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In Saccharomyces cerevisiae, L-malic acid transport is not carrier mediated and is limited to slow, simple
diffusion of the undissociated acid. Expression in S. cerevisiae of the MAEI gene, encoding Schizosaccharomyces
pombe malate permease, markedly increased L-malic acid uptake in this yeast. In this strain, at pH 3.5
(encountered in industrial processes), L-malic acid uptake involves Maelp-mediated transport of the mono-
anionic form of the acid (apparent kinetic parameters: V., = 8.7 nmol/mg/min; K,, = 1.6 mM) and some
simple diffusion of the undissociated L-malic acid (K, = 0.057 min~1). As total L-malic acid transport involved
only low levels of diffusion, the Maelp permease was further characterized in the recombinant strain. L-Malic
acid transport was reversible and accumulative and depended on both the transmembrane gradient of the
monoanionic acid form and the ApH component of the proton motive force. Dicarboxylic acids with stearic
occupation closely related to L-malic acid, such as maleic, oxaloacetic, malonic, succinic and fumaric acids,
inhibited L-malic acid uptake, suggesting that these compounds use the same carrier. We found that increasing
external pH directly inhibited malate uptake, resulting in a lower initial rate of uptake and a lower level of
substrate accumulation. In S. pombe, proton movements, as shown by internal acidification, accompanied
malate uptake, consistent with the proton/dicarboxylate mechanism previously proposed. Surprisingly, no
proton fluxes were observed during Maelp-mediated L-malic acid import in S. cerevisiae, and intracellular pH
remained constant. This suggests that, in S. cerevisiae, either there is a proton counterflow or the Maelp

permease functions differently from a proton/dicarboxylate symport.

Previous studies have provided evidence that L-malic acid is
metabolized by Saccharomyces cerevisiae only in the presence
of an assimilable carbon source (16, 24, 25). Exogenous L-malic
acid (3 g/liter) is always consumed to a limited extent (10 to
20%), and the amount of degraded malate depends on the
strain and culture conditions. This incomplete consumption of
L-malic acid may be due to limited malate uptake and ineffi-
ciency of the enzyme systems involved in metabolism of the
acid. Indeed, it has been reported that the transport of L-
malate is not carrier mediated in S. cerevisiae; the undissoci-
ated form of the acid slowly enters the cell by simple diffusion
(28). During fermentation in the presence of malate, intracel-
lular malate concentration in this yeast (close to 1 mM) is
therefore lower than that in yeasts having a carrier protein for
L-malate and able to metabolize L-malic acid completely (10 to
15 mM in Saccharomyces bailii) (20). The constitutive L-malic
enzyme, thought to be responsible for the anaerobic metabo-
lism of L-malate in S. cerevisiae, has a high K, for the substrate
(50 mM) (16, 17). Given the low levels of intracellular malate,
the malic enzyme seems to function to a limited extent. Anaer-
obically grown S. cerevisiae cells also contain a malate dehy-
drogenase and at least two isofunctional fumarase enzymes.
However, very little malate is degraded via these pathways
during alcoholic fermentation: malate dehydrogenase prefer-
entially reduces oxaloacetate to malate and is strongly re-
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pressed by glucose (13, 21); fumarase is competitively inhibited
by intracellular inorganic and organic phosphate (20).

Elimination of the r-malic acid present in grapes is of con-
siderable technological value in wine making because it results
in the deacidification and stabilization of the wine. This sub-
strate is traditionally eliminated by lactic acid bacteria, which
carry out malolactic fermentation after alcoholic fermentation.
However, L-malic acid degradation is uncertain, as the poor
growth of lactic acid bacteria at low pH often delays malolactic
fermentation and may even prevent the reaction altogether.
Several attempts have been made to improve malate metabo-
lism in the wine yeast S. cerevisiae (6, 33). The bacterial mleS
gene, encoding a bifunctional malolactic enzyme that catalyzes
the conversion of L-malate into L-lactate and CO,, has been
introduced into S. cerevisiae, to improve its ability to consume
malate (1, 12). The heterologous enzyme is functional in re-
combinant strains but increases malate degradation only slight-
ly, and it has been shown that transport is the limiting step in
L-malic acid utilization (2).

