast
cells. Although ADHI gene expression was originally
considered to be constitutive [11], more recent experi-
ments have demonstrated that it is regulated by the
nature of the carbon source in the growth medium
[8]. However, the carbon source-related element
controlling the ADH1 gene has not yet been character-
ized. Sequence analysis of the ADHI gene has re-
vealed the existence of ABF1 binding sites in the
5’-flanking region and the coding region. In this study
it is demonstrated that ABF1 binding sequences in
the promoter and the coding regions are responsible
for transactivation of the ADHI gene and that they
mediate carbon source-dependent activation of this
gene.
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Materials and Methods

Strains and growth conditions. The S. cerevisiae strains used in this
study were SHY4 (MATa, ste-VC9, ura3-52, trpl-289, leu2-3,
leu2-112, his3-Al) [3] and JCA35(MATa, trplA, his3A200, ura3-52,
lys2-801, ade2-1, gal, abfI-5, his3) [23]. JCA35 (abfI-5) is an abfl
temperature-sensitive mutant strain. Escherichia coli HB101 (F—,
r—, m~, recA13) and JM83 (ara, A(lac-proAB), rspL, ®80lacZ
AM15) were used for maintenance and amplification of plasmids.
Plasmids were introduced into E. coli strains by the CaCl; transfor-
mation method [24]. E. coli cells were grown at 37°C in LB medium.
Yeast DNA transformation was carried out by the method of Hill
et al. [16]. Yeast strain SHY4 was grown at 30°C with shaking in a
liquid medium containing 2% bactopeptone, 1% yeast extract,
supplemented with 2% glucose (YEPD) or 3% glycerol (YEPG),
respectively. Strain JCA35 (abfI-5) was cultured at a semi-
permissive temperature (30°C). Yeast cells were washed with a
medium containing 1% yeast extract and 2% bactopeptone before
transfer to different carbon sources.

Cloning and construction of fusion plasmids. A yeast genomic
library was screened and a full-length ADHI gene was cloned by
colony hybridization with a DNA probe containing the promoter
region of the ADHI gene [2]. The EcoRV-HindIIl fragment
containing the sequence —717 to +761 of ADHI was obtained and
inserted into pYJ5B. The resulting plasmid pADHO1 was an
in-frame ADH1-lacZ fusion vector. The Bc/I-HindIII and EcoRV-
Sphl fragments of pADHOl were deleted, and the resulting
plasmids were designated pADHO02 and pADHO03, respectively.
The Sphl/Bcil fragment was inserted into pYJSB to give plasmid
pADHO04 (Fig. 1). The fragments that were used to construct the
ADH]1-lacZ fusion plasmids were modified to adjust the reading
frame. Plasmid pCYCABF1 was made by inserting the synthesized
oligonucleotides (5'-TCGAGTCGCTGGTCACGAG-3") corre-
sponding to the ABF1 binding site within the coding region of the
ADHI gene into the Xhol site of pRSCYC. Plasmid pRSCYC,
lacking all CYCI activation sequences, was produced from
pLG669-Z [13] by digestion with Xhol, and the selectable marker
gene was changed from URA3 to TRPI.

Enzyme assays. B-galactosidase assays were performed with ONPG
(Sigma Chemical Co.) according to Jung et al. [17]. B-galactosidase
activities were represented as nmol of ONP produced min~! (mg
protein)~1, All samples were assayed in duplicate or triplicate, and
the experiments were repeated at least three times. Standard
spectrophotometric assays for ADH1 were performed as described
by Tornow and Santangelo [29].

Gel mobility shift assays. Preparation of protein extracts was
performed according to the method of Luche et al. [19]. The
protein concentration of yeast extracts was determined by the
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Fig. 1. Construction of ADH-lacZ fusions and ex-
pression of B-galactosidase activity in SHY4 cells.
The ADH1 gene contains two ABF1 binding sites in
the promoter (between —520 and —508 with respect
182 to start codon) and the coding region (between
+190 and +202). Each ADH1-lacZ fusion was trans-
formed into strain SHY4, and the cells were grown

vy

82 in YEPD (2% glucose). B-galactosidase-specific ac-
tivities are expressed in units per mg of protein and
38 are averages of three determinations with a range of

less than 10%. Solid box represents the ABF1 bind-
ing site. Restriction sites illustrated include:
13 Bcll(B); EcoRV(EV); HindII1(H); Sph1(S).

method of Bradford [4]. Gel mobility shift assays were carried out
as described by Graves et al. [12].

