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The acetyl-CoA synthetase gene ACS2 of the yeast
Saccharomyces cerevisiae is coregulated with structural genes of fatty acid
biosynthesis by the transcriptional activators Ino2p and Inodp
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Abstract The yeast Saccharomyces cerevisiae contains two
acetyl-CoA synthetase genes, ACSI and ACS2. While ACS1
transcription is glucose repressible, 4CS2 shows coregulation
with structural genes of fatty acid biosynthesis. The 4CS2
upstream region contains an ICRE (inositol/choline-responsive
element) as an activating sequence and requires the regulatory
genes INO2 and INO4 for maximal expression. We demonstrate
in vitro binding of the heterodimeric activator protein Ino2p/
Inodp to the ACS2 promoter. In addition, the pleiotropic
transcription factor Abflp also binds to the ACS2 control
region. The identification of 4CS2 activating elements also
found upstream of ACC1, FASI and FAS?2 suggests a role of this
acetyl-CoA synthetase isoenzyme for the generation of the
acetyl-CoA pool required for fatty acid biosynthesis.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

The activated C,-metabolite acetyl-coenzyme A (acetyl-
CoA) is required for several anabolic pathways of cellular
metabolism. Since metabolic demands for acetyl-CoA may
vary with the current nutrient supply of a cell, a regulatory
balance among acetyl-CoA consuming and acetyl-CoA pro-
ducing pathways appears reasonable. In the yeast Saccharo-
myces cerevisiae, biosynthesis of acetyl-CoA is mainly
achieved by the acetyl-CoA synthetase (ACS) reaction, while
oxidative decarboxylation by the mitochondrial pyruvate de-
hydrogenase complex appears to be of minor importance (re-
viewed in [1]). Even under glycolytic growth conditions, S.
cerevisiae converts pyruvate into acetate, catalyzed by the
subsequent action of pyruvate decarboxylase (PDC), acetalde-
hyde dehydrogenase and ACS [2]. In the presence of a fer-
mentable carbon source, acetyl-CoA may be mainly used as a
precursor of fatty acid and sterol biosynthesis. On the other
hand, an additional pool of acetyl-CoA is required for the
glyoxylate cycle (citrate synthase and malate synthase reac-
tions) when cells grow with a non-fermentable substrate
such as ethanol or acetate.

Previously, two ACS isoenzymes showing distinct immuno-
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logical, biochemical and regulatory properties have been char-
acterized in S. cerevisiae [3,4]. These findings agree with the
recent isolation of two structural genes, ACS7 [5,6] and ACS2
[7], which exhibit a sequence identity of 57% at the protein
level. While ACS]/ is transcriptionally repressed by high con-
centrations of glucose (or other easily fermentable sugars), a
severe derepression occurs with limiting amounts of sugar or
in the presence of a non-fermentable carbon source such as
acetate or ethanol [6,8]. Thus, ACSI/ must be considered as
the structural gene which contributes to the biosynthesis of
acetyl-CoA under gluconeogenic growth conditions while a
function of ACS2 for fatty acid biosynthesis appears plausi-
ble.

Transcription of the yeast fatty acid synthase genes FASI
and FAS?2 is activated by ICRE motifs (inositol/choline-re-
sponsive element; [9]). Synthetic promoters containing the
ICRE as the sole upstream activation site (UAS) mediate a
differential gene expression, regulated by the availability of
phospholipid precursors inositol and choline. An ICRE motif
was also found in the control region of the acetyl-CoA car-
boxylase gene ACCI/FAS3 [10]. In general, ICRE sequences
are involved in the coordinate transcriptional activation of
phospholipid biosynthesis, affecting genes such as the inosi-
tol-1-phosphate synthase gene INOI [11] and the phosphati-
dylserine synthase gene PSS! ([12]; summarized in [13]).
ICRE-dependent gene activation requires functional regula-
tory genes INO2 and INO4, both encoding proteins with a
basic helix-loop-helix (bHLH) motif characteristic of DNA-
binding proteins. Indeed, interaction of the heterodimeric
Ino2p/Inodp complex with the ICRE could be shown [14].
In addition to Ino2p/Inodp, FAS genes are also activated by
pleiotropic transcription factors such as Raplp, Abflp and
Reblp [15,16]. Thus, pathway-specific factors as well as gen-
eral activator proteins are required for the efficient transcrip-
tion of genes involved in fatty acid biosynthesis. In this work,
we identify Ino2p/Inodp as an activating factor of ACS2 gene
expression. Thus, acetyl-CoA necessary for fatty acid biosyn-
thesis may be provided by the ACS2 encoded acetyl-CoA
synthetase isoenzyme.