Two classes of L-malate transporter, one which is repressed
by glucose and one which is not, have been described in yeasts
and fungi. The dissociated form of the acid has been shown to
be transported across the plasma membrane by proton sym-
porters in Neurospora crassa (34), Kluyveromyces lactis (35),
Candida utilis (9), Hansenula anomala (10), and Candida
sphaerica (11). The transport systems involved are inducible
and subject to glucose repression. In contrast, it has been sug-
gested that the uptake of L-malic acid is mediated by a protein
and occurs in the presence of glucose in Zygosaccharomyces
bailii (3) and in Schizosaccharomyces pombe (22). The heter-
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ologous expression of a gene encoding such an r-malic acid
permease appeared to be a possible way of improving malate
uptake in S. cerevisiae during alcoholic fermentation. Recently,
the MAEI gene, encoding the malate permease of S. pombe,
has been cloned (18). The cotransformation of S. cerevisiae
cells with the MAEI gene and either the L. lactis malolactic
enzyme gene mleS (4, 31) or the S. pombe malic enzyme gene
MAE? (32) resulted in a marked increase in L-malate utiliza-
tion. In this study, we found that, in an S. cerevisiae strain
expressing the MAE] gene, L-malate uptake is almost entirely
mediated by the heterologous Maelp permease, due to little or
no diffusion of L-malic acid through the S. cerevisiae plasma
membrane. The recombinant strain was then used to analyze
Maelp-mediated L-malate transport in detail. Sousa et al. (30)
suggested that a proton symport system is involved in L-malate
transport in S. pombe, leading to uphill uptake and accumu-
lation. This study provided insight, in physiological and ki-
netic terms, into the way in which the permease encoded by
the MAE1 gene functions. In particular, we established that
the Maelp permease transported the monoanionic form of
L-malate, as a function of the transmembrane substrate and pH
gradients.

MATERIALS AND METHODS

Microorganism and growth conditions. We studied the heterologous expres-
sion of the MAE1 gene from the wild-type S. cerevisiae V5 strain (MATa ura3),
derived from a Champagne wine strain. Yeast strains were maintained in mini-
mal synthetic (SD) medium (1.7 g of yeast nitrogen base without amino acids and
ammonium sulfate, 1.4 g of (NH,),SO,, and 20 g of glucose per liter). Yeasts
were grown at 28°C, without agitation, in SD medium containing 200 g of glucose
and 6 g of phthalic acid per liter, adjusted to pH 3.5.

Yeast transformation. The plasmid YEp MAE], carrying the coding region of
the S. pombe malate permease under the regulatory elements of the PGKI gene,
was previously described (4). The strain V5 was transformed by YEp or YEp
MAET using the lithium acetate method (29).

Measurement of L-malic acid exchange. To simulate enological conditions,
most experiments were carried out at pH 3.5. Cells were collected by centrifu-
gation at the beginning of the stationary phase, washed twice with 0.1 M potas-
sium phosphate buffer (appropriate pH), and resuspended in 0.1 M potassium
phosphate buffer to a final concentration of about 20 mg (dry weight)/ml. Cell
suspensions were stored at 4°C until use for ["*C]r-malic acid transport assays.
For experiments performed in the presence of glucose, the washing buffer and
labeled L-malic acid solutions contained 5 and 133.3 mM glucose, respectively. In
experiments involving ionophores, cells were incubated for 15 min at 28°C with
the compound being studied before the uptake reaction was started. We checked
that ionophores had no effect on cell viability at the concentrations used in these
experiments (100 pM carbonyl cyanide m-chlorophenylhydrazone [CCCP] and
1 uM valinomycin).

The cell suspension (170 pl) was preincubated at 28°C for 2 min, 30 wnl of
labeled L-malic acid solution (about 3 X 10° dpm/pmol) was added to give the
required concentration (final concentration of 0.1 to 50 mM), and L-malic acid
uptake was measured. At each sampling time, the reaction mixture was diluted
with 5 ml of ice-cold 0.1 M potassium phosphate buffer (appropriate pH),
immediately filtered through glass microfiber filters (GF/C filters, Whatman),
and washed with 10 ml of ice-cold buffer. Samples were taken for initial malate
uptake rate determination at 0, 5, and 10 s. Sampling times of 0 to 1 h were used
to determine malate accumulation kinetics.

In malate efflux experiments, cells were first loaded by incubating a yeast
suspension, prepared as described below, with 2 mM labeled L-malic acid (3 X
10° dpm/pumol) for 45 min (recombinant strain) or 2 h (wild-type strain). To
induce malate efflux, 200 pl of the loaded cell suspension was diluted with 1.8 ml
of the appropriate buffer and incubated at 28°C. After each sampling, cells were
harvested by filtration (GF/C filters) and washed with 10 ml of ice-cold 0.1 M
phosphate buffer.

The filters carrying the cells were dried (infrared lamp) and placed in 10 ml of
scintillation fluid, and radioactivity was counted with a liquid scintillation counter
(LS 6500; Beckman).

MALATE TRANSPORT IN ENGINEERED S. CEREVISIAE 4145

Determination of proton fluxes. Proton fluxes associated with L-malic acid
transport were determined using a 718 STAT TITRINO pH meter and recorder
system (Metrohm). Yeast suspension (4 mg [dry weight]/ml) was prepared in
10 ml of potassium phosphate buffer (10 mM) or in 10 ml of 10 mM glucose in
10 mM potassium phosphate buffer and placed in a 20-ml vessel fitted with a pH
electrode and a magnetic stirrer. The pH was adjusted as required (usually to
3.5), and a baseline was obtained. Transmembrane exchanges were induced by
adding r-malic acid (final concentration, 1 or 16.6 mM) in 10 mM potassium
phosphate buffer, adjusted to the appropriate pH. Subsequent external alkalin-
ization was assessed by recording the volumes of 50 mM HCI added to maintain
a constant pH.

