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We report on the isolation of a gene encoding yeast malate synthase. A yeast genomic library was screened using a probe homologous to the yeast
enzyme obtained by the polymerase chain reaction. The nucleotide sequence of the cloned gene was determined. Computer analysis showed that
the isolated gene 1s identical to the one previously described as DA L7, which is involved 1n allantoin metabolism [Mol. Cell. Biol. 9 (1989) 3231-3243].
Enzymatic activities of multicopy transformants, Southern analysis and disruption mutants predict the existence of two genes encoding malate

synthases that are differentially regulated at the transcriptional level.

Malate synthase; Glyoxylate pathway: Allantoin metabohsm: Gene disruption.

1. INTRODUCTION

Utilization of ethanol by Saccharomyces cerevisiae
requires the presence of the giyoxylate pathway that
prevents the net loss of the ethanol carbon atoms as
carbon dioxide in the Krebs cycle. Isocitrate lyase and
malate synthase are the key enzymes of this pathway.

Malate synthase has been purified from bakers’ yeast.
It is composed of three identical subunits with a M, of
66,000 Da each [1]. The synthesis of the enzyme is in-
duced by ethanol and repressed by glucose [2]. Genes
encoding malate synthase have been cloned and se-
quenced from different organisms including Escherichia
coli [3.4], Hansenula polymorpha (S|, Neurospora crassa
[6,7] and Aspergilius nidulans [8,7].

In order to characterize the glyoxylate pathway in S.
cerevisiae we tried to isolate mutants in the genes encod-
ing isocitrate lvase and malate synthase, screening for
their inability to grow on ethanol but retaining growth
on pyruvate. One type of mutants lacked isocitrate lyase
activity and was used for the isolation of the respective
gene [9]. No mutants affected in the malate synthase
structural gene could be obtained. We therefore used
here a different strategy to clone the gene. In addition
our results indicate that S. cerevisiae contains two genes
encoding malate synthase isoenzymes. During the prep-
aration of the manuscript the sequence of a possible
candidate for a second gene being homoiogous but not
identical to ours, called MLS]I, has been entered in the
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EMBL-database by C. Hartig. For this reason, the gene
described in this paper was named MLS2.

2. MATERIALS AND METHODS

2. Stramns
S. cerevisiwe AMW-13C" (MATua trpl(fs) ura3(fs) leu2-3.112 his3—
11,15 canl; where ‘fs’ stands for frameshift mutation) was used as
recipient for transformation experiments and deletion studies.
Double stranded and single stranded DNAs were isolated in the £
coli strains XL1-Blue and HB101.

2.2. Medw, growth conditions and enzymatic analysis

Media and growth conditions were as described in [9] Malate syn-
thase activity was assayed according to [10]. For preparations of crude
extracts cells were grown overnight on 0.67% Difco yeast nitrogen
base without amino acids with 2% glucose, supplemented with amino
acids, adenine and uracil as required. Leucine was omitted for growth
of transformants. The cells were transferred to 0.67% yeast nitrogen
base without amino acids and ammonium sulfate with either 5 g/l
ammonium sulfate and 3% ethanol or 10 mM urea and 2% glucose to
allow the induction of the respective malate synthase isoenzymes. The
amino acids and nitrogen bases esential for the growth of each partic-
ular strain were also added.

2.3. Isolation of the MLS2 gene

The gene encoding malate synthase from S cerevisiae was cloned
by screening the genomuc library constructed by Nasmyth and Tatchell
in the multicopy vector YEpl3 [11]. As a probe we used a DNA
fragment homologous to the malate synthase gene prepared by the
polymerase chain reaction (PCR). Thus, the nucleotide sequence of
malate synthases from several organisms was compared. The peptides
‘AMGGMAA’ and "MEDAATA’ corresponding to the positions 326
and 451 1n the E coli enzyme, were present in almost all the enzymes.
Two mixtures of degenerated oligonucleotides, 5-GC-
NATGGGNGGNATGGCNGC-3 and 5-GCNGTNGCNGCG/
ATCT/CTCCAT-3’ corresponding to the peptides (where N stands for
any deoxynucleotide) were prepared. Total chromosomal DNA ob-
tained from the strain AMW-13C" was used as a template. The DNA
was amphfied using Taq-DNA-polymerase from Beckman (Germany)
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with 25 cycles of 1.5 min at 92°C, 2 min at 60°C and 3 mm at 72°C,
using the buffer conditions according to the protocol of Perkin-Elmer/
Cetus. As expected, an about 380 bp fragment was obtained after PCR
amplification.

