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Abstract: Biogenic amines (BAs) are produced by microbial decarboxylation in various foods. His-
tamine and tyramine are recognized as the most toxic of all BAs. Applying degrading amine enzymes
such as multicopper oxidase (MCO) is considered an effective method to reduce BAs in food sys-
tems. This study analyzed the characterization of heterologously expressed MCO from L. sakei LS.
Towards the typical substrate 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), the
optimal temperature and pH for recombinant MCO (rMCO) were 25 ◦C and 3.0, respectively, with
the specific enzyme activity of 1.27 U/mg. Then, the effect of different environmental factors on the
degrading activity of MCO towards two kinds of BAs was investigated. The degradation activity
of rMCO is independent of exogenous copper and mediators. Additionally, the oxidation ability of
rMCO was improved for histamine and tyramine with an increased NaCl concentration. Several food
matrices could influence the amine-oxidizing activity of rMCO. Although the histamine-degrading
activities of rMCO were affected, this enzyme reached a degradation rate of 28.1% in the presence of
surimi. Grape juice improved the tyramine degradation activity of rMCO by up to 31.18%. These
characteristics of rMCO indicate that this enzyme would be a good candidate for degrading toxic
biogenic amines in food systems.

Keywords: Lactobacillus sakei; biodegradation; multicopper oxidase; food matrices; biogenic amines

1. Introduction

Biogenic amines (BAs) are produced by microbial decarboxylation of free amino
acids in various protein-rich foods, fermented foods, and beverages [1]. It is proven that
consuming foods containing high amounts of BAs may cause toxicological reactions [2].
The most toxic BAs are histamine and tyramine, which also show synergistic toxicity [3].
Thus, the content of histamine and tyramine in foods must be controlled. The application
of degrading amine enzymes is considered an effective method that demonstrates a more
negligible effect on the nutrition and flavor of the food products [4].

Multicopper oxidases (MCO) exist in fungi, plants, and bacteria and catalyze the
oxidation of many substrates, such as amines and aromatic compounds. Recently, MCO
has received much attention due to its wide range of applications, such as degrading
harmful substances and eco-friendliness (only releasing water as a byproduct) [5]. Several
researchers have demonstrated the BAs degradation abilities of MCOs from species such
as Bacillus amyloliquefaciens and Enterococcus spp. Given the importance of the application
of MCOs, researchers should explore more novel enzymes from different species. Lactic
acid bacteria (LAB) are essential sources of the BAs-degrading enzymes [6]. MCO from
Lactobacillus, Enterococcus, or Pediococcus species can degrade different BAs [7,8]. Some
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MCOs degrade BAs in the presence of ABTS as the mediator [9]. However, the use of such
enzymes in the food system is still limited because the food matrices are complex. MCOs
should keep their ability at different environmental conditions, such as temperature, pH
values, presence of inhibitors, etc.

Previously, a strain of Lactobacillus sakei LS was isolated from the fermented food and
could degrade histamine and tyramine. This study aims to express the MCO from this L.
sakei LS strain heterologously. The characteristics of expressed MCO were then investigated
further, with the effects of ethanol, NaCl, and food matrix on MCO’s ability to degrade
histamine and tyramine being investigated. This study will provide a potential candidate
for the degradation of BAs in food systems.

2. Materials and Methods
2.1. Strains, Reagents, and Materials

E. coli DH5α and E. coli BL21 (DE3) were provided by Tiangen Biochemical Technology
Co., Ltd. (Beijing, China). Lactobacillus sakei LS was isolated from a kind of fermented
fish product [10]. TaKaRa MiniBEST Bacteria Genomic DNA Extraction Kit Ver.3.0, DNA
Ligation Kit Ver.2.1, PrimeSTAR® Max DNA Polymerase, enzymes (SacI and XhoI) and DNA
markers for molecular cloning were obtained from Takara Bio Inc. (Dalian, China). Copper
chloride (CuCl2), isopropyl-β-D-thiogalactopyranoside (IPTG), histamine, and tyramine
were purchased from Aladdin Company (Shanghai, China). Nickel-chelating nitrilotriacetic
acid (Ni-NTA) agarose gel was purchased from Shanghai Yuanye Biotechnology Co.,
Ltd. (Shanghai, China). Various kits (SanPrep Column Plasmid Mini-Preps Kit, SanPrep
Column DNA Gel Extraction Kit, SanPrep Column PCR Product Purification Kit), 2,2
-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were purchased from Sigma
(Shanghai, China). Kanamycin was purchased from Shenggong Bioengineering Co., Ltd.
(Shanghai, China). A protein marker was purchased from Biyuntian Biotechnology Co.,
Ltd. (Shanghai, China). LB medium was purchased from Qingdao Haibo Biotechnology
Co., Ltd. (Qingdao, China). All other chemicals and reagents were analytical grade. Fish,
tofu, and grape juice were purchased from the local market (Dalian, China).

