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Abstract: Malolactic fermentation (MLF) is responsible for the decarboxylation of l-malic into lactic
acid in most red wines and some white wines. It reduces the acidity of wine, improves flavor
complexity and microbiological stability. Despite its industrial interest, the MLF mechanism is not
fully understood. The objective of this study was to provide new insights into the role of pH on
the binding of malic acid to the malolactic enzyme (MLE) of Oenococcus oeni. To this end, sequence
similarity networks and phylogenetic analysis were used to generate an MLE homology model,
which was further refined by molecular dynamics simulations. The resulting model, together with
quantum polarized ligand docking (QPLD), was used to describe the MLE binding pocket and
pose of l-malic acid (MAL) and its l-malate (−1) and (−2) protonation states (MAL− and MAL2−,
respectively). MAL2− has the lowest ∆Gbinding, followed by MAL− and MAL, with values of −23.8,
−19.6, and −14.6 kJ/mol, respectively, consistent with those obtained by isothermal calorimetry
thermodynamic (ITC) assays. Furthermore, molecular dynamics and MM/GBSA results suggest
that only MAL2− displays an extended open conformation at the binding pocket, satisfying the
geometrical requirements for Mn2+ coordination, a critical component of MLE activity. These results
are consistent with the intracellular pH conditions of O. oeni cells—ranging from pH 5.8 to 6.1—where
the enzymatic decarboxylation of malate occurs.

Keywords: malolactic enzyme; reaction mechanism; docking; molecular dynamics; isothermal
titration calorimetry

1. Introduction

Most red wines, as well as some white and sparkling wines, are produced by two sequential
fermentations: first, yeast alcoholic fermentation (AF) transforms grape must into wine; then,
a secondary fermentation, called malolactic fermentation (MLF), is carried out by lactic acid bacteria
(LAB). Contrary to AF, a mandatory process of winemaking, MLF is optional and depends on the desired
wine style. MLF reduces the acidity of wine and improves flavor complexity and microbiological
stability. MLF involves the NAD+- and manganese-dependent decarboxylation of l-malate to l-lactate
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and CO2 [1,2]. Due to its monocarboxylic nature, lactic acid imparts a more elegant and round taste to
the wine, as opposed to the astringent taste of the dicarboxylic, malic acid [3–5]. Oenococcus oeni is the
main lactic acid bacterium involved in MLF, thanks to its ability to grow under the harsh conditions
of wine, such as high ethanol content (>13% v/v), low pH (<3.5), and high sulphite concentration
(>50 ppm) [6–10]. MLF is considered one of the most difficult processes to manage during winemaking,
because it is often delayed or simply not fully achieved.

Among the issues of malolactic fermentation [11–13], the mechanism involved in the enzymatic
reaction is perhaps the most unpredictable to ensure efficient and reproducible malate decarboxylation.
Three decarboxylation pathways have been proposed so far, as shown in Figure 1 [14]. The first one
considers that a malic enzyme (ME), followed by a l-lactate dehydrogenase, transforms malate to
pyruvate, and then to lactate [15]. A second mechanism postulates a three-step reaction, mediated
by a l-malate dehydrogenase (MDH), an oxaloacetate decarboxylase and a l-lactate dehydrogenase,
respectively [16]. Finally, the third mechanism consists in the direct conversion of l-malate into
l-lactate [17], through a reaction carried out in the presence of NAD+ and Mn2+, and where neither
reduction of NAD+ nor detection of free reaction intermediates occurs [14,18]. This mechanism is
conducted by a protein different from a previously described malic enzyme, the “malolactic enzyme”
(MLE) [19].
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Figure 1. Possible decarboxylation pathways for the enzymatic conversion of L-malic acid to L-lactic 
acid. MDH, malate dehydrogenase; ME, malic enzyme; MLE, malolactic enzyme; OADC, oxaloacetate 
decarboxylase; LDH, lactate dehydrogenase. Adapted from Schümann et al. (2013) [14]. 

The malolactic enzyme has been purified from several LAB, e.g., Lactobacillus spp., Lactococcus 
lactis, and O. oeni [7,17,20,21]. In all cases, the molecular mass of the MLE subunits range from 60 to 
70 kDa, and the active form of the protein has been described either as a dimer or a tetramer of 
identical subunits [22–25], although all subunits have an independent active site. Interestingly, MLE 
active sites have binding sites with different structural arrangements of the amino acids Asp, Lys, 
Ser, and Tyr that, altogether, satisfy the coordination of divalent cation and cofactor positioning [15]. 
It is noteworthy that all described MLEs catalyze the same reaction. 

Among LAB, O. oeni is the best adapted to the harsh conditions of wine. It is capable of carrying 
out spontaneous fermentation even at pH 3.2, a condition that could be found in some wines [8]. The 
objective of this study was to provide new insights on the reaction mechanism of the malolactic 
enzyme (MLE) of O. oeni, responsible for the transformation of L-malate into L-lactate in wine. To this 
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decarboxylase; LDH, lactate dehydrogenase. Adapted from Schümann et al. (2013) [14].

The malolactic enzyme has been purified from several LAB, e.g., Lactobacillus spp., Lactococcus
lactis, and O. oeni [7,17,20,21]. In all cases, the molecular mass of the MLE subunits range from 60 to
70 kDa, and the active form of the protein has been described either as a dimer or a tetramer of identical
subunits [22–25], although all subunits have an independent active site. Interestingly, MLE active sites
have binding sites with different structural arrangements of the amino acids Asp, Lys, Ser, and Tyr that,
altogether, satisfy the coordination of divalent cation and cofactor positioning [15]. It is noteworthy
that all described MLEs catalyze the same reaction.

Among LAB, O. oeni is the best adapted to the harsh conditions of wine. It is capable of carrying
out spontaneous fermentation even at pH 3.2, a condition that could be found in some wines [8].
The objective of this study was to provide new insights on the reaction mechanism of the malolactic
enzyme (MLE) of O. oeni, responsible for the transformation of l-malate into l-lactate in wine. To this
end, we first expressed the MLE gene of O. oeni in Escherichia coli BL21. After purification of the protein,
we measured the affinity of MLE for malic acid under several pH conditions by isothermal titration
calorimetry. Then, we generated a MLE homology model, based on sequence similarity networking
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and phylogenetic analysis, in order to describe the MLE-malic acid molecular interaction at an atomic
level, using molecular dynamics simulations. Finally, we explored the effect of pH on l-malate binding
free energies and identified possible residues involved into malic acid binding by means of quantum
polarized ligand docking and MM/GBSA calculations. To the best of our knowledge, this is the first
study that explores the three-dimensional structure of the malolactic enzyme and its interaction with
malic acid at the binding site, the first step of the reaction.