2.4. Nucleic acid preparations, hybridization experunents and sequenc-
ing
All DNA manipulations were as described previously [9].

3. RESULTS AND DISCUSSION

3.1. Cloning of the MLS2 gene

A recombinant plasmid containing the MLS2 gene
was isolated by screening a genomic library in E. coli
with the PCR-generated probe as described in section
2. From about 5.000 colonies tested only one hybridized
to the probe. The restriction map of the recombinant
plasmid (pMLS1) isolated from this colony is shown in
Fig. lA. The gene was located within the DNA insertion
by Southern analysis using the above PCR-generated
probe after digestion of the plasmid with different re-
striction endonucleases. The probe hybridized to a 1.7
kb Stul-HindIII fragment (data not shown). Therefore,
we sequenced this DNA fragment and its flanking re-
gions.

The deduced amino acid sequence of the open reading
frame found was compared to the EMBL data bank.
Unexpectedly, the cloned gene turned out to be identical
to the DAL7 gene involved in the allantoin metabolism
[12]. In addition the deduced amino acid sequence
shows high similarity to malate synthases from other
organisms (Fig. 2).

3.2. Overproduction of malate synthase from plasmid
pMLSI

The comparison of the amino acid sequences of the
MLS?2 gene product and malate synthases from other
organisms suggests that the isolated gene (=DAL?7) en-
codes a malate synthase. If it indeed encodes a func-
tional protein, yeast cells transformed with the multi-
copy plasmid pMLS1 should contain higher specific
enzymatic activities than a non-transformed strain on
media where DAL7 is expressed.

The transcription of the DAL7 gene shares the regula-
tion of most of the enzymes of the allantoin pathway
[12]. 1.e. they are sensitive to nitrogen catabolite repres-
sion and induced by allophanate and other related me-
tabolites such as urea [13]. On the other hand, malate
synthase has been described as a giyoxylate pathway
enzyme that is synthesized in the presence of ethanol but
is repressed by glucose [2].

When ethanol was used as a carbon source, under
repressing conditions for the allantoin pathway isoen-
zyme (L.e. in the presence of ammonium sulfate), the
levels of malate synthase activities were similar in the
transformed and the untransformed strain (Table I).
However, when urea was added as an inducer and glu-
cose was used as a carbon source, an about 4-fold in-
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Fig. 1. (A) Restriction map of the genomic DNA-fragment containing
the MLS2 gene. (B) Restriction map of plasnud pMLS1# The Sal-
Xbal fragment containing almost the entire insertion of pMLS1 was
cloned into the vector pUK21 [15]. For disruption of the chromosomal
copy of MLS2, the URA3 gene was nserted into the unique HmdIIL.

crease in specific malate synthase activity was found in
the strain carrying the plasmid pMLSI1. This clearly
indicates that pMLS1 encodes the malate synthase
isoenzyme involved in the allantoin pathway and can-
not be repressed by a fermentable carbon source.

3.3. Identification of a second homologous gene by
Southern analysis

The results presented above suggest the presence of
two malate synthase isoenzymes in S. cerevisiae. To
confirm this hypothesis a Southern analysis was per-
formed (Fig. 3). Yeast chromosomal DNA digested
with Xbal, HindIlI and BamHI hybridized to the PCR-
generated probe gave two bands where only one was
expected from the restriction map of pMLS1. When the
1.7 kb HindIlI-Stul fragment of plasmid pMLSI1 (see
Fig. 1) was used as a probe only one band was observed.
Thus the PCR-generated probe corresponds to a highly
conserved domain of both malate synthases and gives

Table I

Specific activities of malate synthase in a wild-type strain and a multi-
copy transformant.

Strain Plasmmid Specific activity
(mU/mg)
SCE SDU
AMW-13C* - 389 87
AMW-13C* pMLS!1 386 341

To assay the malate synthase activity of the glyoxylate pathway, cells

were grown on synthetic medium with ammonium sulfate as a nitrogen

source and ethanol as a carbon source (SCE). To distinguish the

malate synthase 1soenzyme of the allantoin pathway. cells were grown

on synthetic medium with urea as a nitrogen source and glucose as a
carbon source (SDU).
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Fig. 2. Comparison of malate synthases from different organisms. The amino acids sequences were obtained from: S cerevisiae [12 and our data], 4
nidulans [8], N crassa (8], H polymorpha 5], Cucurbita maxima [16], Cucumis satvus [17], Gossypum hirsutum [18], Ricinus communis [19), Brassica
napus [20] and E. coli [4]. Capital letters in the sequences designate amino acids 1dentical mn at least 8 malate synthases from different organisms.
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Fig. 3. Southern analysis. A. Genomic DNA was digested with Xbal

(X). HindIII (H) and BamHI (B) and hybridized with the PCR-gener-

ated probe (see section 2). B Genomic DNA digested with the same

enzymes was hybridized to the 1.7 kb Stul-HindIll fragment of
pPMLSI.

strong hybridization signals, whereas the flanking re-
gions contained in the pMLSI1 probe are less homolo-
gous and lead to a reduced cross-hybridization.