2.2. Cloning and Heterologous Expression of the MCO Gene

PCR analysis was performed by amplifying the MCO gene of Lactobacillus sakei us-
ing the forward primer 5′-TTCGAGCTCATGAAAACCTATACGGACT-3′ and the reverse
primer 5′-GTGCTCGAGCATTTTCATTCCCATTTT-3′. Recognition sites for SacI and XhoI
endonucleases are indicated in underline. PCR was carried out using PrimeSTAR Max
DNA polymerase under the following conditions: initial denaturation (95 ◦C for 3 min),
32 cycles of denaturation (95 ◦C for 0.5 min), primer annealing (55 ◦C for 0.5 min), and
extension (72 ◦C for 1.5 min). Finally, reactions were completed with a 10 min elongation
time at 72 ◦C followed by cooling to 4 ◦C. The product was purified by the SanPrep Column
PCR Product Purification Kit following the manufacturer’s instructions. After double
digestion with SacI and XhoI, the purified product was ligated into the linearized plasmid
pET-28a to construct the recombinant plasmid pET-28a-LS. This recombinant plasmid was
amplified in E. coli DH5α after heat shock transformation. After transforming pET-28a-LS
into E. coli BL21 (DE3), the recombinant multicopper oxidases (rMCO) with a 6 × His-tag
were heterologously expressed in E. coli BL21 (DE3). Briefly, positive E. coli transformed
cells were cultured at 37 ◦C in LB medium supplemented with kanamycin (50 µg/mL)
under shaking conditions (200 rpm). When the OD600 was 0.6–0.8, the culture was supplied
with 0.1 mM IPTG and 1 mM CuCl2 (final concentration) to induce the expression of rMCO
protein at 16 ◦C for 200 rpm for 20 h.

2.3. Purification of rMCO

The centrifugally (10,000× g, 4 ◦C, 10 min) collected cells were resuspended in 20 mM
phosphate buffer (pH 7.0) containing 0.5 mg/mL lysozyme and kept on ice for 30 min. After
that, the samples were repeatedly frozen and thawed three times to destroy the cells. The
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lysate was centrifuged (10,000× g, 4 ◦C, 10 min), and the supernatant was collected and
loaded into the nickel-chelating nitrilotriacetic acid (Ni-NTA) agarose gel column. The column
was previously equilibrated with the buffer solution (20 mM phosphate, 500 mM NaCl,
20 mM imidazole, pH 7.4). Then, rMCO was eluted with an imidazole solution (20 mM
phosphate, 500 mM NaCl, 300–500 mM imidazole, pH 7.4). The fractions were collected and
ultrafiltered. The molecular weight and purity of rMCO were analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). With bovine serum protein as the
standard, the protein concentration of the sample was determined by the Bradford method.

2.4. rMCO Activity Assay

The enzyme activity of rMCO was determined according to a previously published
protocol [11]. In brief, the samples were mixed with 0.1 M citrate-phosphate buffer (pH 3)
containing 0.5 mM ABTS and incubated at 25 ◦C for 3 min. ABTS oxidation was determined
by the change of absorbance at 420 nm (ε420 = 36,000 M−1 cm−1). One unit of enzyme
activity was defined as the amount of enzyme required to oxidize 1 µmol ABTS per minute
under the above conditions.

ABTS was used as a substrate in the following characterization experiments. The
enzymatic reaction was performed in 0.1 M citrate-phosphate buffer (pH 2.2–8.0) and
glycine-sodium hydroxide buffer (pH 9.0–10.0) to determine the optimal reaction pH. The
optimum reaction temperature was evaluated from 20 to 90 ◦C. The relative enzyme activity
was calculated with a maximum enzyme activity of 100%. The effect of metal ions, potential
inhibitors, and organic reagents on the activity of rMCO was assayed by determining the
relative activity of the enzyme in the reaction system containing individual effectors. The
enzyme activity measured without any of the effectors was considered 100%.

2.5. Amine-Oxidizing Activity of rMCO

The catalytic activity of rMCO towards histamine and tyramine under different condi-
tions was studied at 25 ◦C for 24 h. In the reaction system, the concentration of histamine
and tyramine was 100 mg/L. Different enzymatic reaction conditions include enzyme
concentration (7, 17, 33, 66, and 132 U/L, pH 7), ethanol concentration (0, 10, 15, 20%,
v/v, pH 7), and NaCl concentration (0, 2, 4, 6, 8, 10%, m/v, pH 4 and 7). Except for the
experiment evaluating enzyme concentration dependence, the dose of enzyme added to
other reactions was 33 U/L.

