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Deacidification of grape musts is crucial for the production of well-balanced wines, especially in
colder regions of the world. The major acids in wine are tartaric and malic acid. Saccharomyces cere-
visiae cannot degrade malic acid efficiently due to the lack of a malate transporter and the low substrate
affinity of its malic enzyme. We have introduced efficient pathways for malate degradation in S. cere-
visiae by cloning and expressing the Schizosaccharomyces pombe malate permease (mae1) gene with
either the S. pombe malic enzyme (mae2) or Lactococcus lactis malolactic (mle8) gene in this yeast.
Under aerobic conditions, the recombinant strain expressing the mae? and mae2 genes efficiently
degraded 8 g/L of malate in a glycerol-ethanol medium within 7 days. The recombinant malolactic
strain of S. cerevisiae (mae1 and mieS genes) fermented 4.5 g/L of malate in a synthetic grape must

within 4 days.
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Grape must and wine contain a variety of organic acids that signif-
icantly affect the quality and taste of wine. The amount of acid
varies and depends on the climate and grape variety. Malic acid,
together with tartaric acid, make up 70-90% of the total acidity of
grape juice', The production of well-balanced wines requires the
reduction of excess acidity, especially in the colder viticultural
regions of the world.

Wine yeast strains of Saccharomyces cerevisiae cannot metab-
olize malate in grape must efficiently, and only minor changes to
the total acidity of wine are observed during fermentation'.
Many wines are therefore subjected to the crucial malolactic fer-
mentation after alcoholic fermentation. During malolactic fer-
mentation, L-malic acid is decarboxylated to L(+)-lactic acid and
CO, by lactic acid bacterial genera such as Lactobacillus,
Pediococcus, and Leuconostoc®. Malolactic fermentation reduces
the total acidity of wine, enhances microbiological stability and
presumably improves the organoleptic. quality of wine’.
However, there are various complications in managing this
process, and stuck or sluggish malolactic fermentation often
leads to spoilage of wines®*,

Other winemaking practices are used to reduce the acidity of
wine', Physicochemical methods such as blending, chemical neu-
tralization, and precipitation can successfully deacidify wine, but
often reduce wine quality and require extensive labor or capital
input. The possibility of using other yeasts has also been investi-
gated. Fermentations using the fission yeast Schizosaccharomyces
pombe, which efficiently degrades malate to ethanol through a
malo-ethanolic fermentation, have been attempted. The malate
was effectively degraded but off-flavors were produced’. Attempts
to hybridize wine yeasts with malate-metabolizing yeast strains by
cell fusion and conjugation failed®. The application of high density
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cell suspensions of several yeasts, including S. cerevisiae, did
not increase the rate at which L-malate was degraded during
fermentation’.

S. cerevisiae contains its own constitutive NAD-dependent
malic enzyme and the biochemical mechanism for malate degrada-
tion is the same as in S. pombe®. The malic enzyme is responsible
for the conversion of L-malate to pyruvate, which, under anaerobic
conditions, will be converted to ethanol and carbon dioxide.
Aerobically, malic acid is decarboxylated into CO, and H,O(ref. 8).
However, the substrate affinity of the S. cerevisiae malic enzyme
(K,, = 50 mM)® is much lower than that of the S. pombe malic
enzyme (K, = 3.2 mM)". Furthermore, L-malate enters S. cere-
visiae by simple diffusion, and it was therefore suggested that the
absence of an active malate transport system combined with the
low substrate affinity of the enzyme is responsible for this yeast’s
inefficient metabolism of malate*',

Genetic engineering of S. cerevisiae strains to carry out alco-
holic fermentation and malate degradation simultaneously has
been explored for several years. In order to engineer a malolactic
pathway in S. cerevisiae, the malolactic genes (mleS) from
Lactococcus lactis'®” and Lactobacillus delbrueckii' have been
cloned and characterized, and the genes have been introduced and
expressed in S. cerevisiae™ . The mleS gene encodes a NAD-depen-
dent malolactic enzyme that converts L-malate to L-lactate and CO,
(ref. 3). However, the absence of a transport system for malate in S.
cerevisiae precluded mleS recombinant strains from degrading
malate effectively.

