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In this work, we studied the transcriptional regulation of isocitrate lyase synthesis. In Northern blot analyses we first showed that the steady-state 
ICLl mRNA levels depend on the carbon source used for growth. In addition, we determined the kinetics of transcriptional repression upon a 
shift of ethanol-grown cells to glucose and of the induction when cells were transferred from glucose to ethanol. By deletion analyses as well as 
by studying the influence on expression of different fragments cloned into the heterologous CYCZ promoter lacking its own UAS sequences, we 
defined UAS and URS elements in the ICLI promoter. A region mediating the control by CAT3, a gene also involved in the control of expression 

of other genes subject to carbon catabolite repression, was found to overlap with one of these CJAS elements. 
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1. INTRODUCTION 

Growth of Saccharomyces cerevisiae on ethanol as a 
sole carbon source requires the glyoxylate pathway that 
operates as an anaplerotic route for replenishing C, 
compounds to the tricarboxylic acid cycle. Isocitrate 
lyase is one of the key enzymes of the glyoxylate path- 
way [l]. In yeast, the enzyme is composed of four iden- 
tical subunits [2] with a molecular weight of 62.5 kDa 
each, as deduced from the nucleotide sequence of the 
encoding gene [3]. Isocitrate lyase does not contain any 
known peroxisomal targeting signals at its C-terminal 
end, suggesting that the enzyme is not located in these 
organelles. Deletion mutants lack detectable isocitrate 
lyase activity and do not grow on ethanol medium de- 
monstrating that the ICLI gene is essential for the util- 
ization of this compound [3]. 

In previous works, synthesis of isocitrate lyase in S. 
cerevisiae was shown to be induced by ethanol and re- 
pressed by glucose [4,5,6]. In addition, several genes 
including those involved in carbon catabolite derepres- 
sion such as CATZ(= SNFZ) and CAT3(= SAW) [7,8,9] 
have been shown to regulate expression of this enzyme. 
In this paper we studied the kinetics of transcriptional 
regulation of expression of the ICLl gene under differ- 
ent metabolic conditions. We also provide data on the 
identification of the promoter elements responsible for 
this regulation. 
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A BarnHI-Hind111 fragment containing about 1000 nucleotides 
from the 5’ noncoding region and 17 1 bp of the ICLI coding sequence 
was cloned in frame to ZacZ into YIp356 [15]. Promoter deletions were 
constructed by using available restriction sites in conjunction with the 
ExoIII nested-deletion kit of Pharmacia. The resulting plasmids were 
integrated into the URA3 locus by digestion with StuI prior to trans- 
formation of the yeast strain AMW-13C’ and single copy integration 
was confirmed by Southern analysis of genomic DNA digested 
with BgnI and probing with a 1.1 kb Hind111 fragment containing 
URA3. 
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2. MATERIALS AND METHODS 

2.1. Strains 
S. cerevisiae strains 10.7-l 1A (MAi% leul MAW suc3-3) described 

in [lo], JS87.11-1A (MALa trpl-289 catl::HZS3 MALZ-8’ MAL3 
SUC3) and JS87.15-1B (MATa ura3-52 irpl-289 cat3::LEUZ MAL2- 
8’ MAW SUC3) kindly provided by K.-D. Entian (Frankfurt, Ger- 
many) and iclld (MATa icll:;LEUZ) [3] were used in expression stud- 
ies. Strain AMW-13C’ (MATa trpl(fs) ura3(fs) let&3,112 his3-11,15 
canl; where ‘fs’ stands for frameshift mutation) was used as a recipient 
in transformation experiments. 

2.2. Media, growth conditions and enzymatic analysis 
Rich media were based on 1% yeast extract and 2% peptone (YEP). 

2% glucose (D), 3% potassium acetate (A), 3% ethanol (E) or 3% 
glycerol (G), were added as carbon sources. Synthetic media, consist- 
ing of 0.67% yeast nitrogen base w/o amino acids supplemented with 
amino acids as required and 2% glucose or 3% ethanol, were used to 
select for transformants of plasmids carrying a URA3 marker. /3- 
galactosidase activity was assayed according to [1 11. 