2. Materials and methods

2.1. Yeast strains, media and growth conditions

Strains of S. cerevisiae used for this work are listed in Table 1.
Yeast transformation was performed by an established procedure
[17]. Gene disruption cassettes to obtain Aino2::LEU2,
Ainod: :LEU2, Ainod::URA3 and Aacsl::LEU2 null mutations, re-
spectively, have been described [6,14,18]. Strains were grown in syn-
thetic complete media at 30°C under selective conditions. Carbon
sources were added as indicated. For inositol/choline repression, cells
were grown with 200 uM inositol+2 mM choline. To achieve dere-
pressing conditions, cells were grown with 5 uM inositol+5 uM chol-
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ine. Fatty acid supplemented media contained 0.01% hydrolyzed but-
ter+1% Tween 40.

2.2, Northern blot hybridization

Isolation of total cellular RNA and fractionation of denatured
RNA (20 pg) has been described [6]. The 1.1 kb Kpnl/Sacl fragment
containing part of the ACS2 reading frame was 32P-labelled by nick-
translation. Hybridization was done under stringent conditions. As a
reference, a labelled fragment with the actin gene ACT/ was used.

2.3. Plasmid constructions

Initially, the complete 4CS2 gene was amplified by the polymerase
chain reaction and subsequently cloned as a 3.1 kb Pstl/Sacl fragment
(kindly provided by S. Kratzer). The ACS2-lacZ fusion gene was
obtained by transfer of a 2.0 kb Pstl/Kpnl fragment into YEp356R
[19]. The resulting episomal plasmid pMH4 contains 953 bp of the
ACS?2 upstream region together with the N-terminal 339 codons, li-
gated in frame to lacZ. The ACS2-lacZ fusion cassette of pMH4 was
transferred into the integrative plasmid YIp352 [20] to give pJS455.
Minimal promoter constructs containing the ICRE(ACS2) motif were
obtained by insertion of fragment ACS2-PrA (5’ tcgaagatctAAT-
TATTCATATGCGTTTC 3’; authentic 4CS2 nucleotides in capital
letters, JTCRE underlined) into pJS205 (AUAS-CYCI-lacZ URA3
2um; [9]). The resulting plasmid pMH24N contains a single
ICRE(ACS2) motif in its natural orientation upstream of the
CYCl-lacZ reporter gene.

2.4. Gel retardation experiments

Probes used for gel retardation analyses were ACS2-PrA (synthetic
DNA fragment, —347/—329) and ACS2-PrB (EcoRI/Smal fragment,
—326/—80), respectively. Probes were end-labelled by a fill-in reaction
using o-[**P]-dATP. The Ino2p/Inodp complex incubated with ACS2-
PrA was synthesized in E. coli as previously described [14]. To study
protein/ACS2-PrB interactions, total cellular protein from wild-type
strain JS91.15-23 was used. Conditions of protein/DNA interaction as
well as native gel electrophoresis have been described [6]. To compete
for the binding of pleiotropic factors to the ACS2-PrB probe, a 100-
fold molar excess of unlabelled synthetic DNA fragments containing
binding sites of Abflp (BAF12), Raplp (RAP12) or Reblp (OF5;
[15]) was used. Similarly, binding to ACS2-PrA was competed for
with FBF56 (ICRE[INOI, —240]; [9]) or the non-functional ICRE
variant FBF-CGN (tcgagTTTTCGCATGCagatct).

2.5. Enzyme assays

Specific B-galactosidase activity was assayed by monitoring ONPG
hydrolysis as previously described [9]. Acetyl-CoA synthetase activity
was determined according to [21].

3. Results and discussion

3.1. ACS?2 transcription is not affected by the glucose
concentration of the medium
In order to investigate the possible influence of the carbon
source supply on 4CS2 transcription, we isolated RNA from

Table 1
Strains of S. cerevisiae used in this work

Strain Genotype
JS91.15-23 MATo ura3 leu2 his3 trpl canl MAL3 SUC3

S892.3-1  MATo ura3 leu2 his3 trpl canl MAL3 SUC3 Aino2::
LEU2

MBY1 MATo ura3 leu2 his3 trpl canl MAL3 SUC3 Aopil : :
HIS3

JS96.8-1 MATa leu2 his3 trpl canl MAL3 SUC3 ura3::

ACS2-lacZ::URA3

JS96.10-1 MATo leu2 his3 trpl canl MAL3 SUC3 ura3::
ACS2-lacZ:: URA3 Aino2.::LEU2

JS96.11-1  MATo leu2 his3 trpl canl MAL3 SUC3 ura3::
ACS2-lacZ:: URA3 Aino4.:LEU2