Internal L-malic acid concentration. To calculate the intracellular L-malic acid
concentration, the yeast suspension was characterized as follows. Cells were
counted using an electronic particle counter (Z. M., Coultronics). Intracellular
volume was estimated with a C256 Channalyser (Coultronics). The data obtained
indicated that there was 1.2 pl of intracellular water/mg (dry weight).

Concentrations of the monoanionic and undissociated forms of L-malic acid
were calculated with the Henderson-Hasselbach equation, using the following
pK, values of L-malic acid: pK,, = 3.41; pK,, = 5.05.

Intracellular pH. We assessed internal pH using a modified version of the
method of Eraso et al. (14), based on determination of the distribution of
[**C]benzoic acid across the plasma membrane and calculation of internal pH,
using Rottenberg’s equation (26).

Yeast suspension (170 pl), prepared in potassium phosphate buffer (pH 3.5 or
5), was incubated for 5 min with 10 .l of L-malic acid solution (final concentra-
tion of 0 to 20 mM) supplemented with 10 mM glucose (final concentration).
[**CJbenzoic acid (5 uM, 0.1 uCi/ml) was added to the suspension, which was
then incubated for 5 min and diluted in 5 ml of phosphate buffer (0.1 mM, pH
3.5 or 5), rapidly filtered (GF/C glass fiber membrane; Whatman), and washed in
10 ml of buffer. Filters were dried, and radioactivity was counted. Nonspecific
binding of labeled benzoic acid was evaluated by adding 10 pl of benzoic acid to
180 pl of the cell suspension (equilibrated with unlabeled r-malic acid), and the
mixture obtained was immediately diluted and filtered. Internal pH was then
calculated as previously described (14).

Reproducibility of the results. All experiments were repeated at least four
times, and the data reported here correspond to the mean values.

Chemicals. Radioactively labeled compounds (L-malic acid and benzoic acid)
were purchased from Amersham (Little Chalfont, Buckinghamshire, United
Kingdom). Other chemicals were obtained from Sigma Chimie (France).

RESULTS

Malate uptake and transmembrane PMF. We assessed the
transport of L-malic acid at pH 3.5 in the transformed strains
V5 YEp and V5 YEp MAE! (Fig. 1). S. cerevisiae V5 YEp
(control strain) took up 16.6 mM L-malic acid slowly, at a rate
of 0.46 nmol mg ™' min~". In the V5 YEp MAE] transformant,
the initial rate of L-malic acid influx was significantly increased
(8.7 nmol mg ™! min~ "), resulting in a marked accumulation of
the '*C-labeled L-malic acid compared to the control strain.
Similar results were obtained in experiments performed at pH
5 (data not shown). L-Malic acid uptake in the recombinant
strain seems to have been mediated almost entirely by the
L-malate permease, Maelp, due to the efficient expression of
the heterologous gene in S. cerevisiae. The initial rate of L-
malate uptake was higher in the presence of 10 mM glucose
(18.1 nmol mg~' min~'). This activation may be due to the
induction by glucose of proton motive force (PMF), which is
generally involved in the control of ionic molecule transport
across the plasma membrane. The PMF generated in cells in
the presence of glucose was larger than that generated by
endogenous substrates.

We investigated the role of PMF and of its constituents, the
membrane potential Ay and the pH gradient ApH, on the
control of L-malate uptake. Sousa et al. (30) suggested that
L-malate transport in S. pombe was dependent on transmem-
brane PMF. We investigated the role of each of the PMF
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FIG. 1. Transport of L-malic acid by S. cerevisiae expressing or not
expressing the MAEI gene. The initial extracellular concentration of
total L-malic acid was 16.6 mM in 0.1 M K,PO, buffer, pH 3.5. O, V5
YEp strain in the presence of 10 mM glucose; A, V5 YEp MAE] strain
without glucose; @, V5 YEp MAE] strain in the presence of 10 mM
glucose. The dependence of malate uptake on PMF was determined by
adding ionophores at the beginning of the transport assays. ¢, V5 YEp
MAET strain in the presence of 10 mM glucose and 100 uM CCCP; m,
V5 YEp MAEI strain in the presence of 10 mM glucose and 1 pM
valinomycin.

components in controlling malate uptake by Maelp (pH 3.5),
using the recombinant strain, the protonophore CCCP, and
valinomycin (an ionophore) (Fig. 1). In the presence of 100
pM CCCP, which abolished the proton gradient, the initial
rate of malate uptake was up to 85% lower and the intracel-
lular accumulation of L-malic acid was prevented, consistent
with the observations of Sousa et al. (30). The addition of the
valinomycin K™ ionophore to the assay mixture resulted in the
collapse of membrane potential in S. cerevisiae (14). The up-
take of L-malic acid was not markedly affected by these con-
ditions, in which a considerable pH gradient was maintained,
indicating that the transport of L-malic acid by Maelp does not
depend on membrane potential. Thus, ApH appears to be the
only component of the PMF involved in the control of L-malic
acid transport by Maelp.