2.3. Nucleic acid preparations and hybridization experiments 
Total RNA (10 pug) isolated from yeast cells according to [12] was 

separated on 1.5% agarose/MOPS/formaldehyde gels [13]. Northern 
blot analysis was performed by standard procedures [14]. All other 
DNA manipulations were as described previously [3]. 

2.4. ICLl-1acZ fusions 
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2.5. Subcloning of ICLl promoter fragments into the heterologous 
CYCl promoter 

pLGi, a derivative of plasmid pLG-669Z [16] lacking 2,~ sequences, 
was used to study the function of putative UAS elements. Four plas- 
mids were constructed by substituting the XhoI fragment of pLGi 
containing the two UAS sequences of the CYCl promoter for ICLI 
promoter fragments flanked by XhoI sites. pLGICL-1 contains the 365 
bp XhoI-EcoRI fragment of the ICLI promoter (-528/-164 relative 
to the ATG translation start codon; to obtain compatible ends, a 
XhoI-EcoRI linker was added to the EcoRI end). pLGICL-2 carries 
the DNA fragment from -528 to -295 and was obtained by PCR 
using the oligonucleotides S-ATCTCGACGTCAGTAATATGT- 
CTCGAGA-3’ and 5’-ATCCTCGAGGATGACGTTGAGTGTTA- 
A3-’ (underlined sequences designate the XhoI sites used for sub- 
cloning). As a template, plasmid pICLl.1 [3] containing the entire 
ICLZ gene was used. pLGICL-3 carries the DNA fragment from -331 
to -164 and pLGICL-4 from -386 to -247. They were constructed 
using PCR as described for pLGICL-2 using the oligonucleotide pairs 
5’- ATCCTCGAGAAGCCAATCACCACA3-‘IS -ATCCTCGAGA- 
ATTCCGATGTGCCTGG3-’ and 5’- ATCCTCGAGGCGATCAC- 
TTATCTGACT3-‘/5’- ATCCTCGAGATGCTAGTCCGGACTAT- 
G3-‘, respectively. Each of the four plasmids was integrated into the 
strain AMWl3C’ and analyzed as described above for the ICLI-IacZ 
fusions. As controls, the original vector (pLGi) containing the CYCI 
activating sequences and a plasmid where the latter have been deleted 
(pLG-delta) were also tested. pLGICL-1 and pLGICL-2 were also 
integrated into the strain JS87.15-1B (cat3) at the URA3 locus. 

3. RESULTS AND DISCUSSION 

3.1. Regulation of ICLl gene expression 
The steady-state levels of isocitrate lyase mRNA iso- 

lated from cells grown on different carbon sources were 
determined by Northern blot analysis (Fig. 1A). A 
strong hybridization band was obtained when cells were 
grown on ethanol or acetate but not on glucose media. 
Only a weak band was detected in the preparation from 
glycerol. A similar regulation was reported for the tran- 
scription of the gene encoding the malatc synthase isoen- 
zyme functioning in the glyoxylate pathway [17,18]. 

To study the effects of carbon catabolite repression 
the decrease in mRNA levels was followed after shifting 
ethanol grown cells to glucose medium. As shown in 
Fig. lB, 5 min after the shift the intensity of the band 
hybridizing to the ZCLI probe was reduced to about 
half as compared to the one from ethanol grown cells 
(time 0 min). After 30 min no signal was detected, any- 
more. Presumably, the decrease of mRNA can be attri- 
buted to both a block of transcription and a change in 
the half-life of the mRNA on glucose. The latter mech- 
anism has been reported for other genes subject to glu- 
cose repression such as CYCl [19] and SDHip [20]. 

In a complementary experiment the release from 
repression was studied upon a shift of glucose-grown 
cells to ethanol medium. A progressive accumulation of 
the ZCLI mRNA starting after 60 min was detected up 
to 165 min (Fig. 1C). After this time a constant steady- 
state mRNA level was reached (data not shown). 