Site-directed mutagenesis of ABF1 binding sites. Oligonucleotide-
directed mutagenesis was performed according to the method of
Kunkel et al. [18]. The C(—518) and A(—510) bases of the ABF1
binding site in the promoter region were changed to A and C,
respectively. The sequence of the ABF1 binding site within the
coding region was changed from C(+192) to A and from A(+200)
to C. The base changes were confirmed by DNA sequence analysis.

Results

ABF1 as a transcriptional activator of the ADHI
gene. The ADH] gene contains two ABF1 binding
sites within the promoter and the coding regions. The
ADH 1-lacZ fusion plasmids were constructed to see
the effect of ABF1 on the expression of the ADHI
gene. Fig. 1 is a summary of the results of p-galactosi-
dase assays for strain SHY4 carrying ADHI-lacZ
fusion plasmids. Deletion of the sequence between
~717 and —410 (with respect to the start codon)
resulted in a 4.7-fold reduction of B-galactosidase-
specific activity. A similar level of reduction was also
observed in ADH1 enzyme (data not shown). Dele-
tion of the sequence located between +109 and +761
resulted in an approximate 2.2-fold decrease in -ga-
lactosidase activity. These results indicate that the
activating sequences are located in the upstream
region and the coding sequence. Since the ABFI
protein is abundant in strain SHY4, the abf! tempera-
ture-sensitive mutant JCA35(abf1-5) [23] was used to
elucidate the exact function of ABF1 on ADHI gene
expression. Each of four different in-frame ADHI-
lacZ fusion plasmids was cotransformed with and
without YEP24-3a into strain JCA35(abfl-5). These
transformants carrying YEP24-3a, the ABF1 expres-
sion vector, contained levels of ABF1 approximately
4-fold higher than transformants carrying the vector
alone (YEP24) [22]. Transformants carrying pADHO1
and YEP24-3a exhibited a 4.8-fold greater increase in
B-galactosidase activities than transformants carrying
pADHO1 and YEP24 (Table 1 and Fig. 2). In the case
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Table 1. The effects of ABF1 on the expression of ADH-lacZ fusions in strain JCA35 (abf1-5)*
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YEPD?

pB-galactosidase activity?

YEPG

B-galactosidase activity

+YEP24 +YEP-3a¢ +YEP24 +YEP24-3a
Plasmids (Control) (ABF1) Ratiof (Control) (ABF1) Ratio
pADHO1 33.8 162.2 48 15.4 134 8.7
pADHO02 26.6 69.2 2.6 12.3 66.4 54
pADHO03 11.5 43.7 3.8 7.8 71.8 9.2
pADHO04 8.6 12.9 15 7.2 13.0 1.8

 Strain JCA35 is an abf] temperature-sensitive mutant.
® YEPD is rich medium containing 2% (wt/vol) glucose.
¢ YEPG is rich medium containing 3% (vol/vol) glycerol.

4 The specific activities of B-galactosidase are expressed in units per mg of protein and are the results of at least three independent

experiments; the range of these values was less than 15%.

¢ YEP24-3a contains the genomic ABFI gene and expresses ABF1 protein.
J Ratio of B-galactosidase activity in strain JCA35(abfI-5) with ADH-lacZ fusion carrying the YEP24-3a versus YEP24 plasmid.
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Fig. 2. Effect of ABF1 on the expression of ADH-lacZ fusions in
different carbon sources. Each plasmid was cotransformed into
mutant strain JCA35(abfI-5) with YEP24 and YEP24-3a, respec-
tively, and assayed for B-galactosidase activity. Solid bar represents
the ratio of B-galactosidase activity of transformants carrying
YEP24-3a vs. YEP24, grown on YEPD medium (2% glucose).
Open bar represents the ratio of B-galactosidase activity for cells
carrying YEP24-3a vs. YEP24, grown on YEPG medium (3%
glycerol).

