YEAST VOL. 8: 1025-1031 (1992)

Transport of Malic Acid in the Yeast
Schizosaccharomyces pombe: Evidence for a
Proton-Dicarboxylate Symport

MARIA JOAO SOUSA, MANUEL MOTA* AND CECILIA LEAOY

Center of Chemical Engineering, University of Porto, 4099 Porto Codex, Portugal
* Department of Engineering Sciences—Biological Engineering, University of Minho, 4719 Braga Codex, Portugal
tLaboratory of Biology, University of Minho, 4719, Braga Codex, Portugal

Received 13 March 1992; accepted 9 May 1992

The transport system for malic acid present in Schizosaccharomyces pombe cells, growing in batch culture on several
carbon sources, has been studied. It was found that the dicarboxylic acid carrier of S. pombe is a proton-dicarboxylate
symporter that allows uphill transport and accumulation as a function of ApH with the following kinetic parameters at
pH 5:0: ¥__ =0-1 nmol of total malic acid s—' mg (dry weight) of cells~' and K, = 1-0 mM total malic acid. Malic acid
uptake (pH 5-0) was accompanied by disappearance of extracellular protons, the uptake rates of which followed
Michaelis-Menten kinetics as a function of the acid concentration. The K, values calculated as the concentrations
either of anions or of undissociated acid, at various extracellular pH values, pointed to the monoanionic form as the
transported species. Furthermore, accumulated free acid suffered rapid efflux after the addition of the protonophore
carbonyl cyanid m-chlorophenyl hydrazone. These results suggested that the transport system was a dicarboxylate-
proton symporter. Growth of cells in a medium with glucose (up to 14%, w/v) and malic acid (1-5%, w/v) also resulted
in proton-dicarboxylate activity, suggesting that the system, besides being constitutive, was still active at high glucose
concentrations. The following dicarboxylic acids acted as competitive inhibitors of malic acid transport at pH 5-0: D-
malic acid, succinic acid, fumaric acid, oxaloacetic acid, a-ketoglutaric acid, maleic acid and malonic acid. In addition,
all of these dicarboxylic acids induced proton movements that followed Michaelis—Menten kinetics. It was concluded
that the malic negatively charged form (probably the monoanionic form) was transported by a proton-symport
mechanism and that the carrier appeared to be a common ‘dicarboxylate transport system’. The undissociated acid
entered the cells slowly by simple diffusion.
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INTRODUCTION is not carrier-mediated in S. cerevisiae (Salmon,

L-Malic acid and other dicarboxylic acids are trans- (lggzgn o"::/ls(li(i ;fl d ?;ggr- mle9%12)t e(Iin ;n poﬁ beb:ilil_l

ported across the plasma membrane by protonsym- g, ce for » mediated transport for malic acid has
ports Whlch are 1n§u01ble aqd subgect to glucose been reported (Osothsilp and Subden, 1986). How-
Eeg%rge)ssmnan}{Candzd;z P haertcla (C(c:){te—R;al le ! al;i ever, malic acid transport in this yeast has not been

» an ansenula anomala (Corte-Real and g\ qioq i detail, particularly regarding the acid

Ledo, 199(.))' These yeast species are able to use (anions/undissociated acid) transport mechanism
L-malic acid .as'sole carbon and. Energy SOUICES.  4nhd the substrate specificity of the carrier. Further-
However, a similar pattern for ghcarboxyhc acids more, no attempt has been made to elucidate the
transport has not been found in , S.acch aromyces  malic acid transport when the yeast is growing in the
cerevisiae, Zygosaccharomyces [.)a’l” gnd Schizo- presence of high glucose concentration. Besides its
saccharomyces pombe, yeast species which can only academic interest, the subject may have a practical

metabolize L-malic acid if glucose is present . . . PPN
) . . dimension since the yeast S. pombe, which is able to
(Rodriguez and Thornton, 1990). Earlier studies convert malic acid to ethanol (the so-called malo-

have provided evidence that transport of malic acid alcoholic fermentation), has been proposed for
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In the present work we report on the transport of
L-malic acid and other dicarboxylic acids across the
plasma membrane in a strain of the yeast S. pombe
and provide experimental evidence indicating that
the malic acid carrier of the yeast constitutes a
proton-dicarboxylate symport mechanism, the
carrier remaining operational when the yeast is
growing under conditions similar to those employed
in wine-making.