The amine-oxidizing activity of rMCO in the food matrix system was further inves-
tigated. The reaction system containing surimi (pH 7) was 0.16 g/mL mackerel surimi,
100 U/L rMCO, 200 mg/L histamine, 50 mg/L tyramine, and 6% NaCl. The mixture
reacted at 15 ◦C for 24 h. The reaction system containing tofu (pH 7) contained 0.16 g/mL
tofu surimi, 100 U/L rMCO, 200 mg/L histamine, 200 mg/L tyramine, and 6% NaCl. The
mixture reacted at 30 ◦C for 24 h. The third reaction system (pH 4) was comprised of 26%
(v/v) pure grape juice, 100 U/L rMCO, 50 mg/L histamine, 50 mg/L tyramine, and 10%
ethanol. The mixture reacted at 30 ◦C for 24 h.

After the reaction, the residual amine concentration was detected by the ultra-performance
liquid chromatography-mass spectrometry (UPLC-MS) method [12]. The reaction mix-
tures without enzymes under the same conditions were used as negative controls. All
experiments were repeated three times.

3. Results and Discussion
3.1. Sequence Analysis and Heterologous Expression of the rMCO Gene from L. sakei Ls

Using BAs-degrading enzymes is a promising method to reduce BAs content in food
systems. In a previous study, our lab isolated a BAs degrading strain, L. sakei LS, from
fermented fish products [10]. The gene encoding MCO was amplified with the genome
of L. sakei as the template (Figure 1a). Sequence analysis indicated the length of the PCR
product consisted of 1530 nucleotides, encoding a protein containing 510 amino acids with
a predicted molecular weight of 58 kDa. Then, the MCO gene was cloned into the pET-28a
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expression vector and transformed into E. coli BL21 (DE3). SDS-PAGE analysis of E. coli
BL21 cell lysates and the purified recombinant MCO (rMCO) are presented in Figure 1b.
The rMCO was purified to homogeneity, exhibiting a single band. The purified protein
showed a blue color in the solution, similar to other MCOs [7].
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Figure 1. (a) Multicopper oxidase (MCO) gene amplification. Lane M, molecular weight markers
(100–2000 bp); lanes 1–2: PCR amplification of L. sakei Ls to detect genes encoding MCOs; and lanes
3–4: PCR amplification of recombinant E. coli BL21(DE3) to detect genes encoding MCOs. (b) Analysis
of the molecular weight of expressed and purified rMCO by SDS-PAGE (Lane M: protein marker;
Lane 1: crude protein of E. coli BL21 lysate; Lane 2: purified rMCO. Black arrow: band of rMCO).

The sequence of MCO from L. sakei LS displayed a high homology with the MCOs
from other lactic acid bacteria (LAB) species, showing about 80.88% identity at the amino
acid level (Figure 2). The MCO from L. sakei contains four copper ligand motifs, HXH,
HXH, HXXHXH, and HCHXXXH, which are highly conserved in the MCO family [13].
The fourth motif is related to the enzyme active site T1Cu responsible for the preliminary
oxidation of substrates, in which the function of the Cys445 residue is critical.
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The predicted 3D structure of rMCO is presented in Figure 3, using the MCO from Pe-
diococcus pentosaceu as a template for homology modeling. The monomeric rMCO contains
three cupredoxin-like domains. These results indicate that this study’s recombinant enzyme
heterologously expressed is a typical MCO that could potentially degrade biogenic amines.
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3.2. Enzymatic Characterization of rMCO