Reversibility of transport. In S. pombe, the L-malate uptake
attributed to the permease encoded by MAEI has been de-
scribed as accumulative, but the potential of the transport
system to excrete L-malate has not been considered. When
S. cerevisiae YEp MAE] cells were incubated for 5 min with 2
mM L-malic acid, the intracellular concentration of labeled
compound reached 8 mM (Fig. 2, line A). This confirmed that
the MAE1-mediated uptake of total L-malic acid was accumu-
lative at pH 3.5. The reversibility of transport was then studied
in the transformant. A pulse of [**C]L-malic acid (final con-
centration, 35 mM; specific radioactivity, 3 X 10° dpm/uM)
during the uptake of 2 mM L-malic acid (3 X 10° dpm/uM) by
the recombinant strain resulted in an increase in the intracel-
lular concentration of labeled acid (Fig. 2, line C). In contrast,
the addition of unlabeled L-malic acid induced an influx of
unlabeled L-malic acid and a weak counterflow of the accumu-
lated labeled substrate, resulting in a fivefold decrease of the
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specific radioactivity of L-malic acid within the cells (Fig. 2,
lines B and C) at the end of the experiment. These observa-
tions suggest that the V5 YEp strain is able to excrete L-malic
acid. However, this dilution was lower than that of the specific
radioactivity of labeled L-malic acid in the external medium
(Fig. 2, line D). This may be due to further metabolization of
a part of the accumulated L-malic acid. However, such degra-
dation should remain limited due to the low intracellular con-
centrations of L-malate (below 10 mM), the low substrate af-
finity, and the limited activity of enzymes involved in L-malic
acid degradation in S. cerevisiae (6, 16, 20). In this experiment,
the transmembrane gradients of the undissociated and mono-
anionic forms of L-malic acid did not favor efflux of the organic
acid from the cells. The transmembrane gradient concentra-
tion of substrate concentration usually controls the reversible
transport systems. The limitation of acid excretion, due to an
insufficient transmembrane gradient, may thus account for the
differences in dilution of specific radioactivity within and out-
side cells. The dilution of labeled L-malic acid-preloaded S. cer-
evisiae YEp MAE]I cells in an appropriate buffer induced acid
efflux (Fig. 3, lines C and D). No such secretion occurred in
cells that did not express the MAEI gene (S. cerevisiae YEp
strain) (Fig. 3, line A). These results indicate that the transport
of L-malic acid through the heterologous transporter in S. cer-
evisiae is reversible and controlled by the transmembrane sub-
strate gradient.

Form of L-malic acid transported by Maelp. To determine
the form of rL-malic acid carried by the heterologous trans-
porter Maelp in S. cerevisiae YEp MAEI, we investigated the
secretion by cells of L-malic acid (pK,;, 3.41; pK,,, 5.1) as a
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FIG. 2. Reversibility of Maelp-mediated L-malate transport in
S. cerevisiae. Experiments were performed in 0.1 M K,PO, buffer, pH
3.5, with an initial extracellular total L-malic acid concentration of
2 mM (specific activity, 3 X 10° dpm/pmol). Line A, accumulation of
L-malic acid by the S. cerevisiae strain V5 YEp MAE1 without addition;
lines B and C, addition (arrow) of unlabeled L-malic acid or '*C-
labeled L-malic acid (specific activity, 3 X 10° dpm/pumol), respectively,
to the accumulation assay with the recombinant S. cerevisiae strain at
a final concentration of 35 mM. The ratio between the intracellular
concentrations of labeled L-malic acid (line B) and total L-malic acid
(line C) was calculated (line D).
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FIG. 3. L-Malic acid efflux from S. cerevisiae strains. S. cerevisiae V5
YEp cells were preloaded by 2 h of incubation with 2 mM labeled
L-malic acid (specific activity, 2 X 10° dpm/wmol). The control exper-
iment was performed by diluting 200 pl of cell suspension containing
12 mM labeled L-malic acid with 2 ml of 0.1 M K,PO, buffer, pH 6
(line A). S. cerevisiae V5 YEp MAE]I cells were preloaded with 14.45
mM (A) or 9.4 mM (@, m) labeled L-malic acid by incubation with 2 or
10 mM labeled 1-malic acid, respectively (specific activity; 10 X 10°
and 2 X 10° dpm/pmol), and 200 pl of preloaded cell suspension was
diluted with 2 ml of 0.1 M potassium phosphate buffer, pH 4 (line B),
pH 3.5 (line C), or pH 6 (line D).