We recently cloned and characterized the mael gene that
encodes a permease which is responsible for the active transport
of L-malate in S. pombe”. In addition to the mael gene we cloned
and characterized the malic enzyme (mae2) gene from §. pombe'®
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Figure 1. Uptake of “C L-malate by recombinant strains of S. cere-
visiae containing the S. pombe mase1 gene under the regulation of (A}
the PGK1 and (B) the ADH1 promoter and terminator sequences. The
cells were cultured to ODgy,., of 0.6 in a 2% glucose medium.

and the malolactic gene (mleS) from Lactococcus lactis”. A func-
tional malolactic strain of S. cerevisige could replace the unreliable
bacterial malolactic fermentation. A malo-ethanolic yeast strain
will be useful for the production of fruity floral wines, as malolac-
tic fermentation is considered to be undesirable in these wines.
Moreover, application of malo-ethanolic yeasts for the production
of distilled beverages will lead to enhanced ethanol yields.

We have functionally expressed the mael and mae2, as well as
the mael and mleS genes in S. cerevisiae. A recombinant strain of
S. cerevisiae containing the mael and mae2 genes degraded 8 g/L of
L-malate within 7 days under aerobic conditions. The S. cerevisiae
strain transformed with the mael and mleS genes fermented 4.5
g/L of L-malate in a synthetic grape must to lactate and CO,
in 4 days.
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Figure 2. Malate degradation by recombinant strains of S. cerevisiae
containing the mae? and/ or mae2 genes of S. pombe in (A) 2% glyc-
erol-ethanol and (B) 2% glucose medium containing 8 g/L of L-malate.
Malate degradation was regarded as complete when the malate con-
centration reached 0.3 g/L L-malate (malolactic fermentation is con-
sidered to be complete at this point during vinification).

Results and discussion

Fanctional expression of the S. pombe mael gene in S. cerevisige.
Expression of the lacZ gene fused to the S. pombe mae2 promoter
revealed that this promoter is not functional in S. cerevisige. (data
not shown). To express the mael and mae2 genes in S. cerevisiae,
we therefore subcloned both open reading frames (ORFs) into
expression cassettes containing the S. cerevisiae alcohol dehydroge-
nase (ADH]I) and 3-phosphoglycerate kinase (PGKI) promoter
and terminator sequences leading to the pHV1, 2, 3, and 4 con-
structs (Table 1).

The recombinant strains of S. cerevisiae transformed with the
pHV1 (YADH-mael) and pHV3 (YPGK-mael) constructs were
both able to actively transport L-malate (Fig. 1). This suggests cor-
rect synthesis, posttranslational medification and insertion of the

Table 1. Constructs used to engineer malate degrading pathways in S. cerevisiae YPH259 (ref. 23).

Recombinant
Construct Description strain
pHVX1 Shuttle vector YEplac181 (ref. 24), containing the ADH7,-ADH1, expression cassette YADH
pHVX2 Shuttle vectar YEplac181, containing the PGK1,-PGK1, expression cassette YPGK
pHV1 pHVX1 with mae1 ORF (ADH1,-mae1-ADH1) YADH-mae1
pHV2 pHVX1 with mae2 ORF (ADH1,-mae2-ADH1) YADH-mae2
pHV3 pHVX2 with mae! ORF (PGK1,-mae1-PGK1) YPGK-mael
pHV4 pHVX2 with mae2 ORF {PGK1,-mae2-PGK1) YPGK-mae2
pHV5 YEplac181-based vector containing the ADH1,-mae1-ADH1, : PGK1,-mae2-PGK1, expression system MEH1
pHV6 YEplac181-based vector containing the ADH1,-mae2-ADH1, : PGK1,-mae1-PGK1, expression system ME2
pMDMALO™® Multicopy episomal plasmid containing the mfeS ORF inserted between the PGKY promoter and
terminator sequences, as well as the URA3 marker gene. YPGK-m/eS
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S. pombe mael protein (maelp) into the
plasma membrane of S. cerevisize. Malate
transport by the recombinant strain of S. cere-
visiae containing the mael gene under the con-
trol of the ADHI promoter was slower than in
the recombinant strain containing the mael
gene under the PGK1 promoter. Western blot
analysis showed that the reduced transport of
malate in the YADH-mael recombinant strain
correlated with a lower concentration of the
transport protein, suggesting that the ADH1
promoter used was weaker than the PGK! pro-
moter (data not shown).