ABTS was used as the typical substrate to evaluate the enzymatic characteristics of
MCO. In this study, the effect of pH and temperature on the catalytic activity of rMCO
towards ABTS was investigated and presented in Figure 4. The highest oxidation activity of
rMCO was found at pH 3.0 and 25 ◦C. Under this optimum condition, the specific activity
of the purified rMCO was around 1.27 U/mg. The optimum condition was different
from other bacterial MCOs. For example, the laccase from Bacillus velezensis TCCC 111904
exhibited maximal activity at pH 5.5 and 80 ◦C [11]. The laccase from Fusarium oxysporum
HUIB02 exhibited maximal activity at pH 3.5 and a temperature of 40 ◦C [14]. Overall,
the rMCO exhibited high activity under acidic conditions. Furthermore, it retained good
catalytic ability over a wide temperature range from 20 to 60 ◦C. The rMCO has potential
applications in acidic food processing.
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Afterwards, the effects of some metal ions, enzyme inhibitors, and organic solvents on
the activities of rMCO were analyzed and presented in Table 1. Among all the metal ions,
Fe2+ and Fe3+ show a pronounced inhibition effect on the activity of rMCO. Significantly,
5 mM Fe2+ reduced the activity of rMCO to about 2.2%. In contrast, the enzymatic activity
of rMCO remained above 65% when the concentration of other metal ions increased to
5 mM. Interestingly, 0.5 mM Mg2+ even slightly enhanced the activity of rMCO. Although
MCOs from different species demonstrate remarkably different tolerance against various
metal ions, ferric ions often negatively affect enzyme activity [15]. Cu2+ is essential in the
MCO synthesis, while the MCO dependence from different strains on exogenous copper
varied. For example, copper dependence was observed in CueO from Escherichia coli but
not in CotA from Bacillus subtilis [16]. In this study, adding exogenous copper did not
significantly contribute to the rMCO activity. The independence of exogenous copper for
the rMCO indicated that this enzyme would be a good candidate for the application in food
systems. The effects of other potential inhibitors and organic solvents on rMCO activity are
also shown in Table 1. The enzymatic activity of rMCO was severely inhibited by SDS and
L-Cysteine at a low concentration, but not by EDTA. The reason that EDTA has little effect
on the enzyme activity may be related to the stability of the copper center of the enzyme [7].
Furthermore, the rMCO can maintain relatively high enzymatic activity in the presence of
the 1% organic solvent listed in Table 1. Additionally, it can still retain about 70.6% of its
activity in 10% ethanol, indicating that rMCO could work in wines.

Table 1. Effects of metal ions, inhibitors, or organic reagents on the activity of rMCO. Values are
means ± standard deviations of triplicate assays.

Metal Ions/Inhibitors/Organic Reagents Concentration (mM/%) Relative Activity (%)

None - 100 ± 2.4
CuCl2 0.5 95.7 ± 2.4

5 68.1 ± 1.7
MgCl2 0.5 101.5 ± 3.4

5 75.9 ± 2.0
FeCl2 0.5 11.1 ± 0.8

5 2.2 ± 0.1
MnSO4 0.5 98.9 ± 2.7

5 103.1 ± 1.9
ZnCl2 0.5 95.9 ± 2.3

5 80.1 ± 1.5
KCl 0.5 101.2 ± 2.0

5 85.4 ± 2.1
CaCl2 0.5 98.8 ± 2.9

5 72.5 ± 1.8
FeCl3 0.5 96.6 ± 2.0

5 51.0 ± 1.2
NaCl 0.5 96.5 ± 2.9

5 79.3 ± 2.1
SDS 0.5 1.4 ± 0.1

5 0.3 ± 0.1
EDTA 0.5 100.0 ± 2.6

5 96.8 ± 2.9
L-Cysteine 0.5 22.2 ± 0.7

5 0.4 ± 0.1
Methanol 1% 94.4 ± 2.0

10% 80.6 ± 2.2
Ethanol 1% 97.2 ± 1.6

10% 70.6 ± 1.9
Isopropanol 1% 98.2 ± 2.3

10% 61.8 ± 2.5
Acetonitrile 1% 85.3 ± 1.9

10% 24.9 ± 0.6
Acetone 1% 101.9 ± 2.9

10% 41.2 ± 1.0
The concentration of organic solvent is the volume ratio. “-” means no metal ions, inhibitors, or organic
reagents added.
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3.3. Amine-Oxidizing Activity of rMCO