2. Results

2.1. Calorimetric Determination of Malic acid Binding Energies to Malolactic Enzyme

Malolactic fermentation in wine is usually carried out at a pH range between 3.2 and 3.5,
allowing a small rise in pH as the malic acid is converted to lactic acid. Figure 2 illustrates the
2D-structure of l-malic acid (MAL) and its l-malate (−1) and (−2) protonation forms (MAL− and
MAL2−, respectively). Isothermal calorimetry thermodynamic (ITC) data for malic acid interaction
with MLE shows dissociation constant (Kd, Table 1) values in the micromolar range (Figure 3). MAL2−

has a lower ∆G value than MAL1−, suggesting this form as the most probable protonation state for
malic acid at the binding site of MLE.
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Table 1. Binding energies (∆G) of l-malate with malolactic enzyme using isothermal titration calorimetry.

Ligand Kd (M) n ∆G (kJ/mol) ∆H (kJ/mol) T∆S (kJ/mol)

MAL− 3.19 × 10−6 2.7 −31.3 −30.0 1.3
MAL2− 1.29 × 10−6 1.5 −33.7 −14.5 19.2

Binding energies was calculated using an independent site interaction model. HEPES buffer (100 mM) was used to
control pH and malic acid protonation form. Kd is dissociation constant, n correspond to non-integer stoichiometric
values, Kd is the dissociation constant and ∆G is calculated as enthalpy (∆H) minus T∆S.
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Figure 3. Binding isotherm curves of experimental calorimetric titrations of 0.3 mM l-malate (−2) (A)
and (−1) (B) protonation states. Reaction was carried out by adding 30 mM malolactic enzyme to the
reaction medium.

2.2. Sequence Similarity Networks of Malolactic Enzyme Family

To apprehend the impact of pH on O. oeni MLE activity, we performed an in-silico analysis
by comparing its sequence with other MLF-related proteins, including malic enzyme and malate
dehydrogenase. For this purpose, we generated a sequence similarity network (SSN), where nodes
correspond to homologous proteins to MLE, i.e., those containing at least 70% of sequence identity; and
where connections allow to rapidly compute and visualize groups of proteins based on all-against-all
sequence comparisons (Figure 4). The group that contains O. oeni MLE and its closest homologues from
NCBI’s non-redundant (nr) protein database are referenced as malate dehydrogenases, malic enzymes,
and malolactic enzymes. Interestingly, most sequences of this group corresponding to malolactic
enzymes and malic enzymes, therefore crystal structures of malic enzymes are the most adequate
structural templates to model MLE as there is no structural data available for malolactic enzymes.
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Figure 4. Sequence Similarity Network (SSN) of potential homologs to MLE of O. oeni with at least 
70% identity of sequences. The nodes represent proteins and edges indicate similarity in amino acid 
sequence. Clustering by sequence identity is done with CD-HIT program. At values of sequence 
identity >70%, the nodes should contain sequences that share the same function; however, at lower 
values of sequence identity, the nodes may be functionally heterogeneous. 

2.3. Phylogenetics of Malolactic Enzyme Family 

Identification of a set of orthologs is a prerequisite for a robust genetic analysis of the evolution 
of a group of organisms [26]. We carried out multiple sequence alignment using CLUSTAL OMEGA 
to study the evolutionary relationships between different lactic bacteria in relation to the malolactic 
enzyme [27]. Most of the sequences homologous to the malolactic enzyme of O. oeni, correspond to 
proteins whose function has been assigned as malic enzymes by automatic annotation. However, 
some sequences have been experimentally reported as enzymes with malolactic activity. The latter 
were labelled with the abbreviation “MLE” below the name of the species, in the phylogenetic tree 
(Figure 5). 

As illustrated in Figure 5, O. oeni is part of a monophyletic group, together with Streptococcus 
spp, Lactococcus spp, and Enterococcus spp. However, the evolution of the malic enzyme would be basal 
in O. oeni with respect to the rest of this clade. It is noteworthy that, within the clade representing the 
Streptococcus branch, the group of Lactococcus and Enterococcus are represented as sister groups of 
recent evolution. On the other hand, the branches of Lactobacillus, Pediococcus, and Leuconostoc 

Figure 4. Sequence Similarity Network (SSN) of potential homologs to MLE of O. oeni with at least
70% identity of sequences. The nodes represent proteins and edges indicate similarity in amino acid
sequence. Clustering by sequence identity is done with CD-HIT program. At values of sequence
identity >70%, the nodes should contain sequences that share the same function; however, at lower
values of sequence identity, the nodes may be functionally heterogeneous.

2.3. Phylogenetics of Malolactic Enzyme Family

Identification of a set of orthologs is a prerequisite for a robust genetic analysis of the evolution
of a group of organisms [26]. We carried out multiple sequence alignment using CLUSTAL OMEGA
to study the evolutionary relationships between different lactic bacteria in relation to the malolactic
enzyme [27]. Most of the sequences homologous to the malolactic enzyme of O. oeni, correspond to
proteins whose function has been assigned as malic enzymes by automatic annotation. However, some
sequences have been experimentally reported as enzymes with malolactic activity. The latter were
labelled with the abbreviation “MLE” below the name of the species, in the phylogenetic tree (Figure 5).

As illustrated in Figure 5, O. oeni is part of a monophyletic group, together with Streptococcus
spp, Lactococcus spp, and Enterococcus spp. However, the evolution of the malic enzyme would
be basal in O. oeni with respect to the rest of this clade. It is noteworthy that, within the clade
representing the Streptococcus branch, the group of Lactococcus and Enterococcus are represented
as sister groups of recent evolution. On the other hand, the branches of Lactobacillus, Pediococcus,
and Leuconostoc constitute a paraphyletic group of basal character with respect to Oenococcus and
Streptococcus-Lactococcus-Enterococcus; and they have a previous evolutionary origin.
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homologous sequences to O. oeni MLE, determined by Blastp. The multiple alignments and neighbor-
joining tree were built using CLUSTAL OMEGA, and the visualization of the tree was done in iTOL. 
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The active site of the chain A of the malic enzyme from pigeon liver (PDB entry 1GQ2), the first 
malic enzyme described [19,28], was selected after SSN analysis as the best structural template for 
comparative modeling of MLE. The sequence alignment of both structures showed a sequence 
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2.4. Structural Modeling of the Malolactic Enzyme

The active site of the chain A of the malic enzyme from pigeon liver (PDB entry 1GQ2), the first
malic enzyme described [19,28], was selected after SSN analysis as the best structural template for
comparative modeling of MLE. The sequence alignment of both structures showed a sequence identity
of 35.9% and a coverage of 98% against MLE (Figure 6).
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Figure 6. Sequence alignment of malolactic enzyme from Oenoccocus Oeni, malic enzyme from pigeon
liver (PDB entry 1GQ2) and malic enzyme from E. coli (PDB entry 6AGS).

The crystal structure of the A chain contains an oxalate ion in the binding site, and requires Mn2+

and NADP+ as cofactors. Nevertheless, supported by the highly conserved structure of the active
site in both proteins, we confirmed that the putative active binding site could correctly locate malate,
after replacing the former cofactors with NAD+ and Mn2+, and oxalate with malate, using SiteMap of
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Maestro suite (data not shown). It is worthy to mention that we also employed the malic enzyme from
E. coli (PDB entry 6AGS) (Figure 7) for these purposes; though only as secondary scaffold, because no
experimental data is available for this protein crystal.
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Figure 7. Homology model of Oenoccocus oeni MLE. (A) Protein structure after 200 ns MD simulation. 
(B) MAL pose inside predicted MLE binding site. 