Interestingly, the recombinant strains of S.
cerevisige containing only the permease showed
a highly improved ability to degrade
L-malate in the glycerol-ethanol-based medium
(Fig. 2). However, in the glucose containing
medium, degradation of malate only became
significant once glucose had been exhausted.
The recombinant yeast containing the mael
gene under the PGKI promoter reduced L-
malate content by 70% in the glycerol-ethanol
medium and by 50% in the glucose medium
after 22 days (Fig. 2). This reduction was prob-
ably accomplished by the native malic enzyme
of S. cerevisiae.

Coexpression of the S. pombe mael and
mae2 genes in S. cerevisiae. The ability of S.
cerevisige strains transformed with plasmids
pHV5 (ME1) or pHV6 (ME2) (Table 1), con-
taining both the mael and mae2 genes under
control of S. cerevisiae promoter and termina-
tor signals, to degrade 8 g/L of L-malate in glyc-
erol-ethanol-based and glucose-based media,
were investigated (Fig. 2).

The control yeast strains degraded only
insignificant amounts of L-malate after 22 days.
Degradation of r-malate by recombinant
strains containing only the S. pombe malic
enzyme (YADH-mae2 and YPGK-mae2) was
not significantly different from that of the con-
trol yeasts (data not shown). However, when
both the malate permease mael and the S.
pombe mae2 genes were introduced, complete
degradation of L-malate occurred.

In a 2% glycerol-ethanol and a 2% glucose
medium the recombinant strain ME2 was able
to degrade L-malate completely within 7 and 19
days, respectively (Fig. 2). Compared to ME2,
the ME1 recombinant strain degraded malate
less efficiently in all the conditions used. This
could be the result of the lower transport rate
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Figure 3. Western blot analysis of the mae? and mae2 gene products. Strains of S. pombe
and S. cerevisiae were grown in a 2% glucose medium. Proteins of both yeast species were
extracted when the cultures had reached an OD,..., of 0.5. Forty ug of either hydrophobic
(lanes 1-4) or total {lanes 5-7) protein was loaded. Lanes 1-4 were incubated in the presence
of anti-mae1p antibodies, while anti-mae2p antibodies were used for ianes 5-7. The appar-
ent molecular weight of each protein is indicated on the right. Lanes 1 and 5: S. pombe wild-
type; lane 2: S. pombe mae1- transport mutant’; lanes 3 and 7: 8. cerevisiae YPH259; lane
4: S. cerevisiae containing the mae? gene under the control of the PGK1 promoter (YPGK-
maeT); lane 6: S. cerevisiae containing the mae2 gene under the control of the ADH? pro-
moter (YADH-mae2). The antibodies raised against the S. pombe malic enzyme were able to
recognize the native S. cerevisiae malic enzyme. The apparent molecular weight of the pro-
teins (60 kDa for the S. pombe mae2p, 71 kDa for the S. cerevisiae malic enzyme and 44 kDa
for the S. pombe mae1p) corresponds closely to their theoretical molecular weight (62.5, 74,
and 49 kDa, respectively).
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Figure 4. Conversion of L-malate to L-lactate by recombinant strains of S. cerevisiae in syn-
thetic grape must®”. Malate degradation was regarded as complete when the concentration
reached 0.3 g/L L-malate. The production of lactate was visualized with paper chromatog-
raphy {(panel on the right)®. The malolactic strain of S. cerevisiae () containing both the
mae1 and mleS genes rapidly degraded 4.5 g/L L-malate within 4 days. No significant degra-
dation of L-malate was observed by the yeasts containing the PGK7 expression cassette
(YPGK, [O]), the mleS gene (YPGK-mleS, [[]) or the mae1 gene (YPGK-mae1, [@]).