3.2. Mapping of cis-acting regulatory elements 
To identify c&acting regulatory elements controlling 

the transcription of the ZCLl gene we first made a series 
of deletions in the 5’-noncoding region (the complete 
sequence is available from the EMBL database under 
the accession number X61271). To assess their influ- 
ence, we used a fusion to 1acZ as a reporter gene (see 
section 2). Single copy transformants with the con- 
structs were grown either on ethanol or on glucose 
media and specific B-galactosidase activities were deter- 
mined (Fig. 2). A fusion containing about 1000 bp of 
5’-noncoding sequences (YIpICL-1) showed a high level 
of expression when grown on ethanol that was repressed 
more than 500-fold on glucose media. This indicates 
that all essential promoter elements are located within 
this region. For deletions starting from the 5’-end 
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Fig. 1. Northern blot analyses. As probes a mixture of DNA fragments 
was used, containing the ICLI- and the yeast actin-encoding genes. 
(A) Effect of carbon sources on ICLI transcription. Total RNA was 
prepared from cells of strain 10.7-1lA grown on rich media with 
ethanol (E), potassium acetate (A), glycerol (G) and glucose (D) as 
carbon sources. (B) Effect of glucose on ICLI transcription. Cells of 
strain 10.7-l 1A grown overnight in YEPE were harvested, washed and 
resuspended in YEPD medium. Total RNA was isolated from cells 
taken at various times as indicated, blotted and hybridized. (C) ICLZ 
transcription during ethanol induction. Strain 10.7-l 1A was grown on 
YEPD. After 12 h cells were harvested, washed and resuspended in 
YEPE. At the times indicated samples were removed from which total 

RNA was prepared. 
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Fig. 2. Effect of promoter deletions on reporter gene transcription. A fusion of the ICLI S-noncoding sequence to the bacterial la&T reporter gene 
was constructed and used as a basis for deletion analysis as described in section 2. Dark bars indicate the promoter fragments still present in the 
deletion constructs and numbers above each bar refer to the last bp retained. Cells were grown on the media indicated to late logarithmic phase 

prior to the preparation of crude extracts. 

(YIpICL-2 to YIpICL-7), only the one lacking pro- The data described above suggest that a major posi- 
moter sequences upstream of -319 (YIpICL-6) showed tive &acting element of the ICLZ promoter is located 
a slight reduction in expression when grown on ethanol between -528 and - 169 relative to the ATG translation 
medium. Therefore, one cannot directly deduce the lo- start codon. Recently, this region has also been identi- 
cation of regulatory elements from this series. In inter- fied as important for regulation of ZCLl expression by 
nal deletions, removing the DNA fragment from -904 others [6]. Therefore, we further investigated these se- 
to -528 (YIpICL-8) does not affect promoter activity. quences by subcloning the entire fragment as well as 
In agreement with other data [6] no regulatory functions parts of it into the heterologous CYCZ promoter (Fig. 
seem to be located within this region. However, deleting 3; see section 2 for details). The complete fragment 
an internal promoter fragment from -528 to -169 (pLGICL-1) led to/?-galactosidase expression when eth- 
(YIpICL-9) led to a more than lo-fold reduction in anol was used as a carbon source, but not on glucose 
@-galactosidase activities indicating that an important media. Of the three subfragments tested only the one 
UAS function lies within this region. The activity still containing the region from -528 to -295 (pLGICL-2) 
observed in the latter construct (YIpICL-9) suggests the conferred expression to the reporter gene in ethanol- 
presence of a second activating function exerted from grown cells. Moreover, the levels of /?-galactosidase ob- 
sequences located between -169 and + 171 (the frag- tained for the former construct (pLGICL-2) were about 
ment from -904 to -528 also being retained in this lo-fold higher than the ones corresponding to the com- 
construct does not contain any activating sequences as plete fragment (-528/-164; pLGICL-1). Thus, an URS 
discussed above). The fact that YIpICL-7, only contain- function has to be located between -295 and -164. As 
ing the DNA fragment from - 169 to + 171, still shows neither pLGICL-3 nor pLGICL-4 conferred expression 
p-galactosidase activity partially repressed by glucose to the reporter gene, an UAS element must be located 
also supports this idea. The high levels of expression between -528 and -386. Furthermore, additional UAS 
found in YIpICL-7 as compared with YIpICL-9 may be functions could be located in the fragments contained 
due to transcriptional activation caused by flanking vec- in the latter plasmids (pLGICL-3 and pLGICL-4) that 
tor sequences. Such an activating effect was previously are repressed by the URS element. The presence of mul- 
observed for fusions of the yeast phosphoglycerate mu- tiple UAS elements and their interaction with the URS 
tase promoter in analogous expression vectors [21]. element could explain why deletions of most of the up- 
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Fig. 3. Effect of ZCLI promoter fragments on transcription in the heterologous CYCZ promoter. Fragments substituting the UAS sequences of 
the CYCl promoter were obtained as described in section 2. Dark bars indicate the promoter fragment tested with the numbers above giving their 
endpoints in relation to the ZCLI translation start codon. AMW-13C’Gntegrants were tested after grown on ethanol (YEPE) or glucose (YEPD) 
media. JS87.51B (cc&)-integrants were grown on YEPD for 12 h and transferred to YEPE for 6 h to allow for induction. nd = not determined. 