of pADHO02 and pADHO03, 2.6- and 3.8-fold increases
werg observed, respectively, confirming that the ABF1
binding site has a weak UAS activity [23]. Both ABF1
sites of the promoter and coding region function
additively to boost the overall expression of the gene.
The B-galactosidase activity was not significantly
increased in the strain transformed with pADHO04
(Table 1). The enzyme levels of pADHO1 and
pADHO03 were higher than the levels of pADHO02 and
pADHO04, respectively (Table 1 and Fig. 1), indicating
that ABF1 exerted its influence on the sequence
between +108 and +761.
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Fig. 3. Gel mobility shift assay of ABF1 binding site of ADH] gene.
(A) A P-labeled fragment (between —490 and —546 with respect
to the start codon) containing the ABF1 binding site was incubated
with 40 pg of cell extract from SHY4 cells in the presence or
absence of competitor DNA. Lane 1, no extract; 2, no competitor
DNA,; 3, 50-fold excess of consensus oligonucleotide; 4, 50-fold
excess of ARS1-ABF1 DNA. (B) 40 pg of cell extract from SHY4
cells was incubated with a 3?P-labeled, double-stranded synthetic
oligonucleotide corresponding to ABF1 binding site within the
coding region and either antiserum to ABF1 or preimmune serum.
Lane 1, no extract; 2, no competitor DNA; 3 and 4, 50-fold and
100-fold excess of consensus oligonucleotide respectively; 5, 1:5
dilution of preimmune serum; 6, 1:5 dilution of anti-ABF1 serum.
(C) 32P-labeled oligonucleotide was used as probe, and anti-ABF1
serum was added before or after binding reaction. Lane 1, extract;
2, preimmune serum; 3, anti-ABF1 serum was added before
binding reaction; 4, anti-ABF1 serum was added after binding
reaction.

ABF1 binds to the consensus sequences in the pro-
moter and the coding regions. The binding of ABF1
to the consensus sites of both the promoter and the
coding regions was determined by gel retardation
assays (Fig. 3). A fragment containing the ABF1
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—

pCYCABFT [ }——" ] 17.1 3.8 3.5 27.3 7.8
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—

pCYCABF2 [ p——— ] 16.4 3.9 3.8 34.6 9.1

Fig. 4. Effect of ABF1 on the expression of CYCI-lacZ gene on different carbon sources. pRSCYC containing a UAS-less CYCI-lacZ gene
fusion was constructed from pLG669-Z. An oligonucleotide corresponding to the ABF1 binding site in the coding region of ADH]I gene was
inserted at the X%o1 site of pRSCYC, and its orientation is designated by the direction of arrow. Each plasmid was transformed into ABF1
temperature-sensitive mutant strain JCA35(abfI-5) with or without ABF1 expression vector (YEP24-3a), and B-galactosidase assay was
performed. The range of these values was less than 10%. Cells were grown either on YEPD (2% glucose) or on YEPG (3% glycerol).

binding site between —490 and —546 formed one
specific DNA-protein complex (Fig. 3A). The syn-
thetic ABF1 binding site as a competitor abolished
the protein-DNA complex (Fig. 3A, lane 4). A
double-stranded synthetic oligonucleotide correspond-
ing to the ABF1 binding sequence between +190 and
+202 also formed one specific DNA-protein complex
(Fig. 3B). Each DNA-protein complex was super-
shifted after addition of anti-ABF1 serum (Fig. 3B,
lane 6, and Fig. 3C, lane 4). When this antiserum was
allowed to pre-adsorb the ABF1 protein before the
labeled DNA fragments were added, the formation of
specific DNA-protein complexes was inhibited (Fig.
3C, lane 3).

Modulation of transcriptional activation by the car-
bon source. When the carbon source was changed
from glucose to glycerol, the levels of B-galactosidase
expression were moderately decreased (Table 1). In
the case of pADHO3 the specific B-galactosidase
activity of cells cultured in a glycerol medium was
higher than the activity of cells cultured in a glucose
medium. This result indicates that a site, possibly the
ABF1 binding site in the coding region, is responsible
for efficient transactivation of this gene. Activation in
a glycerol medium was approximately two-fold higher
than in a glucose medium (Fig. 2).

Carbon source-dependent activation of ABF1
after fusion of the ABF1 binding site to a UAS-less
CYCl-lacZ gene fusion was also investigated. An
oligonucleotide corresponding to the ABF1 binding
site in the coding region of the ADHI gene was
inserted into the UAS-less CYCI promoter-lacZ fu-
sion gene of the pRSCYC plasmid (pCYCABF1)
(Fig. 4). When plasmid pCYCABF1 was cotrans-
formed with YEP24-3a, the B-galactosidase level was
4-fold higher than the level obtained with pRSCYC.
A base level of B-galactosidase activity was observed
in strain JCA35(abfl-5) carrying pRSCYC with

YEP24 or YEP24-3a (Fig. 4). This result indicates
that ABF1 can function as a trans-activator. When a
consensus oligonucleotide fusion plasmid (pCY-
CABF1) was cotransformed with YEP24-3a, the 3-ga-
lactosidase activity was increased 3.8-fold compared
with transformation with YEP24; with a change in the
carbon source from glucose to glycerol, a 7.8-fold
increase in B-galactosidase activity was observed. The
activation ratio in a glycerol medium was approxi-
mately two times higher than in a glucose medium
(Fig. 4). This result is consistent with the result using
the ADHI-lacZ fusion plasmid. The p-galactosidase
activity of pCYCABF2 containing a reverse orienta-
tion of the ABF1 binding site was similar to the
activity of pCYCABF1 (Fig. 4). This result shows that
the ABF1 binding site functions in an orientation-
independent manner.