Figure 7A shows the MLE homology model we obtained from the abovementioned templates 
and sequence alignments. This monomeric model was submitted to 200 ns simulation, reaching 
structural stability after 50 ns, by the structural rearrangement of the carboxyl-term (Figure S1 in 
Supplementary materials). Conversely, the pose of NAD+ and Mn2+ reached stability after 20 ns, 
displaying an RMSD at or below 2 Å throughout simulation. Furthermore, putative MAL binding-
site residues, based on previous reports, namely TYR85, ASP86, LYS156, ASP251, and ASP250 within 
MLE displayed movement of less than 2 Å (Figure 7B). Then, MAL was oriented through molecular 
docking simulations (Figure 7B). 

2.5. Molecular Docking of Substrates of Malolactic Enzyme 

Additionally, we evaluated the participation of the divalent cation on MLE mechanism by 
quantum polarized ligand docking (QPLD). Figure 8 illustrates the pose adopted by MAL inside the 
binding site of MLE. Malic acid interacts with MLE through coordination bonds with Mn2+, one LYS 
protonated residue, and several ASP residues interacting through hydrogen bonds. MAL-MLE 
interacting residues on this pose correspond with equivalent residues proposed for divalent-cation-
dependent MAL decarboxylation. 

Figure 7. Homology model of Oenoccocus oeni MLE. (A) Protein structure after 200 ns MD simulation.
(B) MAL pose inside predicted MLE binding site.

Figure 7A shows the MLE homology model we obtained from the abovementioned templates
and sequence alignments. This monomeric model was submitted to 200 ns simulation, reaching
structural stability after 50 ns, by the structural rearrangement of the carboxyl-term (Figure S1 in
Supplementary materials). Conversely, the pose of NAD+ and Mn2+ reached stability after 20 ns,
displaying an RMSD at or below 2 Å throughout simulation. Furthermore, putative MAL binding-site
residues, based on previous reports, namely TYR85, ASP86, LYS156, ASP251, and ASP250 within MLE
displayed movement of less than 2 Å (Figure 7B). Then, MAL was oriented through molecular docking
simulations (Figure 7B).

2.5. Molecular Docking of Substrates of Malolactic Enzyme

Additionally, we evaluated the participation of the divalent cation on MLE mechanism by quantum
polarized ligand docking (QPLD). Figure 8 illustrates the pose adopted by MAL inside the binding site
of MLE. Malic acid interacts with MLE through coordination bonds with Mn2+, one LYS protonated
residue, and several ASP residues interacting through hydrogen bonds. MAL-MLE interacting
residues on this pose correspond with equivalent residues proposed for divalent-cation-dependent
MAL decarboxylation.
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Schrodinger Suite. Results confirmed that MAL2− is the most probable protonation state and thus 
interacting residues could be oriented differently to MAL- and MAL. 

Quantum polarized ligand docking (QPLD) was then employed to explore MAL2− pose and 
binding energy (∆Gbinding). Results showed that all malic acid protonation forms lie in the same 
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compared with the other protonation states. This open conformation better satisfies the geometrical 
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predicted by the QLPD method.

We also calculated the most probable protonation state of MAL using the Epik module of the
Schrodinger Suite. Results confirmed that MAL2− is the most probable protonation state and thus
interacting residues could be oriented differently to MAL- and MAL.

Quantum polarized ligand docking (QPLD) was then employed to explore MAL2− pose and
binding energy (∆Gbinding). Results showed that all malic acid protonation forms lie in the same
binding cavity, sharing the same set of binding amino acid residues (Figure 8). The latter interact mainly
by hydrogen bonding and hydrophobic interactions (Figure S2 in Supplementary materials). MAL2−

has the lowest ∆Gbinding, followed by MAL− and MAL, with values of −23.8, −19.6, and −14.6 kJ/mol,
respectively (Table 2). Interestingly, MAL2− displayed an extended conformation, when compared
with the other protonation states. This open conformation better satisfies the geometrical requirements
of Mn2+ coordination geometry and the mechanism described for malic enzymes [29].

Geometrical stability of MAL inside the binding site was assessed after 200 ns molecular dynamics
simulations of the MLE/MAL/NAD+/Mn2+ system. Of note, MAL does not remain on the site and
exits the pocket at 25 ns. On the contrary, MAL− and MAL2− remain into the binding pocket
throughout the whole simulation. Moreover, the average binding energy of the molecular interactions
through the MM/GBSA rescoring method was calculated as it is relatively more accurate compared
to single-structure theoretical determinations. MM-GBSA binding energies for MAL− and MAL2−

showed binding affinity differences consistent with values from the ITC and QLPD experiments
(Tables 1 and 2, respectively). Furthermore, energy decomposition of MAL− and MAL2− interactions
within the MLE binding pocket allowed to identify that binding is mainly driven by the negative
charge interactions of the MAL carboxyl group with the positive charge of the side chain-N of LYS156,
(Figure 7); whereas MAL1− interacts with ASP86 and ASN396 mainly by H-bonding; and MAL2− with
TYR85, ASP86, ASP228, ASN396, and ASN440 mainly through water bridges.
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Table 2. MAL− and MAL2− interactions with malic enzyme through 200 ns simulations.
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3. Discussion

In silico analysis, MLE homology model together with QPLD and ITC experiments were carried
out in the present study to determine the protonation state of l-malate required for its efficient
decarboxylation to l-lactate by the malolactic enzyme of Oenococcus oeni.

The phylogenetic analysis showed that the evolution of the O. oeni malolactic enzyme is
halfway between malic-malolactic enzymes of the genera Lactobacillus-Pediococcus-Leuconostoc and
Streptococcus-Lactococcus-Enterococcus. The grouping of lactic acid bacteria in two clusters was in line
with Makarova and Koonin (2007) [30], which employed the sequence of ribosomal proteins and RNA
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polymerase subunits for their phylogenetic analysis. Our results indicated that O. oeni MLE is part
of a monophyletic group, together with the branch Streptococcus-Lactococcus-Enterococcus, whereas O.
Oeni MLE constitutes a paraphyletic group of the Lactobacillus-Pediococcus branch. These results point
that the genera Streptococcus, Lactococcus, Enterococcus, and Oenococcus descended from a common
evolutionary ancestor, whose malolactic enzyme could share similar structural characteristics.

