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Abstract

As weak organic acids, carboxylic acids partially dissociate in aqueous systems, like wine, establishing
equilibrium between uncharged molecules (undissociated form) and their anionic form, according to the medium pH
and their pKa. This property influences yeasts cell-behaviour, particularly the mechanisms by which the molecules
can cross biological membranes. Occasionally wines may present an excessive amount of organic acids. In the
mouth they will seem unbalanced and sometimes excessive sourness diminishes their quality. Moreover, these acids
originated from grapes or from the fermentation process itself, negatively affect wine yeasts, yeast fermentation
process and the final wine quality. Two of those acids are L-malic acid and acetic acid. The first one affects the wine
mainly in his tastiness, making it much to sour; the second one, being a volatile compound, besides the excessive
sourness, also imprints the wine with an unpleasant vinegar flavour. One approach to solving this problem is
biological deacidification by Saccharomyces and non-Saccharomyces wine yeasts. To these biological processes of
wine acidity bio-reduction we can call wine bio-demalication (malic acid bio-degradation) and wine bio-
deacetification (acetic acid consumption by yeasts).
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General Overview
The chemical grape composition, mainly in organic acids, influences

final wine quality and tastiness. Though some acids are formed during
wine fermentation, is during this biological process that the
winemakers must act, to produce a wine with the appropriated acidic
balance. For instances, acetic acid, formed during yeast metabolism
(fermentation) and also, among others, during the metabolism of
acetic and lactic acids, has a negative impact on yeast fermentation
performance and affects wines quality when present above his
detection threshold [1].

Among the strategies used to lower high acidity in dry wines
biological deacidification, by yeast and bacteria, are considered the
most natural ones. Malolactic fermentation (MLF) is the common
method of biological deacidification or demalication, since lactic acid
bacteria (LAB) have the ability to consume the malic acid and convert
it to lactic [2], softer in the mouth than the malic acid. Non-
Saccharomyces yeasts species like Schizosaccharomyces pombe and
Lachancea thermotolerans also possess the ability to degrade malic
acid. The first one converts it into ethanol through malo-ethanolic-
deacidification [3,4] while L. thermotolerans produces lactic acid,
allowing the wine to achieve its potential acidity and tastiness. Both
bio-demalication processes avoid the use of LAB strains and the final
wines are fruity and contain less acetic acid and biogenic amines [5].
However, these non-Saccharomyces yeasts present poor alcohol
tolerance, and it is convenient to use them in combination with
Saccharomyces cerevisiae strains, in order to complete wine
fermentation.

In an attempt to develop a biological strategy to reduce the acetic
acid concentration in musts and wines, many works have been
published since the pioneer work of Ribéreau-Gayon et al. [6]. In their
work they described a process consisting in refermenting the acidic
wines by mixing them with the solid remains of grapes from a finished
wine fermentation, freshly crushed grapes or musts. During these
refermentation processes acetic acid is consumed by yeasts [7]. Bearing
in mind the work of Ribéreau-Gayon et al. [6], we have made some
studies using indigenous and commercial wine yeasts, and we have
found that the studied strains were able to consume acetic acid during
alcoholic fermentation and directly in acidic wines, without the need
to had sugar [7,8].

Nevertheless, for these two carboxylic acids (malic and acetic acids)
to be consumed by yeast, they need to enter the yeast cell trough
plasma membrane. This mini-review pretends to elucidate about how
L-malate and acetic acid enter the yeast cell membrane bearing in
mind that carboxylic acids can either be transported into the cells, to
be used as nutrients, or extruded in response to acid stress conditions
[9].

Yeast cell transporters important to demalication activity
The yeast S. cerevisiae has long been known as a poor metabolizer of

extracellular malate, due to the lack of a mediated transport system for
the acid [10]. Moreover, the malic enzyme, located in the
mitochondria, has low substrate affinity (Km=50 mM) [11, 12] and
under fermentation conditions, is regulated by the fermentative
glucose metabolism that causes mitochondrial deterioration [13].
These biochemical characteristics make the yeast demalication activity
has being strain dependent [14-16].
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As mentioned above, the ability of yeasts strains to degrade
extracellular L-malate is dependent on the efficient transport of the
dicarboxylic acid into the cell. In Kluyveromyces lactis the transport of
this acid is carrier-mediated [17] as it is also in Z. bailii, able to
transport malic acid by facilitated diffusion (Figure 1, A1). In this later
strain, malic acid transport is induced by glucose and repressed by
fructose [18].

In S. cerevisiae L-malate enters the cells by simple diffusion (Figure
1, A2), while in the yeasts Candida utilis, Candida sphaerica,
Hansenula anomala and Kluyveromyces marxianus the transport of
malate is performed by a proton symport/induced (Figure 1, A3) and
glucose repressed system [11,19-21]; Schizosaccharomyces pombe also
possesses a proton symport system (maelp) (Figure 1, A3) [11].
Recently, in the article Vilela [22], we have made some considerations
about these transport systems.

Figure 1: Schematic representation of the yeast plasma membrane
and the several malic acid acids transport systems in the yeast cell:
A1-Permease channel; A2-Simple diffusion system; A3-Proton
symport mediated; A4-Pump associated with yeast stress responses
due to acid anion (XCOO-) accumulation inside the cell cytoplasm
[23].