stream promoter sequences (Fig. 2) did not result in 
significant decreases in expression (e.g. the UAS ele- 
ment located between -169 and + 171 could counteract 
the negative effect of the URS function). 

From the data discussed above, the strongest activat- 
ing function seems to be located between -528 and 
-295. This region contains two sequences (S-TGTTC- 
CCTTTTGCCCCAGG3 at -420/-401 and 5’-GGG- 
TTTTGCTACTCGTCAT3-’ at -453/-434) that we 
proposed earlier to function in the transcriptional con- 
trol of genes involved in ethanol metabolism [3]. They 
are quite well conserved in the promoters of the genes 
encoding alcohol dehydrogenase II, fructose- 1,6-bis- 
phosphatase and the malate synthase isoenzyme func- 
tional in the glyoxylate pathway. Recently, the pro- 
moter of the fructose-l ,6-bisphosphatase gene has been 
studied in detail [22,23]. Both groups reported on the 
presence of an WAS element (around -443/-416), that 
does not coincide with the sequences mentioned but 
shows a weak homology with the region -483/-457 in 
the ZCLl promoter. Moreover, a second UAS element 
located further upstream (-506/-477) in the fructose- 
1,6_bisphosphatase promoter partially overlaps with the 
sequence -420/-401 from ZCLl [23]. 

3.3. Znjhence of catl/cat3 mutants on ICLl gene expres- 
sion 

CATI and CAT3 encode a protein kinase and a sub- 
unit necessary for its activity, respectively [24,25]. The 

complex is needed for derepression of certain genes, 
including isocitrate lyase, after a shift of cells to non- 
fermentable carbon sources. Therefore, we examined 
RNA prepared from cat1 as well as from cat3 mutants 
for the presence of the ZCLl transcript by Northern blot 
analysis. No signals were detected for either mutant 
(Fig. 4). In addition plasmids pLGICL- 1 and pLGICL- 

WT 

cat1 

cat3 

id1 
Fig. 4. Expression of the ZCLI gene in cat1 and cad deletion mutants. 
Total RNA was prepared from cells of the strains 10.7-l 1A (wt), 
JS87.11-1A (curl), JS87.15-1B (cat3) and iclld (icll) pregrown on 

YEPD and transferred to YEPE for 6 h prior to preparation. 
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2 were integrated into the genome of a strain containing 
a cat3 deletion. A drastic reduction of /?-galactosidase 
activity was observed for both constructs on ethanol 
media (Fig. 3). This result demonstrates that Catlp/ 
Cat3p acts on sequences contained within the region of 
the ZCLI promoter carrying the UAS element between 
-528 and -295. 

The data presented above show that expression of the 
yeast ICLl gene is subject to a tight transcriptional 
control depending on the carbon source used for 
growth. Transcription seems to be controlled mainly by 
two sequence elements (a UAS and a URS element) that 
both reside within a 365 bp fragment defined by our 
studies. General control mechanisms as the one exerted 
by the Catlp/Cat3p-complex also act on KLI-tran- 
scription via this promoter region. Investigations to 
identify DN~protein interactions within these se- 
quences are in progress. 
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