Malolactic fermentation usually occurs at pH levels between the range of 3.2 and 3.5, allowing for
a rise in pH as the malic acid is converted to lactic acid. At this pH, the MAL− protonated l-malic acid
form prevails (Figure 2). On the other hand, several LAB, including O. oeni have an intracellular pH
≈ 5.0 [31,32], a condition where MAL2− is the predominant protonated form. Several studies have
reported that the malolactic fermentation reaction occurs in the Oenococcus oeni intracellular space,
where pH is between 5.8 and 6.1; while in the extracellular medium, i.e., the wine conditions, the pH is
within a range of 3 to 4 [33,34]. Additionally, Schümann et al. (2013) reported that O. oeni MLE has
an optimum activity at pH 6.0 and 45 ◦C [14]. Accordingly, we evaluated the effect of pH on l-malic
acid interaction with the MLE active site. To this end, we measured the enthalpy of reaction of O. oeni
MLE with both cofactors, titrated with MAL at pH 4.5 and 5.3, using ITC. Our results showed a higher
binding affinity for MAL2− than for MAL−, in agreement with Schümann et al. (2013) [14]. Under the
O. oeni intracellular conditions, the presence of some residues, in the binding pocket or in its vicinity,
could accept the proton from the MAL− form, predominant in solution, to lead the most stable MAL2−,
such as Asp86 and Glu227 (see Figure 8A).

Although ITC experiments showed that pH significantly influences malic acid binding to O. oeni
MLE, this method did not allow to extract structural information of the binding sites or enzymatic
mechanisms, at atomic level. However, non-integer stoichiometric values indicated the formation or
aggregation of dimers of higher quaternary structures, which was also observed by Dynamic Light
Scattering measurements (data not shown). These results agree with the work of Schümann et al.
(2012), where MLE of O. oeni was presented as a dimeric macromolecule, with each subunit having a
functional binding site [35].

To give further structural insights and to understand the calorimetric results, we relied on the use
of molecular docking and molecular dynamics methods. To this end, O. oeni MLE homology model
was carried out, because the three-dimensional structure was not available. It is worth noting that SSN
and phylogenetic analysis showed a close relation between malolactic and malic enzymes (Figure 4),
although only four crystal structures are available as possible structural templates. Among these
structures, malic enzyme from pigeon liver (PDB entry 1GQ2) and E. coli Malic enzyme (PDB entry
6AGS) were used as model templates, using the alignment shown in Figure 6. Both structures were
identified as the closest related sequences according to the SSN; nevertheless, experimental data
regarding 6AGS crystal is scarce, and was only used when no structural data from 1GQ2 were available.
It is worth noting that NAD+, Mn2+ were incorporated as model constraints, using the pose of cofactors
found on the 1GQ2 crystal. The MLE model was submitted to 200 ns molecular dynamics simulations
to further explore its dynamic and stability and to identify relevant residues for malic acid binding.
The trajectory analysis showed that, overall, residues near cofactors have slow mobility and form
cavities that are suitable to bind l-malic acid.

Interestingly, SSN and phylogenetic analysis suggest a closed relation between malate
dehydrogenases, malic enzymes, and malolactic enzymes; however, their binding sites are not
completely conserved and thus, substrate pose, and binding residues could be oriented differently.
To correctly orientate malic acid and to calculate theoretical binding energies considering Mn2+,
we opted for the quantum polarized ligand docking (QPLD) method as it allows to properly calculate
binding energies of metal-containing systems as it considers metal coordination, electronic polarization
effect, among other missed terms in molecular-mechanics force fields. As can be seen in Table 2,
QPLD results shown that MAL− and MAL2− have docking scores (∆Gbinding) that correlate with ITC
measurement results. Although both MAL protonation states bind into the same cavity and share
a set of amino acids, MAL2− adopts an extended conformation, supported by hydrogen bonding
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and coordination geometry with Mn2+ (Figure 7). Further, we explore the binding site dynamics of
the MAL, MAL−, and MAL2− containing systems through molecular dynamics simulation. Of note,
MAL2− kept its orientation, as determined by the QLPD method, after 200 ns of molecular dynamics
simulation, while MAL− and MAL have more mobility inside the binding site. Furthermore, molecular
dynamics provides a conformational ensemble that allows to calculate the average binding energy of
the molecular interactions through the MM/GBSA rescoring method that is more accurate compared
to single-structure theoretical determinations as it includes solvent effects. According to MM/GBSA
results and ITC experiments, MAL2− have the lowest binding energy (∆Gbinding) and the major
energetic contribution is the stabilization of the two carboxylic group charges that interacts with Mn2+.
Regarding ITC correlation with our molecular dynamics results, it should be noted that docking and
MMGBSA calculations represent one of the steps of the reaction coordinates, that is pre-transition
states without consider the diffusion pathways into the binding sites and omitting desolvation and
other effects that directly impact the entropy variations observed by ITC measurements. This MAL2−

pose is in accordance with the mechanism described by Schümann et al. (2013), where Mn2+ act as an
activator of the enzymatic catalysis and coordinate chemical reaction, while NAD+ act as oxidizing
agent for oxidation of l-malate.

4. Materials and Methods

4.1. Analysis of Sequences and Construction of Phylogenetic Tree

The amino acid sequence of malolactic enzyme (MLE) from Oenococcus Oeni was retrieved from
NCBI (accession number WP_002823502.1). Homologous amino acid sequences were found using the
online available version of Basic Local Alignment Tools (BLAST™) [36]. Twenty five sequences (accession
number EEV40786.1, AMG48999.1, BAQ56789.1, AOO75947.1, BAP84672.1, ALJ31288.1, ANZ58780.1,
ALO02977.1, CCC78515.1, ALG26877.1, CAI54742.1, AOO73522.1, ARE28303.1, KLK96319.1, API72025.1,
ANZ71056.1, AMV69835.1, ABJ68638.1, AQP43157.1, ABV10389.1, CCF03237.1, CBY99983.1, AEH55110.1,
AEF25979.1, and ARC49389.1) of lactic acid bacteria were selected based on the e-value, the query coverage
and its sequence identity with MLE, and were aligned using CLUSTAL OMEGA program (EMBL) [27].
The phylogenetic tree was built up using Interactive Tree Of Life [37].

To perform the Sequence similarity Network, the MLE sequence from O. oeni (Uniprot ID: Q48796)
was aligned to the closest sequences (>70% id) using all-by-all BLAST within InterProScan database
performed by the web service EFI-Enzyme Similarity Tool [38,39]. Each sequence was labeled by its
primary biological function and structural data availability as provided by UNIPROT. Even though all
the function entries were cured manually, the lack of consistency of UNIPROT terminology could lead
to ambiguous descriptions. Finally, 309,755 sequences were admitted to the SSN building.

4.2. Protein Modeling

4.2.1. Template Selection

The amino acid sequences of the malolactic enzyme from O. oeni strain DSM 20255 were retrieved
from the NCBI (accession number ACX50963). The template was selected based on the e-value of the
BLAST search, query coverage, and its sequence identity with MLE. Based on these criteria, malic
enzyme from pigeon liver (PDB entry 1GQ2) was selected as a template to model MLE.