MATERIALS AND METHODS
Microorganism and growth conditions

The S. pombe ICV'M strain used was isolated
from wine in ICV of Montpelier (Auriol et al.,
1987). It was maintained in a medium containing
glucose (2%, w/v), peptone (1%, w/v), yeast extract
(0-5%, w/v) and agar (2%, w/v). For growth, a
mineral medium with vitamins (van Uden, 1967),
supplemented with the carbon sources, was used as
described in Results.

Measurement of initial uptake rates

Cells were harvested in mid-exponential phase,
centrifuged, washed twice with ice-cold distilled
water and suspended in distilled water to a final
concentration of about 80 mg dry weight/ml.

Preliminary results showed that malic acid and
succinic acid were accepted by the same carrier in
glucose-grown cells. The uptake rates of dicarboxy-
lic acid were measured using L-[U-"*C]malic acid or
[2,3-'“C]succinic acid. To estimate the uptake rates,
10 pl amounts of the yeast suspension were mixed in
10 ml conical tubes with 30 ul of 0-1 M-phosphate
buffer at the desired pH value. After 2 min of incu-
bation in a water bath, at 25°C, the reaction was
started by the addition of 10 ul of an agueous sol-
ution of L-[U-"*C]malic acid or [2,3-"*C]succinic
acid at the desired concentration and stopped by
dilution with 5 ml of ice-cold water. Sampling times
were 0, 5 and 10s. Sampling times for simple dif-
fusion studied at pH 2-0 were 0, 30 and 60s. The
reaction mixtures were immediately filtered through
GF/C filters (Whatman, Inc., Clifton, NJ), washed
on the filters with 10ml of ice-cold water, and
counted in scintillation fluid (OptiPhase HiSafe II;
LKB Scintillation Products). Radioactivity was
measured with a liquid scintillation counter (2200
CA; Packard Instrument Co., Inc., Rockville, MD).

Uptake rates were also calculated from measure-
ments of the proton uptake with a standard pH
meter (PHM 82; Radiometer A/S, Copenhagen,
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Denmark) connected to a Perkin-Elmer R 100 A
recorder (Perkin-Elmer Corp., Norwalk, Conn.).
The pH electrode was immersed in a water-jacketed
chamber provided with magnetic stirring. To the
chamber were added 4-5ml of 10 mM-phosphate
buffer and 0-5 ml of yeast suspension. The pH was
ajusted to the desired value, and a baseline was
obtained. The desired amount of dicarboxylic acid
(adjusted to the experimental pH value) was added,
and the subsequent alkalinization was monitored
with the recorder. The initial uptake rate was calcu-
lated from the slope of the initial part of the pH
trace. Calibration was performed with HCIL.

Measurement of the intracellular volume

The intracellular volume was measured as pre-
viously described (De La Pefia er al., 1981;
Rottenberg, 1979). Using glucose-grown cells, a
value of 1-7 ul of intracellular water per milligram
dry weight of the yeast was estimated.

Measurement of dicarboxylic acid accumulation

Glucose-grown cells (20 ul; 80 mg dry weight
ml ') were added to 60 pl of 0-1 M-phosphate buffer
(pH 3-0 or 5-0) and also to 60 pl of buffer containing
carbonylcyanid m-chlorophenyl hydrazone (CCCP)
and were incubated at 25°C with magnetic stirring.
The reaction was started by the addition of 20 pl of
65 mm-L-[U-"*CJmalic acid (about 5000 dpm/nmol).
At appropriate times, 5pul was taken from the
reaction mixture, diluted with 5 ml of ice-cold water
and filtered immediately through Whatman GF/C
filters. The filters were washed twice with 5ml of
ice-cold water and radioactivity was counted as
indicated above.

The intracellular concentration of L-malic acid
was calculated using the value of intracellular
volume estimated as described above.

Calculation of concentrations

Concentrations of the several ionization forms of
the carboxylic acids were calculated by the
Henderson—-Hasselbach equation with the follow-
ing pK values: malic acid pK, =3-40 and pK, = 5-05;
succinic acid pK,; =4-18 and pK, =5-56.

Calculation of the kinetic parameters for the
mediated transport system

Estimates of kinetic parameters were obtained
from the Lineweaver—Burk plots of the initial uptake
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rates of radiolabelled malic or succinic acids, as well
as of the initial rates of proton disappearance in the
external buffer. The K| for total dicarboxylic acids
was based on the concentrations of both anionic
and undissociated dicarboxylic acid. The K|, values
for facilitated diffusion of the undissociated acid or
for the proton-dicarboxylate symport were based
on the concentration of undissociated dicarboxylic
acid or anionic forms, respectively, that would be
present at the experimental pH value. The contri-
bution of the simple diffusion of the undissociated
acid at low pH values was estimated as described in
Results.