Histamine and tyramine are the two most toxic biogenic amines [17]. Therefore, the
amine-oxidizing activity of rMCO towards histamine and tyramine was studied. Firstly,
the degradation rates of histamine and tyramine increased with the concentration of
rMCO (Figure 5). The dependence of histamine on enzyme concentration was higher
compared to tyramine. When the concentration of rMCO increased, tyramine and histamine
degradation rates reached 41.24% and 65.5%, respectively. The catalytic ability of MCO
towards substrates is related to the substrate’s phenolic structure [18]. Although some
MCOs from LAB degrade tyramine only in the presence of the mediator ABTS [9], it is
noteworthy that the rMCO can degrade histamine and tyramine without mediators.
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The histamine- and tyramine-oxidizing activities of rMCO in the presence of ethanol
are explored. As shown in Figure 6, the efficiency of tyramine and histamine degradation
decreases as ethanol concentration increases. High organic solvent concentration typically
suppresses enzyme activity because the active catalytic conformation of the enzyme is
disrupted to some extent [19]. It is worth noting that when the ethanol concentration
is increased to 20%, rMCO can maintain 58.1% histamine-oxidizing activity and 82.64%
tyramine-oxidizing activity. The 20% ethanol concentration is higher than that of alcoholic
beverages, which varies between 12 and 16% [20]. As a result, rMCO has the potential to
be used to degrade BAs in alcohol products.
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Sodium salt is the most frequently used ingredient in protein-rich fermented products
that may contain a high level of BAs. Since highly concentrated NaCl is likely to inhibit
the enzyme activity, the effect of NaCl content on the amine-oxidizing efficiency of rMCO
was investigated in acidic and neutral environments. The variation in decomposition
rate is generated by the redox potential difference between a reducing substrate and the
type 1 copper of laccase (which correlates to the electron transfer rate and is favored for a
phenolic substrate by higher pH) [21]. As presented in Figure 7, the rMCO demonstrated
higher oxidation efficiency of histamine and tyramine in the neutral environment than
in the acidic environment. The optimum pH for BAs oxidation is inconsistent with the
optimal pH for ABTS oxidation, indicating that the optimal pH of rMCO is substrate
dependent. This phenomenon is because the conformation of enzyme proteins and the
redox potential of the enzyme will change due to the influence of the pH environment [21].
Meanwhile, the optimal pH value of rMCO for the oxidation of BAs is also different from
that of Lactobacillus plantarum, and the tyramine degradation rate of the latter reaches its
peak at pH 4 [7]. Even if highly conserved active sites are shared, the substrate ranges
and catalytic activity of enzymes from different species are quite different. This results
from a combination of factors, including partial structural features, the interaction of
copper ligands, and the restriction of protein folding [22]. The oxidation ability of rMCO
was improved for histamine and tyramine with the increased NaCl concentration, which
benefited from salt activation. The salt activation of multicopper oxidases was substrate
dependent. Furthermore, the MCOs from different sources have remarkably different
levels of tolerance towards NaCl [23]. The high salinity tolerance of rMCO would be
advantageous in treating various food systems that usually contain a high concentration
of NaCl.
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3.4. Effect of Food Matrix on the Amine-Oxidizing Activity of rMCO

In the previous section, rMCO performs well in degrading histamine and tyramine in
the buffer solution. However, the components in food are much more complex than those
in buffer solutions. Since the substrate range of MCO is broad, the substrate selectivity
of MCOs should be concerned with its application in food. Here, the effect of the food
matrix on the amine-oxidizing activity of rMCO was analyzed. Since BAs were mainly
detected in fermented foods, the histamine- and tyramine-oxidizing activities of rMCO
were determined by adding fish surimi, tofu, and grape juice to the catalytic solutions.
As shown in Figure 8, the highest histamine degradation rate of 28.1% is observed in
the catalytic system containing fish surimi, while the tyramine degradation rate is as low
as 3.15%.
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On the contrary, histamine was not degraded, and the tyramine degradation rate was
31.18% in the system with added grape juice. It is worth mentioning that histamine is the
most abundant and harmful BA in fermented fish products. The histamine oxidizing ability
of rMCO in fish surimi-containing systems proves that it has the value of application in the
fish production industry. Interestingly, the tyramine degradation efficiency of rMCO in the
grape juice system was better than that in the buffer solution. Free amino acids and small
molecular peptides in fish surimi are also potential MCO substrates, so the competition
may lead to the dispersion of enzyme activity [24]. The enhanced efficiency of rMCO
may be due to the small-molecular phenols in grape juice, such as proanthocyanidins,
chlorogenic acid, epicatechin, and gallic acid [25,26]. These small-molecular phenols can
act as mediators to aid rMCO in improving amine oxidation efficiency [5,27]. The tannic
acid rich in wine may become an obstacle to the practical application of rMCO. They may
interfere with substrate reduction or inhibit rMCO activity [28,29]. The degradation rate
of both amines in the tofu system is less than 10%, which may be related to monoamine
oxidase inhibitory peptides in tofu [30]. There may also be higher levels of calcium and
magnesium ions that may also have adverse effects [31]. The amine-oxidizing activity of
rMCO is not ideal in the simulated fermentation environment with a food matrix, but it still
shows the potential of the application. Future scientific research should be carried out to
improve the in-situ catalytic degradation of BAs with MCOs in food systems. In addition,
in future commercial applications, strains such as yeast and Bacillus subtilis could be chosen
to heterologously express MCOs.