SKH1 MATa ura3 leu2 trpl canl MAL3 SUC3 Aacsl::LEU2

MHYS MATa ura3 leu2 trpl canl MAL3 SUC3 Aacsl::
LEU2 Aino4::URA3
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Fig. 1. Northern blot hybridization of an 4CS2 probe against RNA
from the wild-type strain JS91.15-23, grown under glucose-repres-
sing (R, 2% glucose) or -derepressing (D, 0.2% glucose) conditions.
20 pg of total cellular RNA was loaded on a denaturing agarose
gel, blotted and subsequently hybridized against a 3?P-labelled 1.1
kb Kpnl/Sacl fragment representing the C-terminus of the ACS2
reading frame. As a reference, the constitutively expressed actin
gene ACT! was used.

wild-type cells grown under conditions of glucose repression
(2% glucose) or derepression (0.2%). We have previously
shown that 4CST mRNA was almost not detectable in the
presence of 2% glucose, while maximal expression occurred
with 0.2% glucose [6]. In contrast to ACS! transcription, a
Northern blot hybridization showed no influence of the glu-
cose concentration on the amount of the 4 CS2 transcript with
respect to the constitutively expressed actin mRNA (Fig. 1).
This finding agrees with recent results described in [8]. We
also performed P-galactosidase assays in extracts of repressed
or derepressed transformants, containing an ACS2-lacZ re-
porter construct (see below). Again, no substantial influence
of the carbon source (2% glucose, 0.2% glucose or 3% etha-
nol) on ACS2 expression was found (data not shown). Thus,
we consider ACS2 as being constitutively expressed with re-
spect to the carbon source.

3.2. The ACS2 promoter contains an inositollcholine-responsive
element (ICRE)

We analyzed the 406 bp ACS2 control region (as defined by
the non-coding interval between YLRI54C and ACS2, cf. Fig.
2) by a comparative search for binding sites of known tran-
scription factors. Interestingly, we identified a sequence
(TATTCATATGC, —344/—334 with respect to the transla-
tional start codon) with significant similarity to the ICRE
motif (inositol/choline-responsive element), previously de-
scribed as a UAS of structural genes required for phospholip-
id biosynthesis ([9,22]; reviewed in [13]). In addition, three
putative binding sites of the pleiotropic transcription factor
Abflp were also identified (see below). All cis-acting elements
as revealed by the in silicio analysis are depicted in Fig. 2.

In order to investigate the UAS character of the putative
ICRE, the synthetic DNA fragment ACS2-PrA (—347/—329;
comprising ICRE[4CS2]) was inserted into the upstream re-
gion of the heterologous AUAS-CYCI-lacZ reporter gene on
plasmid pJS205 (2 um URA3; [9]). The resulting plasmid
pMH24N contains a single ICRE insert upstream of the
TATA box of the reporter gene. After transformation of
PMH24N into the wild-type strain JS$91.15-23, transformants
were grown in the presence of repressing or derepressing con-
centrations of inositol+choline. As is shown in Fig. 3, expres-
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Fig. 2. Control region of the ACS2 gene. Direction of transcription of ACS2 (=YLRI53C) and the hypothetical ORF YLRI154C is indicated by
arrows. TATA elements are shown as hatched boxes. Positions of putative transcription factor binding sites are indicated by filled (consensus
elements) or open boxes (slight deviations from the consensus sequence). Only the position of the most 5’ nucleotide of the binding site is
specified. The ICRE acts as a binding site for the heterodimeric activator Ino2p/Inod4p. Bars indicate the position of promoter fragments

ACS2-PrA and ACS2-PrB used for protein binding studies.

sion of the reporter gene increased about 12-fold under con-
ditions of inositol/choline limitation. Activation by
ICRE(ACS2) was independent of its orientation (not shown),
as previously found for ICRE variants upstream of FASI,
FAS2 and INOI! [9]. A synergistic activation (about 40-fold)
was found in the presence of two ICRE(4CS2) inserts (data
not shown). Gene activation by ICRE(4CS2) was completely
abolished in a Aino2 mutant, lacking the ICRE-binding factor
Ino2p [14]. On the contrary, a constitutive expression of the
reporter gene was observed in the Aopil mutant strain, defec-
tive for a negative regulator of /NOI transcription [23]. In
conclusion, a synthetic minimal promoter driven by the
ICRE(ACS2) motif is differentially activated, responding to
the concentration of phospholipid precursors. Regulated ex-
pression of the ICRE(ACS2)-CYCl-lacZ reporter gene re-
quires trans-acting factors, previously shown to affect struc-
tural genes of phospholipid biosynthesis.