4.2.2. Modeling of Malolactic Enzyme

A comparative model for the malolactic enzyme was constructed using Prime from Schrodinger
Suite 2019 using the PDB 1GQ2 and 6AGS as a template. Both enzyme cofactors, NAD+ and Mn+2, were
incorporated into the resulting models keeping the atomic coordinates from reference structure 1GQ2.
The resulting model of the malolactic enzyme, including NAD+ cofactor and Mn+2 ion, was inserted in
a water box and further neutralized with counter ions. Then MLE/NAD+/Mn+2 complex was subjected
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to cycles of energy minimize as described elsewhere and equilibration for 200 nanoseconds under
NPT conditions.

4.2.3. Ligand Preparation

l-malic acid three-dimensional structure was obtained from the PubChem database (Pubmed CID
222656) and prepared in Maestro (Schrödinger, LLC, New York, NY, USA) using the OPLS_2005 force
field with default setting of the LigPrep package from Schrödinger. All molecules were visualized and
pKa values were calculated using Epik at desire pH [40].

4.2.4. Quantum Polarized Ligand Docking (QPLD)

l-malic acid and its other protonation states were docked with improved docking program of
quantum polarized ligand docking (QPLD) of the Schrodinger Suite 2019 [41]. The best poses obtained
by flexible ligand docking using Glide [42]. Then QM calculations were done using Jaguar to calculate
the partial charges were replaced on the ligand in the field of receptor for each ligand complex [43].
Single point electrostatic calculations were carried out with the 6-31G*/LACVP* base set and B3LYP
density functional theory, using the “Ultrafine” SCF accuracy level (iacc = 1, iac-scf = 2) for the QM
region. Finally, ligand was redocked with updated atomic charges with the help of Glide XP and QPLD
of the Schrodinger Suite 2019.

4.2.5. Molecular Dynamics Simulation (MD)

MD simulations of malolactic enzyme and ligand complexes were carried out using Desmond and
OPLS 2005 force field [44]. The protein ligand complexes were solvated with TIP3 water molecules.
Sodium counter ions were added to balance the system net charge. The systems were submitted to the
default Desmond protocol, which contains a series of restrained minimizations and MD simulations.
The minimized system was relaxed under NPT ensemble for 50 ns equilibration simulation period,
and 150 ns production simulations were carried out. Long range electrostatic interactions were
computed by particle-mesh Ewald method and van der waals (VDW) cut-off was set to 9 Å.

4.3. Cloning and Expression of Recombinant Malolactic Enzyme

4.3.1. Microorganisms, Plasmids, and Media

Oenococcus oeni [45,46] (PSU-1, ATCC® BAA-331™) was obtained from the American Type Culture
Collection (ATCC) (Virginia, USA). Cryogenically preserved (−80 ◦C) strains were cultured and
maintained on MRS plates (Man, Rogosa and Sharpe) [47] and stored at 4 ◦C.

Escherichia coli BL21 strain and plasmid pET28a were obtained from Novagen (Buenos Aires,
Argentina). Transformants were grown at 37 ◦C in LB medium, with the addition of 50 µg/mL
kanamycin. Agar plates were made of LB media, including 15 g/l agar.

4.3.2. Construction of the MLE Expression Vector

The malolactic enzyme gene was PCR amplified using genomic DNA from O. oeni strain PSU-1,
extracted using the Wizard Genomic DNA purification kit (Promega). The 26 nt primers used for
this amplification: 5’-GATATACCATGGGCAGCAGCATGACAGATCCAGTAAGTATTTTAAATGA-3
(forward) and 5´-CAGTGGTGGTGGTGGTGGTGGTATTTCGGCTCCCACC-3 (reverse), were designed
based on the sequence of OEOE_RS07545 gene (1626 bp, NCBI). The linearized vector pET28a
(5369 pb) was PCR amplified using the following 26 nt oligonucleotides: FWD 5´-ATACT
TACTGGATCTGTCATGCTGCTGCCCATGG-3´; and 5´-TGAGGTGGGAGCCGAAATACCACCACC
ACCACCAC-3. Both pairs of primers were designed using SnapGene® software (Chicago, IL, USA),
to be employed for Gibson Assembly.

All PCRs to amplify DNA fragments suitable for Gibson assembly were carried out in 35 PCR cycles,
using Phusion High-Fidelity DNA polymerase (Thermo Scientific, Waltham, MA, USA), following the



Molecules 2020, 25, 3431 13 of 16

manufacturer’s instructions. Gibson assembly was performed as previously described [48] with pairs
of primers for each fragment to be assembled containing segments of about ∼40 bp homologous to the
adjacent fragment to be linked. All PCR products were treated with the DpnI enzyme to eliminate
original vector residues and purified by gel extraction using the Qiaquick Gel Extraction kit from
Qiagen, according to the manufacturer’s instructions. The purified genes fragments and vectors were
mixed based on their molar ratios in a final volume of 5 µL, containing 100 ng of total DNA. This DNA
mix was added to 15 µL of 1.33X master mix (5X isothermal mix buffer, T5 exonuclease 1 U/µL, Phusion
DNA polymerase 2 U/µL, Taq DNA ligase 40 U/µL and Milli-Q purified water), and the reaction
mixture was incubated at 50 ◦C for 1 h. Finally, 10 µL reaction mix were used directly to transform
chemically competent E. coli BL21 (DE3).

The vector construct, designated pET21a-MLE, was verified by sequencing (Macrogen Inc., Seoul,
Korea). The resulting map is shown in Figure S3 (In Supplementary materials).

4.3.3. Expression and Purification of Recombinant Malolactic Enzyme of O. oeni

E. coli BL21 (DE3) cells transformed with the pET21mle plasmid were grown at 37 ◦C and
140 rpm in 1 L shake flasks, containing 250 mL LB medium with 50 µL kanamycin. After 12 h
incubation, MLE induction was performed by adding isopropyl β-d-1-thiogalactopyranoside (IPTG) to
a final concentration of 0.5 mM. The cultures were incubated for another 12 h at 16 ◦C and 100 rpm.
The resulting biomass was recovered from the fermentation broth by centrifugation (4000x g, 10 min, 4
◦C) and the supernatant was discarded. Approximately 9 g of biomass were recovered from 1 L of
fermentation broth. Subsequent cell disintegration was carried out in lysis buffer (Tris 20 mM pH 6.0,
with 500 mM NaCl, 30 mM imidazole, and protease inhibitor cocktail complete™), at a concentration
of 1 g of biomass in 10 mL of lysis buffer. The mix was distributed in 1.5 mL Eppendorf tubes with 250
µL of glass beads (Sigma-Aldrich®), and cell disruption was performed by agitation, three consecutive
cycles of 30 s.

The crude extract was loaded onto immobilized metal affinity chromatography columns (HisTrap
HP, 5 mL, Amersham Biosciences), operated with a peristaltic pump (with a flux 5 mL·m−1),
and pre-equilibrated with binding buffer (HEPES 100 mM, KCl 100 mM, imidazol 20 mM, pH
6.0). The column was washed with 30 mL of binding buffer. The protein was eluted with 30 mL of
stripping buffer (HEPES 100 mM, KCl 100 mM, imidazol 500 mM, pH 6.0), collecting fractions of 10 mL.
The active fractions were pooled, desalted, and lyophilized. For experimental purposes, the protein
was resuspended in HEPES buffer (100 mM HEPES, 0.5 mM NAD+, and 0.1 mM Mn2+, pH 6.0).