function of the transmembrane gradients of undissociated,
monoanionic, and dianionic forms. In order to generate varied
transmembrane gradients, cells preloaded with labeled sub-
strate at different concentrations were diluted in potassium
phosphate buffer at various pH levels (3.5, 4, or 6). The sub-
sequent L-malic acid efflux (Table 1; Fig. 3) was determined for
each condition. An unfavorable transmembrane gradient of
the undissociated form of acid L-malic was generated by dilu-
tion of cells containing 9.4 mM L-malic acid in 2 ml of potas-
sium phosphate buffer (pH 3.5). Under these conditions, a
significant efflux of L-malic acid was observed (Fig. 3, line C).
This is consistent with transport of the mono- or dianionic
forms of L-malic acid. Dilution of the cells in buffer at pH 6

TABLE 1. Transmembrane gradients of L-malic acid
concentrations after dilution of preloaded cells”

2 mM .
o 10 mM, pH 4
L-Mfi}l;aad pH 3.5 pH 6°
1C EC 1C EC 1C EC
Dianionic 9.04 0 9.04 0.18 13.9 0.06
Monoanionic 0.36 0.11 0.36 0.02 0.55 0.75
Undissociated 0 0.09 0 0 0 0.19

“ 8. cerevisiae V5 YEp MAE] cells, preloaded by incubation for 30 min with 2
or 10 mM labeled L-malic acid (specific activity, 10 X 10° or 2 X 10° dpm/pwmol,
respectively) were diluted with 2 ml of 0.1 M potassium phosphate buffer at the
indicated pH. Intracellular and extracellular L-malic acid concentrations (IC and
EC, respectively) were determined immediately after dilution. Values are in
millimolar units.

’ Fig. 3, line C.

¢ Fig. 3, line D.

 Fig. 3, line B.
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FIG. 4. Kinetics of L-malic acid transport by S. cerevisiae V5 YEp
MAE]. (A) Initial rate of uptake of labeled L-malic acid as a function
of L-malic acid concentration. (B) Lineweaver-Burk plot of 1/} versus
1/S, where V' and § are the initial rate of L-malic acid uptake and
L-malic acid concentration, respectively.
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both increased the gradient of the monoanionic form and re-
duced the gradient of the dianionic form and then resulted in
an increase of efflux (Fig. 3, line D). In contrast, if the trans-
membrane gradient of monoanionic L-malic acid was such that
the monoanionic form could not be excreted whereas the di-
anionic form could (dilution of 14.45 mM L-malic acid-pre-
loaded cells in 2 ml of buffer at pH 6), the acid accumulated in
the cells (Fig. 3, line B). These observations demonstrate that
the monoanionic form of L-malic acid is transported by Maelp
in S. cerevisiae.

Kinetic parameters. The initial rate of uptake of L-malic acid
was determined in the presence of 10 mM glucose, with various
substrate concentrations, at pH 3.5. At this pH, the acid was
mainly monoanionic (54%) and undissociated (44%). In these
conditions, L-malic acid transport was not saturable (Fig. 4A)
and was not subject to Michaelis-Menten kinetics, as indicated
by the shift in the Lineweaver-Burk plot (Fig. 4B). The bipha-
sic plot obtained is consistent with Maelp-mediated transport
of the monoanionic form of L-malic acid with some simple
diffusion of the undissociated form (as previously observed in
the control strain, S. cerevisiae V5 YEp). The overall rate of
malate uptake in S. cerevisiae strain V5 YEp MAEI should
have a Michaelian component (Maelp-mediated transport of
the monoanionic acid [A™]) and a linear component (diffusion
of the undissociated acid [AH]), as follows: V' =V .. - {[A7)/
([A7] + K,,))} + K4 - [AH]. We calculated the following
apparent kinetic parameters: apparent maximal initial rate
of monoanionic L-malic acid (V,,,,) = 8.7 nmol mg~* min~%;
apparent Michaelis constant (K,,,) = 1.58 mM; diffusion con-
stant for undissociated L-malic acid (K,) = 0.057 min~'. These
data confirm the low level of undissociated L-malic acid diffu-
sion involved in total acid fluxes.
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TABLE 2. Specificity of malate transport in the

S. cerevisiae strain V5 YEp MAEI¢

% Inhibition

Unlabeled Structure with:
compound
50 mM 2 mM
None 0
Maleic acid COOH /COOH 97 =1
Oxaloacetic acid ~ COOH-CO-CH,-COOH 913 323
Malic acid COOH-CHOH-CH,-COOH 84 +2
Malonic acid COOH-CH,-COOH 831
Succinic acid COOH-CH,-CH,-COOH 48+2 22=x4
Fumaric acid COOH\ 434 163
\COOH
Pyruvic acid COOH-CO-CH,4 24 £2
Ketoglutaric acid COOH-CO-CH,-CH,-COOH 24+3
Tartaric acid COOH-CHOH-CHOH-COOH 19*5
Isocitric acid CHOH-COOH 182
CH-COOH
CH,-COOH
Citric acid CH,-COOH 7x2
COH-COOH
CH,-COOH
Lactic acid COOH-CHOH-CH;4 -12=*1

“ The initial rate of [**C]L-malic acid uptake (2 mM; specific activity, 3 X 10°
dpm/pmol) was determined in 0.1 M K,PO, buffer, pH 3.5, supplemented with
50 or 2 mM unlabeled organic acid. The values correspond to percent reductions
in the rate of uptake of labeled L-malic acid measured without organic acids.