for malate in the recombinant yeast containing the mael gene
under control of the ADH! promoter (Fig. 1).

The ability of both the ME1 and ME2 strains to metabolize L-
malate differed considerably in the glycerol-ethanol and the glu-
cose containing media. Both strains performed much more
efficiently in glycerol-ethanol than in glucose medium. Under aer-
obic conditions, 92% (7 g/L) of L-malate in glycerol-ethanol
medium was rapidly degraded to CO, and H,O in 4 days by the
ME2 strain (Fig. 2A). In glucose medium (Fig. 2B) this strain
degraded L-malate much slower; after 4 days only 27% of the
malate was degraded. Complete degradation of L-malate in the 2%
glucose medium was achieved only 18 days after glucose was
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depleted. In a medium containing 10% glucose and 10% fructose,
no degradation of L-malate was observed after 19 days (data not
shown). Western blot analysis confirmed that the PGKI promoter
is not subject to glucose regulation, but indicated that the modified
ADHI promoter" is still to some extent sensitive to glucose (data
not shown). However, the Western blots also showed that both
maelp and mae2p were present in glucose grown recombinant
cells (Fig. 3). The absence of malate degradation by recombinant
strains in a 10% glucose, 10% fructose medium is therefore
intriguing. It could be due to glucose-mediated regulation of the
malic enzyme activity in S. cerevisiae cells, a phenomenon appar-
ently not present in S. pombe where glucose (or other carbon
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sources) is required for active malate degradation®. Alternatively,
the glycolytic pathway enzymes might sequester the available
NAD* required by the malic enzyme as co-factor, which will lead to
the inefficient functioning of this enzyme. Lastly, it has been shown
that pyruvate inhibits malic enzyme activity in E. coli”” and the
reaction catalysed by the malic enzyme of C, plants is reversible at
high pyruvate and CO, concentrations”. High levels of pyruvic
acid produced during glycolysis may have an inhibitory effect on
the malic enzyme, resulting in the inefficient degradation of malate
in S. cerevisiae. We are currently investigating why L-malate is not
degraded by the ME1 and ME2 strains under fermentative condi-
tions.

Deacidification of synthetic grape must by recombinant strains
of S. cerevisiae expressing the mael and mleS genes. In contrast to
the inability of malo-ethanolic strains of S. cerevisiae to efficiently
degrade malate at high sugar concentrations, such as those found in
grape must, the recombinant strain of S. cerevisiae transformed with
plasmids pHV3 (mael) and pMDMALO (mleS) efficiently converted
L-malate to L-lactate and CO,. Efficient degradation of malate was
observed in the 2% glucose medium (data not shown). As had been
shown earlier?, the strain containing the mleS gene alone did not
achieve any significant degradation (data not shown). To simulate
winemaking conditions, malate degradation was also measured in a
synthetic grape must containing 10% glucose and 10% fructose. The
recombinant yeast strain containing both the mael and mleS genes
rapidly degraded 4.5 g/L of L-malate to L-lactate and CO, within 4
days in synthetic grape must (Fig. 4). Equimolar amounts of lactate
were produced by the recombinant strain (data not shown), con-
firming earlier results”, Contrary to the results obtained with malo-
ethanolic strains, different glucose concentrations did not seem to
have an impact on the malolactic conversion.