4. Conclusions

LAB species are good sources of BA-degrading enzymes, such as MCOs, since this type
of bacteria could reduce BAs in different foods. In this study, the MCO gene of Lactobacillus
sakei was cloned and heterologously expressed. The optimal pH for catalytic efficiency
by the enzyme is related to the type of substrate: an acidic environment is required to
catalyze the typical substrate ABTS, and histamine and tyramine are catalyzed with high
efficiency in a neutral environment without mediators. This study first demonstrated that
the type of food matrix significantly affects the catalytic activity of this enzyme, because
MCO is capable of oxidizing a wide spectrum of substrates. Thus, there are probably
many competitive inhibitors in food. Additionally, food matrices rich in natural mediators
could facilitate the oxidative reactions. The design of tailor-made MCOs for different
foods will result in high-efficiency applications and lead to a deep understanding of the
catalytic mechanism.

Author Contributions: Conceptualization, X.W. and C.J.; methodology, X.W.; software, Y.Z.; valida-
tion, X.W. and Y.Z.; formal analysis, X.W.; investigation, Y.Z.; resources, Y.Z.; data curation, X.W.;



Foods 2022, 11, 3306 10 of 11

writing—original draft, X.W. and Y.Z.; writing—review and editing, X.W.; visualization, Y.C. and
X.L.; supervision, C.J.; project administration, H.L. and S.Z.; funding acquisition C.J. All authors have
read and agreed to the published version of the manuscript.

Funding: This research and APC was funded by the National Natural Science Foundation of China
(grant number 32072289) and the Foundation of the Educational Department of Liaoning Province
(grant number J2020045).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Spano, G.; Russo, P.; Lonvaud-Funel, A.; Lucas, P.; Alexandre, H.; Grandvalet, C.; Coton, E.; Coton, M.; Barnavon, L.; Bach, B.;

et al. Biogenic amines in fermented foods. Eur. J. Clin. Nutr. 2010, 64, S95–S100. [CrossRef] [PubMed]
2. Pegg, A.E. Toxicity of polyamines and their metabolic products. Chem. Res. Toxicol. 2013, 26, 1782–1800. [CrossRef] [PubMed]
3. Del Rio, B.; Redruello, B.; Linares, D.M.; Ladero, V.; Fernandez, M.; Martin, M.C.; Ruas-Madiedo, P.; Alvarez, M.A. The dietary

biogenic amines tyramine and histamine show synergistic toxicity towards intestinal cells in culture. Food Chem. 2017, 218,
249–255. [CrossRef] [PubMed]

4. Ni, X.; Chen, J.; Du, G.; Fang, F. Food-grade expression of multicopper oxidase with improved capability in degrading biogenic
amines. Syst. Microbiol. Biomanuf. 2021, 2, 285–295. [CrossRef]

5. Guan, Z.-B.; Luo, Q.; Wang, H.-R.; Chen, Y.; Liao, X.-R. Bacterial laccases: Promising biological green tools for industrial
applications. Cell. Mol. Life Sci. 2018, 75, 3569–3592. [CrossRef]

6. Guarcello, R.; De Angelis, M.; Settanni, L.; Formiglio, S.; Gaglio, R.; Minervini, F.; Moschetti, G.; Gobbetti, M. Selection of
Amine-Oxidizing Dairy Lactic Acid Bacteria and Identification of the Enzyme and Gene Involved in the Decrease of Biogenic
Amines. Appl. Environ. Microbiol. 2016, 82, 6870–6880. [CrossRef]

7. Callejón, S.; Sendra, R.; Ferrer, S.; Pardo, I. Cloning and characterization of a new laccase from Lactobacillus plantarum J16 CECT
8944 catalyzing biogenic amines degradation. Appl. Microbiol. Biotechnol. 2016, 100, 3113–3124. [CrossRef]

8. Li, B.; Wang, Y.; Xue, L.; Lu, S. Heterologous Expression and Application of Multicopper Oxidases from Enterococcus spp. for
Degradation of Biogenic Amines. Protein Pept. Lett. 2021, 28, 183–194. [CrossRef]

9. Olmeda, I.; Casino, P.; Collins, R.E.; Sendra, R.; Callejón, S.; Huesa, J.; Soares, A.S.; Ferrer, S.; Pardo, I. Structural analysis and
biochemical properties of laccase enzymes from two Pediococcus species. Microb. Biotechnol. 2021, 14, 1026–1043. [CrossRef]

10. Wang, S.; Han, J.; Zhang, J.B.; Lin, X.P.; Liang, H.P.; Li, S.J.; Dong, X.P.; Ji, C.F. Effects of Temperature on Bacterial Biodiversity and
Qualities of Fermented Yucha Products. J. Aquat. Food Prod. Technol. 2020, 29, 43–54. [CrossRef]