4.4. Calorimetric Characterization

Enthalpy changes associated with MLE-substrate interactions were measured using a Nano ITC
instrument (TA Instruments Ltd., Crawley, West Sussex, U.K.), at 25 ◦C. An amount of 170 µL of
MLE solution (30 µM, HEPES buffer at desired pH) were placed in the sample cell of the calorimeter
and buffered substrate solution (100 µM, HEPES buffer at desired pH) was loaded into the injection
syringe. The substrates were titrated into the sample cell as a sequence of 20 injections of 2.5 µL
aliquots. The time delay (to allow equilibration) between successive injections was 3 min. The contents
of the sample cell were stirred throughout the experiment at 200 rpm to ensure thorough mixing.
Raw data were obtained as a plot of heat (µJ) against injection number and featured a series of peaks for
each injection. These raw data peaks were transformed using the instrument software Nano Analyze
(version 3.11.0, TA Instruments, New Castle, DE, USA) to obtain a plot of observed enthalpy change
per mole of injectant against molar ratio and were corrected by subtracting the mixing enthalpies of
the substrate solutions into protein-free solution.

5. Conclusions

In conclusion, in this work, we constructed a comparative model for MLE using the 3D structures
of the malic enzyme from pigeon liver (PDB entry 1GQ2) and malic enzyme from E. coli (PDB



Molecules 2020, 25, 3431 14 of 16

entry 6AGS). Malic acid interactions within MLE binding pocket are mainly driven by hydrogen
bonding and coordination with Mn2+, both dependent on the protonation state of the substrate.
Our experimental and theoretical studies demonstrated that MAL2− stabilizes the pose that fulfills the
geometrical requirements to favor the malic acid decarboxylation catalyzed by MLE. Further theoretical
and experimental studies are currently underway to provide more detailed information about the
contribution of each residue on the MLE proposed mechanism.

Supplementary Materials: The following are available online. Figure S1: (A) RMSD values show the
conformational stability of MLE; (B) Conformational changes of MLE with the corresponding RMSF values.
Figure S2: Interactions and contacts of MLE with MAL− (A) and MAL2− (B). The total number of interactions is
depicted on the upper panels, while bottom panels show residues that interact with the ligand in each trajectory
frame. Figure S3: The map of pET21a-MLE expression vector. The purple solid arrow indicates the site of MLE
gene of O. oeni strain DSM 20255 (OE malolactic).

Author Contributions: P.C., W.A., E.A., and D.A. conceived, designed, and supervised all the experiments;
F.G.-A., D.A., W.A., and P.C. analyzed the in silico data and performed the theoretical calculations; P.C. did the
cloning and purification of malolactic enzyme; J.H. conducted the enzyme-substrate affinity assays; writing and
draft preparation were ensured by P.C., D.A., and W.A.; reviewing and editing by P.C., W.A., D.A., and E.A.
All authors discussed, edited, and approved the latest version. All authors have read and agreed to the published
version of the manuscript.

Funding: P.C. and W.A. were supported by a doctoral fellowship from the Chilean National Council of Scientific and
Technological Research (CONICYT). We are also grateful to Fondecyt 1171654, Fondequip EQM140174 P09-022-F
and The Centro Interdisciplinario de Neurociencia de Valparaíso (CINV) for providing funding to this research.

Acknowledgments: We are grateful to Vicente Herrera for technical support in protein production and purification
and to Romina Sepulveda for SSN technical support.

Conflicts of Interest: The authors declare no competing financial interests.

References

1. Kunkee, R.E. Malo-Lactic Fermentation and Winemaking. In Chemistry of Winemaking; Webb, A.D., Ed.;
American Chemical Society: Washington, DC, USA, 1974; pp. 151–170. ISBN 320.

2. Williams, S.A.; Hodges, R.A.; Strike, T.L. Cloning the gene for the malolactic fermentation of wine from
Lactobacillus delbrueckii in Escherichia coli and yeasts. Appl. Environ. Microbiol. 1984, 47, 288–293.
[CrossRef]

3. Liu, S.-Q. A review: malolactic fermentation in wine—beyond deacidification. J. Appl. Microbiol. 2002, 92,
589–601. [CrossRef] [PubMed]

4. Henick-Kling, T.; Laurent, M.-H.; Acree, T.E. Changes in the aroma and odor of Chardonnay wine due to
malolactic fermentation. Wein-Wissenschaft 1994, 49, 3–10.

5. Zoecklein, B.W.; Fugelsang, K.C.; Gump, B.H.; Nury, F.S. Microbiology of Winemaking. In Wine
Analysis and Production; Springer Science + Business Media: New York, NY, USA, 1999; pp. 280–302.
ISBN 978-0-12-384733-1.

6. Bauer, R.; Dicks, L. Control of malolactic fermentation in wine. A review. South afr. J. Enol. Vitic. 2004, 25,
74–88. [CrossRef]

7. Bartowsky, E.J. Oenococcus oeni and malolactic fermentation–moving into the molecular arena. Aust. J.
Grape Wine Res. 2005, 11, 174–187. [CrossRef]

8. Zapparoli, G.; Tosi, E.; Azzolini, M.; Vagnoli, P.; Krieger-Weber, S. Bacterial inoculation strategies for the
achievement of Malolactic fermentation in high-alcohol wines. South Afr. J. Enol. Vitic. 2009, 30, 49–55.
[CrossRef]

9. Li, H.; Zhang, C.; Liu, Y. Species attribution and distinguishing strains of Oenococcus oeni isolated from
Chinese wines. World J. Microbiol. Biotechnol. 2006, 22, 515–518. [CrossRef]

10. Zhang, G. The essential amino acids requirements for Oenococcus Oeni growth and organic acids metabolism.
Afr. J. Microbiol. Res. 2013, 7, 1591–1597. [CrossRef]

11. Grandvalet, C.; Coucheney, F.; Guzzo, J. CtsR Is the Master Regulator of Stress Response Gene Expression in
Oenococcus oeni. J. Bacteriol. 2005, 187, 5614–5623. [CrossRef]

http://dx.doi.org/10.1128/AEM.47.2.288-293.1984
http://dx.doi.org/10.1046/j.1365-2672.2002.01589.x
http://www.ncbi.nlm.nih.gov/pubmed/11966898
http://dx.doi.org/10.21548/25-2-2141
http://dx.doi.org/10.1111/j.1755-0238.2005.tb00286.x
http://dx.doi.org/10.21548/30-1-1424
http://dx.doi.org/10.1007/s11274-005-9065-5
http://dx.doi.org/10.5897/AJMR12.2235
http://dx.doi.org/10.1128/JB.187.16.5614-5623.2005