We have successfully engineered a strain of S. cerevisiae that
degrades 4.5 g/L of L-malate to L-lactate within 4 days under fer-
mentative conditions. The failure of previous attempts to engineer
malate degrading S. cerevisiae strains was due to the absence of a
transport system in this yeast. We furthermore present evidence for
the existence of a metabolic regulation inhibiting the S. pombe
malic enzyme in the presence of glucose in this yeast. No such
inhibition exists for the malolactic enzyme, resulting in a highly
efficient conversion of malate to lactate under fermentative condi-
tions in the recombinant strains expressing both the permease and
the malolactic enzyme.

Efficient degradation of malate in grape musts is of prime
industrial importance to wineries as sluggish malolactic fermenta-
tion leads to scheduling problems in wine cellars. Stabilization by
sulfite has to be postponed and thus spoilage organisms may pro-
liferate to produce off-odors or noxious bio-amines. We have suc-
cesfully introduced a malolactic fermentation pathway in
S. cerevisiae by expressing the S. pombe mael and the L. lactis mleS
genes in this yeast. Malolactic strains of S. cerevisiae that degrade
malate efficiently during or after the alcoholic fermentation should
prevent problems experienced with bacterial strains and be of con-
siderable benefit to wineries. We are currently integrating the S.
pombe mael and L. lactis mleS genes under the control of the PGK1
promoter and terminator signals into the genome of wine strains
of S. cerevisiae. These malolactic strains of S. cerevisiae should
be able to degrade L-malate to L-lactate and CO, during alcoholic
fermentation.

Experimental Protocol

Strains and culture conditions. E. coli JM109* (endAl, recAl, gyrA96, thi,
hsdR17 (.-, my+], relAl, supE44, \-, A(lac-proAB), [F', traD36, proA'B’,
lachZAM15)) was used for plasmid propagation and cultured according to
standard methods®. S. cerevisiae strain YPH259% («, ura3-52, lys2-801°™",
ade2-101°%, his34200, leu2-A1) was used for the functional expression of
the plasmids listed in Table 1. Yeast cells were cultured in liquid YPD media
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(1% yeast extract, 2% bactopeptone, 2% glucose) at 30°C and transformed
by the lithium acetate procedure as described in Ausubel et al.*
Transformants were isolated on selective YNB agar plates (0.17% yeast nitro-
gen base (YNB) without amino acids and ammonium sulphate [Difco
Laboratories, Detroit, MI], 0.5% (NH,),SO,, 2% glucose and 1.7% agar) sup-
plemented according to the nutritional requirements of the strains. The
degradation of L-malate by recombinant strains of S. cerevisiae was deter-
mined under the following growth conditions in (1) Glycerol/Ethanol media
[0.17% YNB (without aa and (NH,),S0,), 0.5% (NH,),SO.,, 2% ethanol, 2%
glycerol, 0.8% L-malic acid (Sigma, St. Louis, MO)], (2) Glucose media
[0.17% YNB (without aa and (NH,),SO,), 0.5% (NH,),SO,, 2% glucose, 0.8%
L-malic acid] and (3) in a 10% glucose and 10% fructose synthetic grape
must, described by Denayrolles et al.”” Media were adjusted to a pH of 3.3
with KOH.

Genetic constructs. Standard recombinant DNA techniques were per-
formed essentially as described by Sambrook®. All subcloning and DNA
manipulations were performed in the 2u-based plasmid YEplac181 (ref. 25).
Cloning of the L. lactis mleS gene under the control of the PGK1 promoter
and terminator was previously described by Denayrolles et al.”

L-malate transport assays. Transport assays were done according to the
method described by Grobler et al.”, using “C-labelled L-malate (Amersham,
Arlington Heights, IL; specific activity of 55.0 mCi/mmol).