After entering the yeast cell L-malate must enter the yeast
mitochondria. The Dic1p dicarboxylates carrier protein was isolated
and studied by Lancar-Benba et al. [24]. This carrier transports malate
(Km=0.56 mM) [25] succinate or malonate. The main function of the
Dic1p carrier is to transport dicarboxylates from the cytoplasm into
the mitochondria, being an anaplerotic transporter for the Krebs cycle
[26].

Another mitochondrial aspartate/glutamate carrier named Agc1p
[26], as also being studied. This transporter plays a role in the malate/
aspartate shuttle, and this role is critical for growth on acetate and fatty
acids.

Odc1p and Odc2p carriers (61% identical to each other) transport
and kinetic properties show that they are isoforms of a novel
mitochondrial transporter. They transport oxoadipate and oxoglutarate
and the corresponding dicarboxylates and malate by a counter-
exchange mechanism [27]. The expression of Odc1p is strongly
repressed by glucose and galactose, whereas Odc2p is expressed on all
carbon sources that were tested [27]. So, under respiratory conditions
Odc1p is the major carrier, and in the presence of glucose and
anaerobiosis Odc2p is the one that dominates. An important
physiological role of the oxodicarboxylate carrier in yeast is to export
oxoglutarate, in exchange for malate, to the cytoplasm [26].

Saccharomyces transporter proteins that facilitate
deacetification process

S. cerevisiae is able to metabolize acetic acid during a
refermentation process [6,28]. Several works have being done about
this subject [1,7,8,28,29] and they all agree that excessive volatile
acidity can be removed by refermentation with an appropriate S.
cerevisiae wine yeast. The transport of acetate into the yeast cell is an
imperative step for its metabolism [1]. In glucose-repressed yeast cells,
at low pH, acetic acid enters mainly by simple diffusion [30]. However,
Jen1p, a transport carrier studied by Casal et al. [31], required for the
uptake of lactate in S. cerevisiae is also able to transport acetate (Figure
2).

At pH 4.5 passive diffusional flux of undissociated acetic acid into
the cell can be mediated by Fps1p, an aquaglyceroporin membrane
channel.This aquaglyceroporin can be destabilized by direct Hog1p
mitogen-activated protein kinase (MAPK) phosphorylation, thus
rendering stress resistance to the yeast cell, acquired through this
channel loss. Hog1 MAPK is quickly activated in yeast exposed to toxic
levels of acetic acid. Hog1p then phosphorylates the plasma membrane
aquaglyceroporin, Fps1p. A phosphorylation that results in Fps1
degradation in the vacuole [32] (Figure 2).

Figure 2: Schematic representation of the yeast plasma membrane
and the several acetic acid acids transport systems in the yeast cell.
When acetic acid is used as the sole carbon source, acetate
(CH3COO-) enters the cells through Jen1p or Ady2p
monocarboxylate transporters. In the cytoplasm acetate is
metabolized to acetyl coenzyme A (acetyl-CoA) by ACS proteins:
Acs1p (peroxisomal) or Acs2p (cytosolic). Acetyl-CoA enters the
mitochondria and is then oxidized in the TCA cycle or enters the
glyoxylate cycle. Glucose inhibits acetate transport and metabolism.
At low pH, in the presence of glucose, acetic acid enters the cells in
its undissociated form (CH3COOH) by facilitated diffusion
through Fps1p aquaglyceroporin channel, where more neutral
cytosolic pH causes its dissociation into acid anions (CH3COO-)
and protons (H+). Cytoplasmic acidification induces the activation
of a plasma membrane ATPase (Pma1p) that pumps protons out of
the cell. Acetic acid challenge may activate Hog1p, a MAP-kinase
involved in phosphorylation and subsequent ubiquitination,
endocytosis, and final vacuolar degradation of Fps1p. Adapted from
Giannattasio et al. [37].
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Later, it was found that the protein Ady2p was vital for acetate
transport in acetic acid-grown cells [33]. Jen1p mediates the transport
of lactate, pyruvate, acetate and propionate whereas Ady2p mediates
the transport of acetate, propionate, formate and lactate, being both
induced by non-fermentable carbon sources, and repressed in the
presence of glucose [34].

Exposure of Saccharomyces cerevisiae to sorbic acid strongly
induces two plasma membrane proteins, one of which was identified as
the ATP-binding cassette (ABC) transporter Pdr12 [35]. It was later
found that overexpression of PDR12 increased tolerance to acids with
longer chain length, such as sorbic, propionic and levulinic, whereas
deletion of the gene increased tolerance to the shorter acetic and
formic acid [36]. The induction of a weak acid efflux pump (Pdr12)
poses potential problems for homeostasis maintenance in cells adapted
to these acids, like acetic acid, unless there is also a synchronized
system restricting free diffusional entry of the undissociated acid.
Pma1p is the proton-translocating plasma membrane ATPase [35]
(Figure 2).

Final Remarks
Malolactic fermentation by Lactic Acid Bacteria strains has been the

traditional method, used by winemakers, to perform biological
demalication. On the other hand, during malolactic fermentation sub-
products such as acetic acid and biogenic amines can be produced,
imprinting the wines with unpleasant and even unhealthy
characteristics. The use of wine yeast strains in the demalication
process is one of the promising enological steps in improving wine
quality. The same goes for biological deacetification. The right selection
of yeast strains determines the performance of deacetification process,
leading to higher quality wine. One of the steps in improving biological
demalication and deacetification is studying the mechanisms involved
in yeasts carboxylic acids transporters, and the way they operate
according to the yeast cell response to environmental changes, as
carbon source availability, extracellular pH and acid stress conditions.
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