11. Li, T.; Huang, L.; Li, Y.; Xu, Z.; Ge, X.; Zhang, Y.; Wang, N.; Wang, S.; Yang, W.; Lu, F.; et al. The heterologous expression,
characterization, and application of a novel laccase from Bacillus velezensis. Sci. Total Environ. 2020, 713, 136713. [CrossRef]
[PubMed]

12. Zhang, J.; Hu, J.; Wang, S.; Lin, X.; Liang, H.; Li, S.; Yu, C.; Dong, X.; Ji, C. Developing and Validating a UPLC-MS Method with a
StageTip-Based Extraction for the Biogenic Amines Analysis in Fish. J. Food Sci. 2019, 84, 1138–1144. [CrossRef] [PubMed]

13. Tang, W.; Liu, H.; Zeng, X. Structural and functional study on cysteine 495, coordinating ligand to T1Cu site in multicopper
oxidase CopA. Chemosphere 2021, 281, 130807. [CrossRef] [PubMed]

14. Huy, N.D.; My Le, N.T.; Chew, K.W.; Park, S.-M.; Show, P.L. Characterization of a recombinant laccase from Fusarium oxysporum
HUIB02 for biochemical application on dyes removal. Biochem. Eng. J. 2021, 168, 107958. [CrossRef]

15. Wu, Y.-R.; Luo, Z.-H.; Kwok-Kei Chow, R.; Vrijmoed, L.L.P. Purification and characterization of an extracellular laccase from the
anthracene-degrading fungus Fusarium solani MAS2. Bioresour. Technol. 2010, 101, 9772–9777. [CrossRef] [PubMed]

16. Zeng, J.; Zhu, Q.; Wu, Y.; Lin, X. Oxidation of polycyclic aromatic hydrocarbons using Bacillus subtilis CotA with high laccase
activity and copper independence. Chemosphere 2016, 148, 1–7. [CrossRef]

17. Dewey-Mattia, D.; Manikonda, K.; Hall, A.J.; Wise, M.E.; Crowe, S.J. Surveillance for Foodborne Disease Outbreaks—United
States, 2009–2015. MMWR Surveill. Summ. 2018, 67, 1–11. [CrossRef]

18. Reiss, R.; Ihssen, J.; Richter, M.; Eichhorn, E.; Schilling, B.; Thöny-Meyer, L. Laccase versus laccase-like multi-copper oxidase: A
comparative study of similar enzymes with diverse substrate spectra. PLoS ONE 2013, 8, e65633. [CrossRef]

19. Wan, Y.-Y.; Lu, R.; Xiao, L.; Du, Y.-M.; Miyakoshi, T.; Chen, C.-L.; Knill, C.J.; Kennedy, J.F. Effects of organic solvents on the activity
of free and immobilised laccase from Rhus vernicifera. Int. J. Biol. Macromol. 2010, 47, 488–495. [CrossRef]

20. Cretin, B.N.; Dubourdieu, D.; Marchal, A. Influence of ethanol content on sweetness and bitterness perception in dry wines. LWT
2018, 87, 61–66.

21. Xu, F. Effects of redox potential and hydroxide inhibition on the pH activity profile of fungal laccases. J. Biol. Chem. 1997, 272,
924–928. [CrossRef] [PubMed]

http://doi.org/10.1038/ejcn.2010.218
http://www.ncbi.nlm.nih.gov/pubmed/21045859
http://doi.org/10.1021/tx400316s
http://www.ncbi.nlm.nih.gov/pubmed/24224555
http://doi.org/10.1016/j.foodchem.2016.09.046
http://www.ncbi.nlm.nih.gov/pubmed/27719906
http://doi.org/10.1007/s43393-021-00061-9
http://doi.org/10.1007/s00018-018-2883-z
http://doi.org/10.1128/AEM.01051-16
http://doi.org/10.1007/s00253-015-7158-0
http://doi.org/10.2174/0929866527666200616160859
http://doi.org/10.1111/1751-7915.13751
http://doi.org/10.1080/10498850.2019.1693464
http://doi.org/10.1016/j.scitotenv.2020.136713
http://www.ncbi.nlm.nih.gov/pubmed/32019046
http://doi.org/10.1111/1750-3841.14597
http://www.ncbi.nlm.nih.gov/pubmed/30990887
http://doi.org/10.1016/j.chemosphere.2021.130807
http://www.ncbi.nlm.nih.gov/pubmed/34022605
http://doi.org/10.1016/j.bej.2021.107958
http://doi.org/10.1016/j.biortech.2010.07.091
http://www.ncbi.nlm.nih.gov/pubmed/20716485
http://doi.org/10.1016/j.chemosphere.2016.01.019
http://doi.org/10.15585/mmwr.ss6710a1
http://doi.org/10.1371/journal.pone.0065633
http://doi.org/10.1016/j.ijbiomac.2010.07.003
http://doi.org/10.1074/jbc.272.2.924
http://www.ncbi.nlm.nih.gov/pubmed/8995383