Substrate specificity. The substrate selectivity of the Maelp
transporter in S. cerevisiae was determined by measuring the
uptake of 2 mM labeled L-malic acid in the presence of other
organic acids at a concentration of 50 mM (Table 2). Mono-
carboxylic acids (pyruvate and lactate) and organic acids with
high levels of stearic occupation (polysubstituted C, diacids or
compounds containing more than four carbon atoms) did not
markedly affect L-malate transport. In contrast, maleate and
malonate, analogs of L-malate, strongly decreased L-malate
uptake. Non- or monosubstituted C, dicarboxylic acids, such as
oxaloacetate and (to a lesser extent) succinate and fumarate,
competed efficiently with L-malate for entry into the cells. The
inhibition of L-malate uptake also occurred when these com-
pounds were used at a concentration of 2 mM. [**C]succinate
and ['*C]fumarate were transported by S. cerevisiae YEp
MAE]I, whereas these organic acids did not enter wild-type
S. cerevisiae cells (data not shown). It therefore seems that the
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same carrier transported succinate, fumarate, and malate in
the recombinant strain.

These results indicate that substrate specificity depends on
the three-dimensional structure of the compound transported.
Maelp seems to transport preferentially C; or C, dicarboxylic
acids containing no more than one hydroxyl or ketonyl group.

pH and L-malic acid uptake. For a given total L-malic acid
content, the concentration of the monoanionic (and undisso-
ciated) form of L-malic acid decreased as the pH increased and
may have led to substrate limitation. To prevent such limita-
tion occurring, we determined the optimum pH for malate
uptake in S. cerevisiae strain V5 YEp MAE], using a constant
concentration of monoanionic L-malate (9.4 mM) at various
pH levels (Fig. 5). The initial rate of L-malate uptake was
optimal at pH 3.5, whereas the monoanionic form of the acid
was preferentially transported by Maelp, with some simple
diffusion of the undissociated form. The rate of L-malate up-
take decreased above pH 4. This decrease in L-malate trans-
port with increasing pH indicated inhibition of the Maelp
transporter, due to a simple effect of pH on carrier activity or
to the lower proton gradient at a high external pH.

Finally, changes in intracellular pH and external alkaliniza-
tion were measured during L-malic acid uptake in the S. cer-
evisiae V5 YEp MAEI and S. pombe (control experiment)
strains. In the S. pombe strain, malate uptake was accompanied
by a proton influx (Fig. 6, lines A and B) and generated an
intracellular acidification (Table 3). The range of the proton
flux is related to external malate concentration (Fig. 6, lines B
and C). This exchange is consistent with the presence of an
L-malate/proton symporter in S. pombe, as previously sug-
gested (31). Surprisingly, intracellular pH remained constant
and external alkalinization was not observed during malate
uptake in the recombinant S. cerevisiae strain, regardless of the
experimental conditions used (Fig. 6, lines D and E; Table 3).
This may be due to a H* counterflow in S. cerevisiaze during
Maelp-mediated malate uptake by a H"/dicarboxylate sym-
port mechanism, resulting in a null proton exchange. However,
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FIG. 5. Effect of pH on L-malic acid uptake in S. cerevisiae V5 YEp
MAE]. The initial rates were determined using a constant monoan-
ionic L-malic acid concentration of 9.4 mM (A). Variations in the
concentrations of the monoanionic (- —) and the undissociated (—)
forms of the acid are reported.
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FIG. 6. Proton fluxes associated with L-malic acid uptake in S.
pombe and the S. cerevisiae V5 YEp MAE] strain. (Line A) S. pombe
in the presence of 16.6 mM labeled L-malic acid; (line B) S. pombe in
the presence of 16.6 mM labeled L-malic acid and 10 mM glucose; (line
C) 8. pombe in the presence of 1 mM labeled L-malic acid and 10 mM
glucose; (line D) S. cerevisiae in the presence of 16.6 mM labeled
L-malic acid and 10 mM glucose; (line E) S. cerevisiae in the presence
of 16.6 mM labeled L-malic acid.

we cannot exclude the possibility that the Maelp transporter
functions as a uniport system coupled with a counterion ex-
change. Further work is required to clarify this point.