3.4. Disruption of the MLS2 gene

Further evidence for the presence of two genes encod-
ing malate synthase was obtained by constructing a
disruption mutant in the MLS2 gene. For this purpose,
plasmid pMLS1# was obtained by inserting the URA3
gene into the HindIII site at the beginning of the open
reading frame of the MLS2 gene (Fig. 1B). Clul and
BstEll were used to digest the plasmid prior to transfor-
mation of the haploid strain AMW-13C*. A transfor-
mant carrying the MLS2 gene disrupted by the URA3
marker was identified by Southern analysis (data not
shown). This mutant strain grows on ethanol as a sole
carbon source and produces malate synthase activity.
However, no malate synthase activity was detected
when urea was used as an inducer on glucose media, as
expected for a disruption in the gene encoding the isoen-
zyme of the allantoin pathway.
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3.5. Transcriptional regulation of the genes encoding the
malate synthase isoenzymes

The transcriptional regulation of the malate synthase
genes was studied by Northern analysis. The expression
of the DAL7 (=MLS2) gene in relation to the allantoin
pathway has been studied by others, previously [12].
Here we prepared total RNA from cells grown on media
containing urea as a nitrogen and glucose as a carbon
source. In a Northern blot, this RNA was hybridized to
the Stul-HindllI fragment of pMLS1 (Fig. 4A). On the
other hand, to study the regulation of the isoenzyme
functioning in the glyoxylate pathway. RNA from cells
grown on different carbon sources in the presence of
ammonium sulfate (i.e. under repressing conditions for
DAL7)y was hybridized to the PCR-generated probe
(Fig. 4B). In the first case, a hybridization signal was
obtained for the malate synthase gene in the wild-type
strain but was absent in its disruption derivative. We
expect the gene encoding the glyoxylate pathway isoen-
zyme to be repressed under these growth conditions by
the presence of glucose. In the second case, a strong
band was found when cells were grown on ethanol but
not on glucose media. Only a weak band was detected
in the glycerol preparation. In addition, no mRNA was
detected in yeast strains carrying mutations in the CA 7T/
or the CAT3 genes (data not shown). Such mutants are
defective in derepression of gluconeogenic and glyoxyl-
ate enzymes, including malate synthase, after growth on
glucose [14].

The results described in this paper show that S. cere-
visiae contains two malate synthase isoenzymes. For the
utilization of ethanol as a sole carbon source, yeast
utilizes the glyoxylate pathway with isocitrate lyase and
malate synthase as the key enzymes. Thus, one malate
synthase isoenzyme, which is repressed by glucose and
expressed on ethanol media, will be used in this pathway
and not be susceptible to the control mechanisms of the
allantoin pathway. On the other hand. we have shown
above, that DAL7 (MLS2) is repressed when ammo-
nium sulfate is present in the medium. A common de-
nominator of the glyoxylate and the allantoin pathways

EGD

MLS
ACTIN

Fig. 4. Northern blot analysis. (A) Total RNA was prepared from cells of strain AMW-13C* grown on synthetic minimal medium with urea as
a nitrogen source (wt) and glucose as a carbon source, as well as of the mls2 disruption derivative of this strain grown in the same conditions (d).
As radioactive probes a mixture of the 1.7 kb Stul-HindIll fragment from pMLS1 and a DNA fragment containing the yeast actin gene were used.
(B) Total RNA was prepared from cells of straim AMW-13C* grown on rich media (containing ammonium sulfate) with ethanol (E), glycerol (G)
and glucose (D) as carbon sources. As probes a mixture of the PCR-generated fragment and a DNA fragment containing the yeast actin gene were
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is the formation of glyoxylate. It seems likely that the
isoenzyme encoded by DAL7 (MLS2) is used for further
metabolizing the glyoxylate formed in the latter path-
way to avoid its accumulation.
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