Effect of mutation of the ABF1 binding sequences.
Mutations of ABF1 binding sites were introduced to
examine the role of the ABF1 binding sites in
regulating the ADH]I gene (Fig. 5). The C(—518) and
A(—510) bases of the ABF1 binding site in the
promoter were changed to A and C, respectively (Fig.
5A). The sequence of the ABF1 binding site within
the coding region was also changed from C(+192) to
A and from A(+4200) to C (Fig. 5A). The effects of
these mutations on B-galactosidase activities are
shown in Fig. 5B. In a parallel study of these plasmids
with mutations, a two-fold reduction of B-galactosi-
dase activity in comparison with the wild-type plasmid
was observed. The effect of the ABF1 binding site in
the promoter region was similar to that of the ABF1
binding site in the coding region (Table 1 and Fig.
5B). Mutations in each plasmid completely abolished
the effect of ABF1. These results indicate that ABF1
exerts its function on both ABF1 binding sites in the
promoter and the coding regions of the ADHI gene.
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+YEP24 +YEP24-3a Ratio
162.2 4.8

A
ABF1 consensus seguence 5’ -RTCRYNNNNNACG-3'
-520 -50
ABF1 sequence at 5’ -region GTCGTACATAACG
* *
Mutated sequence GTAGTACATACCG
+190 +202
ABF1 sequence at coding region GTCGCTGGTCACG
* *
Mutated sequence GTAGCTGGTCCCG
B
-520 +1  +180
pADHO1 --lacZ 33.8
EV S H
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Discussion

In this study the effect of ABF1 on regulation of the
ADHI gene was analyzed. The B-galactosidase activi-
ties for deletion constructs in strain JCA35(abfI-5)
with and without YEP24-3a indicated that ABF1 acts
as a transcriptional activator through ABF1 binding
sites in the promoter and the coding regions of the
ADH] gene (Table 1). Deletion of the ABF1 binding
site in the promoter region resulted in a greater
reduction of B-galactosidase activity than in the case
of deletion of the coding region. This might be due to
involvement of other factors in ADH] gene regulation
[29].

ADHI has often been considered to be a constitu-
tive gene. However, the expression level decreased
when cells were cultured on a nonfermentable carbon
source. The extent of this decrease was relatively
moderate, as shown by Beier and Young [1]. In
glycerol medium, the expression levels of ADH] were
decreased compared with the levels of cells grown in a
glucose medium (Table 1). Activation levels of
pADHO01, pADHO02, and pADHO03 were increased by
ABF1 more than 2-fold in a glycerol medium com-
pared with a glucose medium (Table 1 and Fig. 2).
The phosphorylation form of ABF1 has been shown
to be different depending on the carbon source [17,
26]. This difference may be due to the different level
of phosphorylation of ABF1.

Yeast PGK, PYKI, and LPDI] genes appear to
have transcriptional enhancers within their coding
regions [20, 21, 30]. Recently, ABF1 binding sites in
the coding region of the LPDI gene were shown to
repress slightly expression of the gene [27]. However,
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Fig. 5. Mutation effect of ABF1 binding site on the
expression of ADH-lacZ fusion. (A) Position and
changed bases are shown; the third base (C) of con-
sensus sequence was changed to A and the eleventh
base(A) was changed to C. The asterisks (*) repre-
sent the altered base. (B) All cultures were grown on

100.8 3.5  YEPD (2% glucose). Each plasmid was cotrans-
formed into strain JCA35 (abf1-5) with YEP24 or
U5 1.7  YEP24-3a, respectively. The range of B-galactosidase
activities was less than 10%. The mutation was indi-
cated by hatched box. Solid box represents the ABF1
18.2 1.8

binding site.

for the ADH1I gene, the ABF1 binding site activated
the expression of the ADHI gene approximately
4-fold. Alteration of the base sequence of the ABF1
binding sequence in the coding region by site-directed
mutagenesis without affecting its coding potential
abolished binding of ABF1 to these sites (data not
shown) and reduced enzyme activity in the ADH-lacZ
fusion plasmids (Table 1 and Fig. 5B). ABF1 action as
a trans-activator through the 5'- and coding regions of
the ADHI gene and ABF1 function as a binding site
in an orientation-independent manner are indicated
by the results of this study.
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