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Abstract

Bacterial tyrosinases, as in the case of other bacterial oxidative enzymes, have been found to possess biochemical char-
acteristics that typically make them more suited to applications requiring special operational conditions such as alkaline
pH, high or low temperature, the presence of organic solvents, and the presence of inhibitors. Even though a great deal is
known about fungal tyrosinases, bacterial tyrosinases still vastly remain underexplored for their potential application in
organic synthesis. A literature survey in particular highlights the gaps in our knowledge pertaining to their biochemical
properties. Bacterial tyrosinases have not only shown promise in the synthesis of medically important compounds such as
L-3,4-dihydroxyphenylalanine (L-DOPA) and melanin but have also seen application in cross-linking reactions of proteins
and the polymerization of environmental pollutants. Their ability to catalyse o-hydroxylation reactions have shown some
degree of promise in the biocatalytic conversion of resveratrol to piceatannol, tyrosol to hydroxytyrosol, and many more.
In this review, we will explore the world of bacterial tyrosinases, their current applications, and future perspectives for the

application of these enzymes in organic synthesis.
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Introduction

Tyrosinases (EC 1.14.18.1) are type-3 copper-containing
monooxygenases known to catalyze two types of reactions:
the o-hydroxylation of phenols to catechols (monophe-
nolase activity) and subsequent oxidation of catechols to
o-quinones (diphenolase activity) in the presence of molecu-
lar oxygen (Fig. 1 ) (Claus and Decker 2006; Faccio et al.
2012). Furthermore, the non-enzymatic polymerization of
the active quinones results in melanin formation as seen in
skin, hair colouration, as well as browning in fruit and veg-
etables. Moreover, tyrosinases are responsible for wound
healing in plants and the melanin produced by bacteria, pro-
tection of DNA from UV damage and other environmental
stresses (Sanchez-Ferrer et al. 1995; Claus and Decker 2006;
Fairhead and Thony-Meyer 2011; Faccio et al. 2012). Due to

P4 Marilize Le Roes-Hill
LeroesM @cput.ac.za

Mayowa Agunbiade
AgunbiadeM @cput.ac.za

Applied Microbial and Health Biotechnology Institute,
Cape Peninsula University of Technology, PO Box 1906,
7535 Bellville, South Africa

Published online: 24 November 2021

their protective abilities, it is not surprising that tyrosinases
have been isolated from various sources such as animals,
plants, fungi, and bacteria (Gasparetti et al. 2010; Roy et al.
2014; Le Roes-Hill et al. 2015; Harir et al. 2018). The tyrosi-
nase produced by Agaricus bisporus (the common white but-
ton mushroom) has been widely explored in biotechnology
mainly because of its commercial availability (Fairhead and
Thony-Meyer 2011). However, its low solvent stability and
low temperature fluctuation tolerance have demanded the
need for alternative tyrosinases that can be used as a sub-
stitute in biocatalysis reactions (Fairhead and Thony-Meyer
2011; Subrizi et al. 2014).

Bacterial tyrosinases

Studies focused on bacterial tyrosinases, where sequence
data and/or biochemical data and applications are provided,
have been reported for only a limited number of bacterial
genera: Aeromonas, Bacillus, Burkholderia, Marinomonas,
Nitrosopumilus, Pseudomonas, Ralstonia, Rhizobium,
Shewanella, Stenotrophomonas, Streptomyces, Verrucomi-
crobium (Table 1). It is interesting to note that the pro-
ducer-strains were all isolated from diverse environments,
including soil, a termite mound, rock, seawater, a marine
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Fig.1 The monophenolase and diphenolase reaction catalysed by tyrosinase. Non-enzymatic oxidation of dopaquinone results in the formation
of dopachrome and ultimately, polymerization results in the formation of melanin

metagenome, root nodules, a legume, oyster (Crassostrea
virginica), and freshwater eutrophic habitats. The first bacte-
rial tyrosinases were isolated from Streptomyces glaucescens
(Lerch and Ettlinger 1972) and Streptomyces nigrifaciens
(Nambudiri et al. 1972), but the validation of the enzyme
produced by the latter strain as a true tyrosinase is yet to be
confirmed (Fairhead and Thony-Meyer 2010, 2011). Many
more publications report on the production of tyrosinases
from bacterial strains, but without corresponding sequence
information. Conversely, some studies report the presence
of a tyrosinase (e.g., based on mRNA studies or genomic
studies), but without any corresponding biochemical data.
The existence of such incomplete data sets makes it difficult
to evaluate the distribution of this important oxidoreductase
among bacteria.