Malate utilization by S. cerevisiae V5 YEp MAEI. The ability
of the recombinant strain expressing the MAEI gene to de-
grade L-malic acid was tested. Fermentation experiments were
conducted with strains V5 YEp and V5 YEp MAEI in SD
medium with a high sugar concentration and an acidity (glu-
cose, 180 g/liter; pH 3.5) simulating enological conditions and
containing 3 g of L-malic acid per liter. While L-malic acid was
scarcely consumed by the control strain, the expression of the
MAE]I gene resulted in a significant increase of malate utiliza-
tion: up to 2 g of malate per liter was degraded by the recom-
binant strain during fermentation (Fig. 7). It also appeared
that the increase in malate consumption did not affect the
growth or the fermentative characteristics of the recombinant
yeast (data not shown). These results confirm that the uptake
of malic acid is limiting for malate utilization in S. cerevisiae.

TABLE 3. Internal acidification induced by L-malic acid uptake
in S. pombe and S. cerevisiae VS YEp MAE1¢

Intracellular pH

L-Malic
acid concn S. pombe S. cerevisiae
(mM)
External pH 3.5 External pH 5 External pH 3.5 External pH 5
0 6.0 = 0.01 6.39 = 0.07 6.54 = 0.01 6.66 = 0.05
1 5.96 = 0.06 6.16 = 0.03 6.59 = 0.02 6.63 = 0.03
10 5.54 = 0.03 5.98 = 0.02 6.52 = 0.02 6.44 = 0.03
20 5.38 = 0.03 5.87 = 0.03 6.60 = 0.03 6.42 = 0.02

“ Intracellular pH was evaluated after incubation of the cell suspensions for 5
min with unlabeled L-malic acid in 0.1 M K,PO, buffer, pH 3.5 or 5, by mea-
surement of the distribution of ['*C]benzoic acid across the plasma membrane.
Values are the means of at least four repeated experiments.
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FIG. 7. Malic acid degradation during fermentation. S. cerevisiae
V5 YEp (O) and S. cerevisiae V5 YEp MAE] (@) strains were grown
on SD medium, pH 3.5, containing 180 g of glucose per liter and 3 g of
L-malic acid per liter.

DISCUSSION

It has been suggested that the S. pombe L-malic acid trans-
porter is a carboxylate/proton symport system, dependent on
the plasma membrane proton gradient (22). The MAEI gene,
encoding the permease for L-malic acid and other organic
acids, has been cloned (18). However, the mechanism of trans-
port through this permease has been only partially described.
To further characterize the S. pombe malate transporter, we
introduced the MAEI gene into S. cerevisiae strain V5. We
found that, in the resulting recombinant strain, the Maelp
permease was almost entirely responsible for the observed
uptake of L-malic acid, due to (i) the absence of an endogenous
carrier-mediated transport system and (ii) the low efficiency of
free diffusion of the undissociated form of L-malic acid through
the plasma membrane in S. cerevisiae, even at low pH (as
observed in the control strain). Exchanges of L-malic acid in
the recombinant S. cerevisiae strain were investigated at pH
3.5, under conditions similar to those encountered in wine
making.

In the recombinant S. cerevisiae, there was an influx or efflux
of L-malic acid, depending on the transmembrane gradient of
the monoanionic form of the acid. Gradients of undissociated
or dianionic forms did not affect L-malate fluxes through the
plasma membrane. This control of malate exchange demon-
strates that the substrate of the Maelp transport system is the
monoanionic form of the acid, as previously suggested in
S. pombe (30). This is the first time that the excretion of L-malic
acid by the Maelp permease has been reported. However, due
to the transmembrane gradient in monoanionic L-malate en-
countered in physiological conditions (pH up to 3.3), the
Maelp transporter functions in vivo mainly by acid influx.
L-Malate uptake, induced by a favorable gradient, occurred
until a balance between intra- and extracellular concentrations
of monoanionic L-malic acid was reached, leading to the intra-
cellular accumulation of L-malic acid in its dianionic form
(intracellular pH around 6.8 [19]). The observed intracellular
accumulation of (total) L-malic acid, previously observed by
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Osothsilp and Subden and by Sousa et al. (22, 30), appears to
result from the transport, by the Maelp permease, of the
monoanionic L-malate form. Finally, the kinetic data con-
firmed that Maelp mediated transport of the monoanionic
L-malic acid, which was accompanied by low-level simple dif-
fusion of the undissociated acid (K, = 0.057 min™') in the
recombinant S. cerevisiae strain at pH 3.5. The apparent K,,, for
malate transport by S. pombe (3.7 mM), determined by Osoth-
silp and Subden (22), is slightly higher than the affinity constant
for monoanionic malate uptake in recombinant S. cerevisiae
(1.6 mM). The model used for our calculations, taking into
account the possible diffusion of L-malic acid in S. pombe
omission, may account for the difference between the apparent
K, values.