Degradation of L-malic acid. Recombinant strains of S. cerevisiae were
cultured overnight in YNB. Glycerol/ethanol and glucose media containing
8 g/L of L-malate (100 ml in 250 ml erlenmeyer flasks) were inoculated to an
ODyy, of 0.1. The flasks were incubated at 28°C while shaking (250-300
rpm). Malate degradation was also determined in a 10% glucose and 10%
fructose synthetic grape must medium (100 mi in 250 ml erlenmeyer flasks)
inoculated with 4X 10¢ yeast cells/ml (final concentration). Synthetic grape
must cultures were incubated at 20°C without shaking. The malic acid con-
centration was measured enzymatically using the L-Malic Acid Test Kit
(Boehringer Mannheim, Germany). Glucose was measured with the Glucose
(Trinder) Test Kit (Sigma). The conversion of L-malate to L-lactate was visu-
alized by paper chromatography using standard procedures®,

Generation of antibodies and Western blot analysis. Glutathione-S-
transferase (GST) fusion proteins GST-maelp,, .. and GST-mae2p., .56
were expressed in E. colf using the pGEX-vector system”. Fusion proteins
were purified using glutathione-agarose beads (Sigma) and used to gener-
ate polyclonal antibodies against the S. pombe maelp (anti-maelp) and
mae2p (anti-mae2p) in rabbits. Yeast proteins were prepared by rapid dis-
ruption of yeast cells with glassbeads. Cell extracts enriched for hydropho-
bic membrane proteins were prepared according to Chirio et al.”
SDS-PAGE electrophoresis was done according to standard procedures™.
Proteins were blotted onto a PVDF membrane (Boehringer Mannheim)
using a semi-dry electroblotter (Sigma-Aldrich). The membranes were
incubated in the presence of anti-maelp (dilution 2 x 10”°) or anti-mae2p
(dilution 10°%) polyclonal antibodies. Proteins recognized by antibodies
were visualized with the BM Chemiluminescence Western blotting Kit
(Boehringer Mannheim).

Construction of expression cassettes and the subcloning of the mael and
mae2 ORFs. The pHVX1 expression vector was constructed by inserting a
Smal/Sall fragment containing the modified ADHI,-MFal-ADHI,
sequences from plasmid pPRLI (data not shown) into YEplac181. The MFo !
signal sequence was eliminated by an EcoRI/HindlII digestion and replaced
with an oligonucleotide containing the EcoRl, Bglll and Xhol restriction
sites (5’-CCTTAAGGTCTAGAGGAGCTCC-3’). The shortened ADH1 pro-
moter is not subject to catabolite repression'. The expression vector pHVX2
was constructed by subcloning the HindlIl fragment containing the PGK1,-
PGK 1, cassette from plasmid pJCl (ref. 29) into YEplac181. The mael ORF
was isolated as a Ball/Ndel fragment from plasmid pJG1 (ref. 15), and
inserted into a plasmid with an oligonucleotide containing restriction sites
for EcoRI, Ball, Ndel and BgllI (5'-GATCGAATTCTGGCCAGACTCGAT-
CATATGAGATCTGATC-3’). The mae2 ORF was isolated from pMV651 (ref.
16). Site-directed mutagenesis (Altered Sites 11 Mutagenesis Systems-Kit,
Promega, Madison, WI) was used to create an EcoRI and Xhol site at the 5’
end and the 3'-end of the mae2 ORE, respectively. The mael and mae2 ORFs
were subsequently inserted into pHVX1 and pHVX2. The Sall/Smal frag-
ment containing the ADHI,-mael-ADHI, cassette from pHV'1 was cloned
into the Smal/Sall site of pHV4 to create pHV5 (ADHIp-mael-ADHI, :
PGK1p-mae2-PGK1¢t). The Sall/Smal fragment containing the ADHI,-mae2-
ADHI, cassette from pHV2 was cloned into the Sall/Smal site of pHV3 to
create pHV6 (ADHIp-mae2-ADH1t : PGK1p-mael-PGK1,).
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