Foods 2022, 11, 3306 11 of 11

22. Mate, D.M.; Alcalde, M. Laccase engineering: From rational design to directed evolution. Biotechnol. Adv. 2015, 33, 25–40.
[CrossRef] [PubMed]

23. Li, Z.; Jiang, S.; Xie, Y.; Fang, Z.; Xiao, Y.; Fang, W.; Zhang, X. Mechanism of the salt activation of laccase Lac15. Biochem. Biophys.
Res. Commun. 2020, 521, 997–1002. [CrossRef] [PubMed]

24. Steffensen, C.L.; Stensballe, A.; Kidmose, U.; Degn, P.E.; Andersen, M.L.; Nielsen, J.H. Modifications of amino acids during ferulic
acid-mediated, laccase-catalysed cross-linking of peptides. Free Radic. Res. 2009, 43, 1167–1178. [CrossRef]

25. Baiano, A. Phenolic compounds and antioxidant activity of experimental and industrial table grape juices. J. Food Process. Preserv.
2020, 44, e14655. [CrossRef]

26. Mohamedshah, Z.; Chadwick-Corbin, S.; Wightman, J.D.; Ferruzzi, M.G. Comparative assessment of phenolic bioaccessibility
from 100% grape juice and whole grapes. Food Funct. 2020, 11, 6433–6445. [CrossRef]

27. Calcaterra, A.; Galli, C.; Gentili, P. Phenolic compounds as likely natural mediators of laccase: A mechanistic assessment. J. Mol.
Catal. B Enzym. 2008, 51, 118–120. [CrossRef]

28. Terrón, M.C.; López-Fernández, M.; Carbajo, J.M.; Junca, H.; Téllez, A.; Yagüe, S.; Arana-Cuenca, A.; González, T.; González,
A.E. Tannic acid interferes with the commonly used laccase-detection assay based on ABTS as the substrate. Biochimie 2004, 86,
519–522. [CrossRef]

29. Vignault, A.; Pascual, O.; Jourdes, M.; Moine, V.; Fermaud, M.; Roudet, J.; Canals, J.-M.; Teissedre, P.-L.; Zamora, F. Impact of
enological tannins on laccase activity. OENO One 2019, 53, 27–38. [CrossRef]

30. Ying, F.; Lin, S.; Li, J.; Zhang, X.; Chen, G. Identification of monoamine oxidases inhibitory peptides from soybean protein
hydrolysate through ultrafiltration purification and in silico studies. Food Biosci. 2021, 44, 101355. [CrossRef]

31. Arii, Y.; Takenaka, Y. Initiation of protein association in tofu formation by metal ions. Biosci. Biotechnol. Biochem. 2014, 78, 86–91.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.biotechadv.2014.12.007
http://www.ncbi.nlm.nih.gov/pubmed/25545886
http://doi.org/10.1016/j.bbrc.2019.11.022
http://www.ncbi.nlm.nih.gov/pubmed/31727364
http://doi.org/10.3109/10715760903247215
http://doi.org/10.1111/jfpp.14655
http://doi.org/10.1039/D0FO00792G
http://doi.org/10.1016/j.molcatb.2007.11.023
http://doi.org/10.1016/j.biochi.2004.07.013
http://doi.org/10.20870/oeno-one.2019.53.1.2361
http://doi.org/10.1016/j.fbio.2021.101355
http://doi.org/10.1080/09168451.2014.877341
http://www.ncbi.nlm.nih.gov/pubmed/25036489

	Introduction 
	Materials and Methods 
	Strains, Reagents, and Materials 
	Cloning and Heterologous Expression of the MCO Gene 
	Purification of rMCO 
	rMCO Activity Assay 
	Amine-Oxidizing Activity of rMCO 

	Results and Discussion 
	Sequence Analysis and Heterologous Expression of the rMCO Gene from L. sakei Ls 
	Enzymatic Characterization of rMCO 
	Amine-Oxidizing Activity of rMCO 
	Effect of Food Matrix on the Amine-Oxidizing Activity of rMCO 

	Conclusions 
	References