Reproducibility of the results

All the experiments were repeated at least three
times, and the data reported here are the average
values.

Chemicals

Radioactively labelled malic acid and succinic
acid were obtained from the Radiochemical Centre
(Amersham, Buckinghamshire, UK) and had the
following specific activities: L-[U-"*Clmalic acid,
51-4 mCi/mmol; [2,3-"C]succinic acid, 116 mCi/
mmol. All other chemicals were reagent grade and
were obtained from commercial sources.

RESULTS

Transient external alkalinization indicative of
proton uptake was observed when malic acid or
succinic acid were added to suspensions of cells in
weak buffer (pH 5-0) that had been grown on glu-
cose medium (2%, w/v). Lineweaver—Burk plots of
the initial rates of proton disappearance in the exter-
nal buffer, calculated from the initial slopes of the
pH curves, as well as Lineweaver—Burk plots of the
initial rates of uptake of radiolabelled L-malic or
succinic acid (pH 5-0), were linear over the concen-
tration range 0-1 to 6:5mM. From the plots for
uptake of labelled substrates, the following kinetic
parameters were calculated, as described in
Materials and Methods: for total malic acid, V,,,
(pH 50)=0-14+0-03nmol s~' mg (dry weight)
cells™'; K_(pH 5-0)= 1-0+0-1 mm; for total succinic
acid, V. (pH 5-0)=0-20+0-05nmol s~ ' mg (dry
weight) cells™'; K_ (pH 5-0)=4-5+0-5 mm. Figure 1
shows the results obtained for L-malic acid uptake.
Identical results were obtained for succinic acid
uptake, suggesting that the transport of either L-
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malic or succinic acid was mediated by a saturable
carrier, possibly a proton symport. Both dicarboxy-
lates were mutual competitive inhibitors, indicating
that they shared the same carrier (Figure 2). D-malic
acid, fumaric acid, oxaloacetic acid, a-ketoglutaric
acid, maleic acid and malonic acid were competitive
inhibitors of succinic acid transport at pH 5-0
(Figure 3). These results suggested that these acids
were transported by the same carrier as L-malic
acid. Indeed, those dicarboxylates induced proton
uptake that followed Michaelis—Menten kinetics as
a function of the concentration of the acids (results
not shown). Lactic acid, pyruvic acid and citric
acid did not act as competitive inhibitors of L-
malic acid transport, nor did they induce proton
uptake, suggesting that these carboxylic acids were
not transported by the dicarboxylate carrier of
glucose-grown cells.
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Figure 1. Lineweaver-Burk plots of initial uptake rates of

labelled malic acid and protons by glucose-grown cells of S.
pombe ICV'M at pH 5-0 as a function of malate concentration.
Symbols: O, labelled malic acid acid; @, protons.

Using glucose-grown cells, the initial transport
rates of dicarboxylic acid were measured at extracel-
lular pH values lower than 5-0 (pH 4-0 and 3-0) with
radioactive malic or succinic acids at concentrations
up to 6-5 mm. While at pH 5-0, as described above,
the transport of labelled dicarboxylic acid obeyed
Michaelis—-Menten kinetics, the experimental plot
of the initial velocities against the concentration of
the total malic acid, at lower pH range, indicated the
presence of a mediated transport system but con-
taminated with a simple diffusion component,
which could be vizualized by a shift from saturation
at higher dicarboxylic acid concentrations (not
shown). Since the relative concentration of undis-
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Figure 2. Lineweaver-Burk plots of initial uptake rates of (A)
labelied malic acid as a function of malate concentration and (B)
labelled succinic acid as a function of succinate concentration by
glucose-grown cells of S. pombe ICV'M at pH 5-0. Symbols: @,in
the absence of other dicarboxylic acid; O, in the presence of (A)
30 mM-succinic acid and (B) 30 mm-malic acid.

sociated acid increases with decreasing extracellular
pH, the mediated dicarboxylate transport probably
coexisted in the lower pH range with a simple dif-
fusion mechanism for the undissociated acid. In this
case, the global kinetics would be expressed by the
following equation:

S
V=V,

—— + kS
mame+S d

)

where V. is the maximum transport capacity of
the mediated transport system, S is the concen-
tration of dissociated dicarboxylic acid that would
be present at the experimental pH value, K is the
respective Michaelis constant, S’ is the concen-
tration of undissociated acid present at the same
experimental pH value, and k, is the rate constant
of simple diffusion of undissociated acid. Using
equation (1) and by iterative procedures, estimates
of the Michaelis constants for the mediated dicar-
boxylate carrier without the contamination of the
simple diffusion, at several pH values, were calcu-
lated (Table 1). As shown in this table, the variation
of the K, values between pH 3-0 and 6-0 was over
248-fold when calculated as the concentration of
undissociated acid or dianionic form and less than
four-fold when expressed as the concentration of

monoanionic form, suggesting that the latter form
of the acid was transported and that therefore the
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observed proton movements represented proton-
symport activity.