We investigated the relationship between the inhibition of
Maelp-mediated malate uptake in the recombinant S. cerevi-
siae strain by maleic, oxaloacetic, malonic, succinic, and fu-
maric acids and the three-dimensional structure of these di-
carboxylic acids. The carrier did not transport monocarboxylic
acids or organic acids with high levels of stearic occupation.
We found that a-ketoglutaric acid, consistent with its structure,
was weakly transported by the Maelp permease in S. cerevisiae.
This result supports the observations of Grobler et al. (18), but
it is contrary to the findings of Sousa et al. (30) with S. pombe.
We also demonstrated glucose activation of L-malate transport
via the Maelp permease. The properties of MAE1 permease
(glucose activation, selectivity related to the three-dimensional
structure of transported organic acids, and apparent affinity)
differ from those of other malate transport systems in yeast
and fungi: C. utilis (9), C. sphaerica (11), and H. anomala (10).
These glucose-repressed carriers have a higher apparent af-
finity for their substrates and specifically transport all the
dicarboxylates of the Krebs cycle, including a-ketoglutaric
acid (malate analogs, such as maleic and malonic acids, are
not transported). The existence of two classes of malate trans-
porter may reflect different fates of the malate taken up in
vivo: in C. utilis, C. sphaerica, and H. anomala, 1-malic acid
(and other organic acids, Krebs cycle intermediates) is used as
the sole source of carbon and energy once the glucose supply
is exhausted, whereas in S. pombe, L-malate degradation occurs
only in the presence of another carbon source (glucose, glyc-
erol, or fructose).

Negatively charged molecules are transported across the
plasma membrane by anion exchange, cotransport with cations
or protons involving a single mediator, or separate electrically
coupled carriers. Thus, the transmembrane PMF plays an im-
portant role in these transport activities. We demonstrate here
that pH exerts two levels of control on Maelp-mediated L-
malate uptake in S. cerevisiae. Firstly, the transport of mono-
anionic L-malate by the Maelp permease is dependent on the
presence of a transmembrane pH gradient, as indicated by the
abolition of L-malate transport by the addition of a protono-
phore, CCCP (reference 19 and this work). Such regulation of
organic acid transport in yeast has been reported: dicarboxy-
late transport in C. utilis and H. anomala (9, 10), citric acid
transport in C. utilis (8), and transport of short-chain mono-
carboxylic acids in Torulaspora delbrueckii (7). We found that
membrane potential, another component of the transmem-
brane PMF, did not affect the exchange. Secondly, for a given
monoanionic L-malate concentration, we found that pH values

APPL. ENVIRON. MICROBIOL.

above 4 inhibited malate uptake in recombinant S. cerevisiae,
reducing the initial rate. Similarly, increasing pH had a nega-
tive effect on intracellular malate accumulation by Maelp, the
rate of accumulation being higher at pH 3.5 than at pH 5 (data
not shown)

It has been suggested that in S. pombe, monoanionic L-malic
acid enters the cells via a proton/dicarboxylate symport sys-
tem (30). Consistent with this observation, we demonstrated
that intracellular acidification and proton fluxes occur during
malate uptake in this yeast. The opposite was observed with
the S. cerevisiae strain. The lack of transient external alka-
linization and changes in intracellular pH were consistent
with the absence of net proton fluxes during Maelp-medi-
ated malate transport in the recombinant yeast. Assuming
that a dicarboxylate/proton symport mechanism is involved
in Maelp-mediated malate uptake, then the observed null
proton exchange could be explained by the presence of an
active H" counterflow in S. cerevisiae. Such proton extrusion
could be ensured by (i) cotransport with an anion or exchange
with another cation (e.g., H"/K" exchange, as recently ob-
served in S. cerevisiae using plasma membrane vesicles [5, 23])
or by (ii) active secretion involving plasma membrane H™-
ATPase activity, which differs between the two strains: Ha-
worth and Fliegel demonstated that the level of internal alka-
linization due to H'-ATPase activation is higher in
S. cerevisiae than in S. pombe (19). On the other hand, uniport
systems have been described for lactic acid transport in
Kluyveromyces marxianus (15) and for monoanionic malate up-
take in Leuconostoc oenos (27). The possibility that the Maelp
permease functions as a malate uniport system was ruled out
because such a system would depend on Ay, which we have
shown not to be the case.

Finally, we have shown that malate utilization by S. cerevisiae
is limited due to the lack of a malate transporter. Indeed,
expression of the MAE]I gene significantly improves malate
consumption. This is of interest for wine making, because the
removal of malic acid, one of the main organic acids of grape
must, is essential for the quality and stability of wine. However,
to achieve complete degradation of malate present in high
amounts in wine (up to 8 g/liter), the efficiency of intracellular
malate assimilation must be improved. This can be done by
replacing the native malic enzyme by the S. pombe enzyme,
which has a higher affinity for malate, in a strain expressing
MAE1 (32) or by coexpression of the L. lactis mleS gene,
coding for the malolactic enzyme, and the S. pombe mleS gene
(4, 31).
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