Molecules 2020, 25, 3431 15 of 16

12. Grandvalet, C.; Assad-García, J.S.; Chu-Ky, S.; Tollot, M.; Guzzo, J.; Gresti, J.; Tourdot-Maréchal, R. Changes in
membrane lipid composition in ethanol- and acid-adapted Oenococcus oeni cells: characterization of the cfa
gene by heterologous complementation. Microbiology 2008, 154, 2611–2619. [CrossRef]

13. Olguin, N.T.; Bordons, A.; Reguant, C. Influence of ethanol and pH on the gene expression of the citrate
pathway in Oenococcus oeni. Food Microbiol. 2009, 26, 197–203. [CrossRef]

14. Schümann, C.; Michlmayr, H.; del Hierro, A.M.; Kulbe, K.D.; Jiranek, V.; Eder, R.; Nguyen, T.H.
Malolactic enzyme from Oenococcus oeni: Heterologous expression in Escherichia coli and biochemical
characterization. Bioengineered 2013, 4, 147–152. [CrossRef] [PubMed]

15. Korkes, S.; Ochoa, S. Adaptive conversion of malate to lactate and carbon dioxide by Lactobacillus arabinosus.
J. Biol. Chem. 1948, 176, 463. [PubMed]

16. Flesch, P. Über die Malat-Dehydrogenase-und Lactat-Dehydrogenase-Aktivität L-Äpfelsäure-abbauender
Bakterien. Arch. Mikrobiol. 1969, 68, 259–277. [CrossRef]

17. Caspritz, G.; Radlert, F. Malolactic Enzyme of Lactobacillus plantarum. J. Biol. Chem. 1983, 258, 4907–4910.
[PubMed]

18. Groisillier, A.; Lonvaud-Funel, A. Comparison of partial malolactic enzyme gene sequences for phylogenetic
analysis of some lactic acid bacteria species and relationships with the malic enzyme. Int. J. Syst. Bacteriol.
1999, 49, 1417–1428. [CrossRef] [PubMed]

19. Ochoa, S.; Mehler, A.H.; Kornberg, A. Biosynthesis of dicarboxylic acids by carbon dioxide fixation. J. Biol.
Chem. 1948, 174, 979–1000.

20. Lonvaud-Funel, A.; Strasser de Saad, A.M. Purification and Properties of a Malolactic Enzyme from a Strain
of Leuconostoc mesenteroides Isolated from Grapes. Appl. Environ. Microbiol. 1982, 43, 357–361. [CrossRef]

21. Spettoli, P.; Nuti, M.P.; Zamorani, A. Properties of Malolactic Activity Purified from Leuconostoc oenos
ML34 by Affinity Chromatography. Appl. Environ. Microbiol. 1984, 48, 900–901. [CrossRef]

22. Labarre, C.; Guzzo, J.; Cavin, J.F.; Diviès, C. Cloning and characterization of the genes encoding the malolactic
enzyme and the malate permease of Leuconostoc oenos. Appl. Environ. Microbiol. 1996, 62, 1274–1282.
[CrossRef]

23. Ansanay, V.; Dequin, S.; Blondin, B.; Barre, P. Cloning, sequence and expression of the gene encoding the
malolactic enzyme from Lactococcus lactis. FEBS Lett. 1993, 332, 74–80. [CrossRef]

24. Wang, P.; Li, A.; Dong, M.; Fan, M. Induction, purification and characterization of malolactic enzyme from
Oenococcus oeni SD-2a. Eur. Food Res. Technol. 2014, 239, 827–835. [CrossRef]

25. Battermann, G.; Radler, F. A comparative study of malolactic enzyme and malic enzyme of different lactic
acid bacteria. Can. J. Microbiol. 1991, 37, 211–217. [CrossRef]

26. Koonin, E.V. Orthologs, Paralogs, and Evolutionary Genomics. Annu. Rev. Genet. 2005, 39, 309–338.
[CrossRef] [PubMed]

27. Sievers, F.; Wilm, A.; Dineen, D.; Gibson, T.J.; Karplus, K.; Li, W.; Lopez, R.; McWilliam, H.; Remmert, M.;
Söding, J.; et al. Fast, scalable generation of high-quality protein multiple sequence alignments using Clustal
Omega. Mol. Syst. Biol. 2011, 7, 539. [CrossRef] [PubMed]

28. Ochoa, S.; Mehler, A.H.; Kornberg, A. Reversible oxidative decarboxylation of malic acid. J. Biol. Chem. 1947,
167, 871.

29. Soffritti, M.; Belpoggi, F.; Degli Esposti, D.; Lambertini, L.; Tibaldi, E.; Rigano, A. First experimental
demonstration of the multipotential carcinogenic effects of aspartame administered in the feed to
Sprague-Dawley rats. Environ. Health Perspect. 2006, 114, 379–385. [CrossRef]

30. Makarova, K.S.; Koonin, E.V. Evolutionary genomics of lactic acid bacteria. J. Bacteriol. 2007, 189, 1199–1208.
[CrossRef]

31. Hutkins, R.W.; Nannen, N.L. pH Homeostasis in Lactic Acid Bacteria. J. Dairy Sci. 1993, 76, 2354–2365.
[CrossRef]

32. Salema, M.; Poolman, B. Uniport of Monoanionic l-malate in Membrane Vesicles from Leuconostoc Oenos.
Eur. J. Biochem. 1994, 225, 289–295. [CrossRef]

33. Salema, M.; Lolkema, J.S.; San Romão, M.V.; Loureiro-Dias, M.C. The proton motive force generated in
Leuconostoc oenos by l-malate fermentation. J. Bacteriol. 1996, 178, 3127–3132. [CrossRef] [PubMed]

34. Augagneur, Y.; Ritt, J.-F.; Linares, D.M.; Remize, F.; Tourdot-Marechal, R.; Garmyn, D.; Guzzo, J. Dual effect of
organic acids as a function of external pH in Oenococcus oeni. Arch. Microbiol. 2007, 188, 147–157. [CrossRef]
[PubMed]

http://dx.doi.org/10.1099/mic.0.2007/016238-0
http://dx.doi.org/10.1016/j.fm.2008.09.004
http://dx.doi.org/10.4161/bioe.22988
http://www.ncbi.nlm.nih.gov/pubmed/23196745
http://www.ncbi.nlm.nih.gov/pubmed/18886184
http://dx.doi.org/10.1007/BF00409918
http://www.ncbi.nlm.nih.gov/pubmed/6833282
http://dx.doi.org/10.1099/00207713-49-4-1417
http://www.ncbi.nlm.nih.gov/pubmed/10555321
http://dx.doi.org/10.1128/AEM.43.2.357-361.1982
http://dx.doi.org/10.1128/AEM.48.4.900-901.1984
http://dx.doi.org/10.1128/AEM.62.4.1274-1282.1996
http://dx.doi.org/10.1016/0014-5793(93)80488-G
http://dx.doi.org/10.1007/s00217-014-2276-y
http://dx.doi.org/10.1139/m91-032
http://dx.doi.org/10.1146/annurev.genet.39.073003.114725
http://www.ncbi.nlm.nih.gov/pubmed/16285863
http://dx.doi.org/10.1038/msb.2011.75
http://www.ncbi.nlm.nih.gov/pubmed/21988835
http://dx.doi.org/10.1289/ehp.8711
http://dx.doi.org/10.1128/JB.01351-06
http://dx.doi.org/10.3168/jds.S0022-0302(93)77573-6
http://dx.doi.org/10.1111/j.1432-1033.1994.00289.x
http://dx.doi.org/10.1128/JB.178.11.3127-3132.1996
http://www.ncbi.nlm.nih.gov/pubmed/8655490
http://dx.doi.org/10.1007/s00203-007-0230-0
http://www.ncbi.nlm.nih.gov/pubmed/17406856