In order to confirm the direct interaction of the Ino2p/
Inodp activator complex with the ICRE(4CS2) motif, a gel
retardation experiment with the labelled fragment ACS2-PrA
was performed. Ino2p and Inodp were synthesized by heter-
ologous expression in E. coli. As depicted in Fig. 4, a strong
retardation signal was obtained in the presence of the Ino2p/
Ino4p complex (lane 2). Specificity of the Ino2p/Ino4p-ICRE
interaction was confirmed by competition with an excess of
unlabelled DNA fragments ACS2-PrA (lane 3) or FBF56
(comprising an ICRE of the INO! promoter; [9]). No com-
petition was observed with a mutant ICRE variant (lane 5).
Thus, the transcription factor Ino2p/Inodp of phospholipid
biosynthetic genes binds specifically to the ACS2 promoter.

3.3. Influence of Ino2p and Inodp on the complete ACS?2
promoter

Previous work had revealed that ACS2 is essential for the
proliferation of S. cerevisiae in the presence of high concen-
trations of glucose [7]. Since ino2 and ino4 mutants show
growth under these conditions, additional factors must be
required for ACS2 activation. In order to determine the im-
portance of Ino2p and Inodp for ACS2 expression quantita-
tively, we investigated the influence of ino2 and ino4 muta-
tions on a chromosomally integrated ACS2-lacZ reporter

gene. The integrative URA3 plasmid pJS455 contains 953 bp
of the ACS2 upstream region together with 1017 bp of its
coding region, fused in frame to lacZ. Plasmid pJS455 was
transformed into the wild-type strain JS91.15-23, thus giving
JS96.8-1. The isogenic strains JS96.10-1 and JS96.11-1 were
derived from JS896.8-1 by subsequent introduction of ino2 and
ino4 deletion mutations, respectively. Growth of the regula-
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Fig. 3. Inositol/choline-dependent expression of an ICRE(ACS2)-
CYCl-lacZ reporter gene in the wild-type and in ino2 or opil regu-
latory mutants. Strains JS91.15-23 (wild-type), SS92.3-1 (Aino2) and
MBY1 (Aopil) were transformed with the episomal plasmid
PMH24N (2 um URA3), carrying a single ICRE(ACS?2) insert up-
stream of the CYClI-lacZ reporter gene. Transformants were grown
under inositol/choline-repressing (+IC, 200 uM inositol+2 mM chol-
ine; hatched columns) or -derepressing conditions (—IC, 5 uM ino-
sitol+5 uM choline; black columns). Specific B-galactosidase activ-
ities are given in nmoles ONPG hydrolyzed per min per mg of
protein (U/mg). Transformants of the AUAS-CYCI-lacZ reporter
plasmid pJS205, grown under derepressing conditions, showed a
specific B-galactosidase activity of 15 U/mg. Error bars represent the
standard deviation of the mean value.
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Fig. 4. In vitro binding of the Ino2p/Inodp complex to the
ICRE(ACS2) probe. The ®2P-labelled synthetic DNA fragment
ACS2-PrA (—347/—329 of the ACS2 upstream region, 5000 cpm)
was incubated with 0.2 pg of the affinity-purified Ino2p/Inodp com-
plex and subsequently run on a 4% native polyacrylamide gel. For
competition studies, a 200-fold molar excess of unlabelled synthetic
DNA fragments ACS2-PrA (lane 3), FBF56 (=ICRE[/INOI, —240],
lane 4) and FBF-CGN (mutant ICRE variant, lane 5) was used, re-
spectively. C, Ino2p/Inodp-ICRE(ACS2) complex.

tory wild-type under conditions of inositol/choline repression
decreased the 4CS2-lacZ gene expression to about 70% of the
derepressed level (Fig. 5). ACS2-lacZ activation in the ino2
and ino4 null mutants grown under either conditions was
reduced to about 35% of the derepressed wild-type level. Sim-
ilarly, expression of the fatty acid synthase genes FASI and
FAS?2 in ino2 and ino4 mutants was reduced to about 40% of
the wild-type level [14,18]. Thus, functional INO2 and INO4
genes are required for maximal expression of 4CS2. In agree-
ment with this finding, the specific acetyl-CoA synthetase ac-
tivity of 19 mU/mg measured in the glucose-grown Aacs!
mutant strain SKH1 decreased to 10 mU/mg in the Aacsl
Aino4 double mutant MHY5. Nevertheless, a substantial ex-
pression of ACS2 (about 35-50% of the wild-type level, de-
pending on the assay) was detectable even in irno2 and ino4
mutant strains. The residual ACS activity in the Aacs! Aino4
double mutant still allowed growth on a synthetic medium
supplemented with inositol and choline but containing 1%
acetate as the sole carbon source. Nevertheless, the doubling
time of the mutant strain MHYS5 in this medium was signifi-
cantly reduced when compared with the isogenic wild-type
(12.3 h vs. 8.1 h). Supplementation of the acetate medium
with fatty acids slightly accelerated growth of MHYS (dou-
bling time 10.2 h).