The initial transport rates were also measured
following H* uptake by a cell suspension after
addition of malic or succinic acid at pH lower than
5-0, as described in Materials and Methods. The
Lineweaver—-Burk plots of initial proton uptake
rates at pH 4-5 and 3-8 were linear in the experimen-
tal range from 0-03 to 0-3 muM (not shown). At pH
lower than 3-5, given the high extracellular proton
concentration, it was not possible to test the pres-
ence of H* uptake associated with the carboxylic
acid uptake.

Transport of labelled malic acid at pH 5-0 was
accumulative (Figure 4). After about 8 min, 80% of
the accumulated radioactive substrate had not been
metabolized, since the addition of cold malic acid
induced counterflow to this extent (Figure 4). The
accumulation ratio in terms of non-metabolized
malic acid was about 11-fold. The protonophore
CCCP prevented accumulation when added before
the substrate and induced rapid efflux of accumu-
lated non-metabolized malic acid (Figure 4). Similar
results were obtained for the transport of labelled
malic acid at pH 3-5. Furthermore, the inhibition of
initial uptake rate of 0-1 mm-labelled malic acid
after an incubation of 30 s with 100 umM-CCCP at pH
3-0wasabout 80%, suggesting that thetransport was
dependent on the transmembrane proton-motive
force. With respect to the specificity of the system,
transport of labelled malic acid at pH 3-0 displayed
a similar behaviour to that observed at pH 5-0.

When the uptake of labelled succinic acid was .
measured at pH 2-0 (relative concentration of the
undissociated acid is near 100%), the Eadie-Hofstee
plot of the initial uptake rates of the undissociated
acid transport was a vertical line (Figure 5). These
observations were consistent with unidirectional
diffusion kinetics of succinic acid across the plasma
membrane. From this plot an estimate for the dif-
fusion constant of 0-007 ul s~' per mg (dry weight)
cells was obtained. L-Malic acid did not act as a
competitive inhibitor of succinic acid at pH 2:0,
suggesting that the mediated malic acid transport
described above was not measurable and that the
form that probably entered the cells at this low pH
was only the undissociated form.

Cells grown either in a medium with fructose
(2%, w/v) at pH 4-8 or in a medium containing a
mixture of glucose (up to 14%, w/v) and malic acid
(1-:5%, w/v) at pH 4-8 or pH 3-0, formed a saturable
transport system that mediated accumulative trans-
port of L-malic acid, which appeared to be the
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Figure 3. Lineweaver-Burk plots of initial uptake rates of labelled succinic
acid at pH 5-0 as a function of succinate concentration. Symbols: @, in the
absence of other dicarboxylic acid; M in the presence of 30 mm-D-malic acid; A,
in the presence of 30 mm-fumaric acid; A, in the presence of 30 mM-oxaloacetic
acid; O, in the presence of 30 mM-a-ketoglutaric acid; [J, in the presence of
30 mM-maleic acid; B, in the presence of 30 mM-malonic acid.

Tablel. Michaelisconstants of labelled malicacid trans-

port, in glucose-grown cells, as a function of extracellular
pH*

A HA- H,A
ph K, K, K,
out (mm) (mm) (mMm)
30 0-00041 0-052 0124
40 0-0235 0-263 0-050
50 0-478 0-532 0-013
60 1-78 0-190 0-0005

*From Lineweaver—Burk plots of labelled malic acid, at each pH,
the K, values, expressed as the different malic acid species
concentrations, were calculated as described in Materials and
Methods.

proton-malate symport described for glucose (2%,
w/v)-grown cells. According to the results obtained
for all growth conditions described, the H*/
dicarboxylate transport system, besides being con-
stitutive, remained operational, with the same
activity, even in the presence of high glucose
concentrations.
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Figure 4. Accumulation of labelled malic acid (@) by glucose-
grown cells of S. pombe ICV'M at pH 5-0. The initial extracellular
concentration of total malic acid was 1-3 mM. At the time indi-
cated by the arrow, samples of the suspension received the fol-
lowing: (A), cold malic acid to a final concentration of 70 mm;
{O), CCCP to a final concentration of 0-1 mm; and (0), CCCP
was added to the reaction mixture before the addition of labelled
malic acid.
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Figure 5. Eadie-Hofstee plot of initial uptake rates at pH 2.0 of
labelled succinic acid by glucose-grown cells of S. pombe ICV'M.