Molecules 2020, 25, 3431 16 of 16

35. Schumann, C.; Michlmayr, H.; Eder, R.; del Hierro, A.M.; Kulbe, K.D.; Mathiesen, G.; Nguyen, T.-H.
Heterologous expression of Oenococcus oeni malolactic enzyme in Lactobacillus plantarum for improved
malolactic fermentation. AMB Express 2012, 2, 19. [CrossRef]

36. Mcginnis, S.; Madden, T.L. BLAST: At the core of a powerful and diverse set of sequence analysis tools.
Nucleic Acids Res. 2004, 32, 20–25. [CrossRef]

37. Letunic, I.; Bork, P. Interactive Tree Of Life (iTOL): an online tool for phylogenetic tree display and annotation.
Bioinformatics 2006, 23, 127–128. [CrossRef]

38. Gerlt, J.A.; Bouvier, J.T.; Davidson, D.B.; Imker, H.J.; Sadkhin, B.; Slater, D.R.; Whalen, K.L. Enzyme Function
Initiative-Enzyme Similarity Tool (EFI-EST): A web tool for generating protein sequence similarity networks.
Biochim. Biophys. Acta 2015, 1854, 1019–1037. [CrossRef]

39. Zallot, R.; Oberg, N.; Gerlt, J.A. The EFI Web Resource for Genomic Enzymology Tools: Leveraging Protein,
Genome, and Metagenome Databases to Discover Novel Enzymes and Metabolic Pathways. Biochemistry
2019, 58, 4169–4182. [CrossRef]

40. Shelley, J.C.; Cholleti, A.; Frye, L.L.; Greenwood, J.R.; Timlin, M.R.; Uchimaya, M. Epik: A software program
for pK a prediction and protonation state generation for drug-like molecules. J. Comput. Aided Mol. Des.
2007, 681–691. [CrossRef]

41. Cho, A.R.T.E.; Guallar, V.; Berne, B.J.; Friesner, R. Importance of Accurate Charges in Molecular Docking:
Quantum Mechanical/Molecular Mechanical (QM/MM) Approach. J. Comput. Chem. 2014, 26, 915–931.
[CrossRef]

42. Friesner, R.; Banks, J.; Murphy, R.; Halgren, T.; Klicic, J.; Mainz, D.; Repasky, M.; Knoll, E.; Shelley, M.;
Perry, J.; et al. Glide: A New Approach for Rapid, Accurate Docking and Scoring. 1. Method and Assessment
of Docking Accuracy. J. Med. Chem. 2004, 47, 1739–1749. [CrossRef]

43. Bochevarov, A.D.; Harder, E.; Hughes, T.F.; Greenwood, J.R.; Braden, D.A.; Philipp, D.M.; Rinaldo, D.;
Halls, M.D.; Zhang, J.; Friesner, R.A. Jaguar: A High-Performance Quantum Chemistry Software Program
with Strengths in Life and Materials Sciences. Quantum Chem. 2013, 113, 2110–2142. [CrossRef]

44. Banks, J.L.; Beard, H.S.; Cao, Y.; Cho, A.E.; Damm, W.; Farid, R.; Felts, A.K.; Halgren, T.A.; Mainz, D.T.;
Maple, J.R.; et al. Integrated Modeling Program, Applied Chemical Theory (IMPACT). J. Comput. Chem.
2005, 26, 1752–1780. [CrossRef]

45. Garvie, E.I. Leuconostoc oenos sp.nov. J. Gen. Microbiol. 1967, 48, 431–438. [CrossRef]
46. Dicks, L.; Dellaglio, F.; Collins, M.D. Proposal To Reclassify Leuconostoc oenos as Oenococcus oeni [corrig.]

gen. nov., comb. nov. Int. J. Syst. Bacteriol. 1995, 45, 395–397. [CrossRef]
47. De Man, J.C.; Rogosa, M.; Sharpe, M.E. A Medium for the Cultivation of Lactobacilli. J. Appl. Bacteriol. 1960,

23, 130–135. [CrossRef]
48. Gibson, D.G.; Young, L.; Chuang, R.-Y.; Venter, J.C.; Hutchison, C.A.; Smith, H.O.; Iii, C.A.H.; America, N.

Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat. Methods 2009, 6, 343–345.
[CrossRef]

Sample Availability: Samples of Oenococcus oeni (PSU-1, ATCC®BAA-331™) and Escherichia coli BL21 strain
transformed with plasmid pET28a are available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/2191-0855-2-19
http://dx.doi.org/10.1093/nar/gkh435
http://dx.doi.org/10.1093/bioinformatics/btl529
http://dx.doi.org/10.1016/j.bbapap.2015.04.015
http://dx.doi.org/10.1021/acs.biochem.9b00735
http://dx.doi.org/10.1007/s10822-007-9133-z
http://dx.doi.org/10.1002/jcc.20222
http://dx.doi.org/10.1021/jm0306430
http://dx.doi.org/10.1002/qua.24481
http://dx.doi.org/10.1002/jcc.20292
http://dx.doi.org/10.1099/00221287-48-3-431
http://dx.doi.org/10.1099/00207713-45-2-395
http://dx.doi.org/10.1111/j.1365-2672.1960.tb00188.x
http://dx.doi.org/10.1038/nmeth.1318
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Calorimetric Determination of Malic acid Binding Energies to Malolactic Enzyme 
	Sequence Similarity Networks of Malolactic Enzyme Family 
	Phylogenetics of Malolactic Enzyme Family 
	Structural Modeling of the Malolactic Enzyme 
	Molecular Docking of Substrates of Malolactic Enzyme 

	Discussion 
	Materials and Methods 
	Analysis of Sequences and Construction of Phylogenetic Tree 
	Protein Modeling 
	Template Selection 
	Modeling of Malolactic Enzyme 
	Ligand Preparation 
	Quantum Polarized Ligand Docking (QPLD) 
	Molecular Dynamics Simulation (MD) 

	Cloning and Expression of Recombinant Malolactic Enzyme 
	Microorganisms, Plasmids, and Media 
	Construction of the MLE Expression Vector 
	Expression and Purification of Recombinant Malolactic Enzyme of O. oeni 

	Calorimetric Characterization 

	Conclusions 
	References