3.4. Binding of Abflp to the ACS2 promoter

Our search for cis-acting elements within the 406 bp ACS2
control region gave evidence for three putative binding sites of
the essential transcription factor Abflp. Abflp has been char-
acterized as a pleiotropic factor which is required for the tran-
scriptional activation of several house-keeping genes (e.g.
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genes of ribosomal proteins such as RPL3 and RPS33 [24];
genes encoding enzymes of glycolysis such as PGKI and
PYKI [25]; or genes of enzymes involved in fatty acid biosyn-
thesis such as FASI and ACCI/FAS3 [15,16]). Among these
sites, the element at positions —157/—145 (ATCGCACCG-
CACG, filled box in Fig. 2) perfectly matches the Abflp con-
sensus binding site (RTCRYNNNNNACG:; [24,26]), while
the elements —304/—316 (ATCGGCAATAACG) and —134/
—146 (ATCAGGCTAAACG, open boxes) show a single mis-
match. Interestingly, the putative Abflp binding sites —157/
—145 and —134/—146 overlap by two nucleotides. A similar
situation was previously described for the intergenic region
separating the divergently transcribed genes YPTI and
TUB? [26].

In order to verify the interaction of Abflp with the ACS2
upstream region, we performed a gel retardation experiment
with probe ACS2-PrB (—326/—80), comprising the putative
Abflp binding sites. As is shown in Fig. 6, two Abflp-de-
pendent retardation signals were detected (lane 2). Competi-
tion with an excess of the unlabelled Abflp binding site of the
FASI promoter (BAF12; lane 3) released the labelled probe
from the retarded complex. On the contrary, competition with
binding sites of the pleiotropic factors Raplp (RAP12; lane 4)
or Reblp (OF5; lane 5) did not alter the pattern of protein/
DNA interaction. Presumably, efficient binding of Abflp oc-
curs at the consensus element —134/—146, leading to a single
site occupied by Abflp. In addition, a less efficient binding at
one of the sites deviating from the Abflp consensus may also
occur, resulting in a double occupation of the probe. In con-
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Fig. 5. Influence of regulatory mutations ino2 and ino4 on the acti-
vation of an ACS2-lacZ reporter gene. Wild-type JS$96.8-1 as well
as the mutant strains JS96.10-1 (ino2) and JS96.11-1 (ino4) contain
the plasmid pJS455 with the reporter gene integrated at the ura3 lo-
cus. Cells were grown under inositol/choline-repressing (+IC, 200
UM inositol+2 mM choline; hatched columns) or -derepressing con-
ditions (—IC, 5 uM inositol+5 uM choline; black columns). Specific
B-galactosidase activities are given in nmoles ONPG hydrolyzed per
min per mg of protein (U/mg). Error bars represent the standard
deviation of the mean value.
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Fig. 6. In vitro binding of Abflp to an 4CS2 promoter probe. The
32P-labelled DNA fragment ACS2-PrB (—326/—80 of the ACS2 up-
stream region, 5000 cpm) was incubated with 20 pg of cellular pro-
tein, prepared from wild-type cells grown in synthetic complete me-
dium with 2% glucose. For competition studies, a 100-fold molar
excess of unlabelled synthetic DNA fragments BAF12 (Abflp bind-
ing site of the FASI promoter, lane 3), RAP12 (Raplp consensus
binding site, lane 4) and OF5 (Reblp binding site of the FAS! pro-
moter, lane 5) was used, respectively. Abflp-dependent protein/
DNA complexes are indicated by arrows.

trast to Abflp, pleiotropic transcription factors Raplp and
Reblp may not be required for ACS2 activation.

In conclusion, these data show that the ACS2 control re-
gion contains a regulated UAS (the ICRE) as well as consti-
tutively activating promoter elements (presumably the Abflp
binding site(s)). Thus, ACS?2 is transcriptionally activated by
factors which are also required for the expression of FASI,
FAS2 and ACCI/FAS3 [9,15,16]. The acetyl-CoA synthetase
encoded by ACS2 may be considered as the ACS isoenzyme
which is involved in the production of acetyl-CoA as a pre-
cursor of fatty acid biosynthesis.
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