DISCUSSION

Evidence for a mediated transport for malic acid has
been reported in S. pombe (Osothsilp and Subden,
1986). However, the malic acid transport mechan-
ism was not completely elucidated and, as pointed
out by the authors, further studies would be
required to prove the possibility that a common
dicarboxylic acid transport does exist in S. pombe as
well as to elucidate the question of whether the
monoanionic form of malate is the preferential sub-
strate for transport. Furthermore, studies concern-
ing the malic acid transport in cells grown under
conditions similar to those used in wine-making
have not been developed.

As for the mechanism involved, our results
suggest that the dicarboxylic acid carrier of S.
pombe is a proton-dicarboxylate symport that
allows uphill transport and accumulation as a func-
tion of ApH. The common procedures to determine
whether a substrate enters the cell by a proton-
symport mechanism, are the evaluation of external
transient alkalinization associated with the initial
uptake of the substrate following Michaelis-Menten
kinetics, as well as the measurement of the accumu-
lation ratio of the non-metabolized substrate. In S.
pombe, we found that the initial uptake of L-malic
acid was accompanied by disappearance of extracel-
lular protons, the rates of which followed Michaelis—
Menten kinetics as a function of the concentration of
the acid. However, as previously discussed (Corte-
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Real er al., 1989), when the substrate is a weak
carboxylic acid, the observation of proton uptake
after addition of the acid, while consistent with the
hypothesis of a proton-carboxylate symport, does
not constitute final proof, since the facilitated dif-
fusion of undissociated acid would lead to a similar
observation. To distinguish between the two trans-
port modes, the methodology previously described
(Corte-Real et al., 1989; Van Der Rest et al., 1991),
based on the variation of K values with extracel-
lular pH, was used. The variation of the K values
with extracellular pH (Table 1) was much less pro-
nounced when expressed as the concentration of
monoanionic form rather than undissociated acid
or dianionic form, suggesting that the monoanionic
form of the acid was transported. Transport of
anions across the plasma membrane may be per-
formed either by cotransport with cations or pro-
tons or by anion exchange (for a review see Stein,
1986). Our results suggest that the observed proton
movements represent proton-symport activity.
Similarly, the observed accumulation of the
dicarboxylic acid would also occur at external pH
values lower than the intracellular pH if the undis-
sociated acid was the transported form. However,
the rapid efflux of accumulated radioactive dicar-
boxylic acid observed after the addition of the
protonophore CCCP, which short-circuits the trans-
membrane proton-motive force, indicated that the
transport and accumulation of labelled dicarboxylic
acid were dependent on the transmembrane proton-
motive force and that the dicarboxylic carrier is a
proton-dicarboxylate symport, which aliows uphill
transport and accumulation as a function of pH.
With respect to the specificity of the proton-malate
symport, the exhibited competitive inhibition of
initial uptake rates of either labelled L-malic acid or
labelled succinic acid by p-malic acid, fumaric acid,
oxaloacetic acid, a-ketoglutaric acid, maleic acid
and malonic acid strongly suggest that these acids
share the same carrier. Indeed, they all induced pro-
ton uptakes that followed Michaelis—-Menten kin-
etics as a function of the concentration of the acids.
Thus, we conclude that the malic negatively charged
form (probably the monoanionic form) is trans-
ported by a proton-symport mechanism and that
the carrier is a common ‘dicarboxylate transport
system’. A linear component was detected at higher
dicarboxylic acid concentrations and low pH
values, which was interpreted as a simple diffusion
of the undissociated acid through the lipid bilayer. It
is interesting to note that while in yeasts that can use
malic acid as a sole carbon and energy source, the
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acid enters the cells by proton-malate symports,
which are subjected to induction and catabolic
repression (Corte-Real e al., 1989; Corte-Real and
Ledo, 1990), in S. pombe, which can only metabolize
L-malic acid if glucose is present, the proton-malate
symport is constitutive. Furthermore, according to
our results, the constitutive proton-malate symport
of S. pombe remains active in the presence of high
glucose concentrations. From the practical point of
view, this ability is probably related to the great
enological interest of S. pombe which has been often
proposed for grape must deacidification processes.
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