Fairhead and Thony-Meyer (2011) broadly grouped bac-
terial tyrosinases into five groups based on their sequence-
structure properties (Fig. 2). Type I include the strepto-
mycete tyrosinases that require the presence of a caddie
protein. The streptomycete tyrosinase bicistronic operon
contains two genes known as melC1 and melC2. The struc-
tural gene, melC2, encodes for an inactive apotyrosinase
(30-35 kDa in size) which requires the assistance of MelCl
(helper protein/chaperone; 13—19 kDa in size) for its secre-
tion and activation (Claus and Decker 2006). The MelC1
caddie protein aids with the incorporation of copper atoms
into the active site of MelC2, thereby forming a complex
with MelC2. Since MelC1 contains a twin arginine translo-
cation (TAT) signal peptide sequence, it further facilitates
the export of the enzyme in its active form through the TAT
pathway (Yang and Chen 2009) Chen et al. (1992) proposed
two potential models for the activation of the apotyrosinase.

@ Springer

In Model 1, the presence of histidines in MelC1 may be
responsible for the binding of copper. Binding of MelC1
with MelC2 then allows for the incorporation of the cop-
per while at the same time MelCl1 acts as a helper protein/
molecular chaperone to allow for correct folding of MelC2.
Alternatively, Model 2 proposes that MelCl is only involved
in the correct folding of the apotyrosinase, which then allows
for copper incorporation to take place. Although Chen et al.
(1992) proposed that MelCl1 is later released from the com-
plex and is not required for tyrosinase activity, it has since
been shown through structural data that MelC1 plays a key
role in the co-ordination of copper in the active, extracellular
tyrosinase (for example see Fig. 3A). Yang and Chen (2009)
also showed the existence of a melD1/melD2 bicistronic
gene cluster, which encodes for an intracellular tyrosinase
responsible for protecting the producer strain against plant
phenolics. Similarly, another melC1/melC2 homologous
pair, griE/griF, has been detected in Streptomyces griseus,
where it plays a role in the synthesis of the antibiotic grixa-
zone (Suzuki et al. 2006).

Type II tyrosinases are similar to the streptomycete
tyrosinases, but do not require a caddie protein for their
secretion (e.g. the Bacillus megaterium tyrosinase). Type
IIT tyrosinases contain a C-terminal extension that needs to
be removed in order to activate the enzyme. These tyrosi-
nases therefore share similar features to fungal tyrosinases,
with the tyrosinase from Verrucomicrobium spinosum being
one such example. Type IV tyrosinases are much smaller in
size and are only active in a homodimer form (e.g. Bacil-
lus thuringensis), while Type V tyrosinases contain multi-
functional polyphenol oxidases, which seem to exhibit both
tyrosinase and laccase-like activities (e.g. Marinomonas
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Caddy
protein

TYPE | [

Tyrosinase D TYPE Il [:l

TYPE IV

[Tyrosinase I | Tyrosinase D

Tyrosinase I I TYPE 1l u

C-terminal
tail

Tyrosinase I
Dual function:
MCO/Tyrosinase

TYPE V

ICuA ICuB |OZ

Fig.2 Arbitrary assigned classification/grouping of bacterial tyrosi-
nases as described by Fairhead and Thony-Meyer (2011). CuA and
CuB bands represent the presence of the copper binding motifs found

in tyrosinases, while the O, band serves as an indicator for the oxygen
binding site. MCO multicopper oxidase

Fig.3 Structural features of bacterial tyrosinases showing the co-
ordination of the copper atoms as well as the structure of the active
enzymes. A: Streptomyces castaneoglobisporus (PDB: 2ZMX)
(Matoba et al. 2006); B: Streptomyces avermitilis (PDB: 6J2U;
unpublished) (copper substituted with zinc); C: Bacillus megaterium
(PDB: 3NMS) (Sendovski et al. 2011); D: Pseudomonas aeruginosa
(PDB: 6RRQ) (Wibowo et al. 2020); and E: Burkholderia thailan-
densis (PDB: 5ZRE) (Son et al. 2018). Images were created using

mediterranea). The classification of Types IV and V as
tyrosinases are therefore in question since they do not share
the ‘typical’ structural features of tyrosinases such as the
presence of the binuclear type-3 copper center, but merely
exhibit the ‘typical’ biochemical features of tyrosinases (e.g.
the ability to utilize L-tyrosine as a substrate, a feature that
other related oxidoreductases such as laccases, do not share)
(Fairhead and Thony-Meyer 2011).

The binuclear type-3 copper center of tyrosinases con-
sists of two copper atoms (CuA and CuB) which are coor-
dinated by conserved histidine residues and make up the
active site — a feature shared by all tyrosinases (except Types
IV and V as shown in Figs. 2, 3) (Huber and Lerch 1988).
The CuA binding motif shared by bacterial tyrosinases has

Mol* (Sehnal et al. 2018) and obtained from the RCSB PDB. Pro-
tein chains are represented in ribbon format. For images A and B, the
green ribbons represent the apotyrosinase that requires activation by
the caddie protein (represented in orange-brown); for images C and
D the colour differentiation shows the crystallisation of the proteins
in homo-dimeric form; while for image E, the single colour indicates
that the protein crystallised in monomeric form

a signature sequence of H-Xn-H-X8-H, while the CuB sig-
nature sequence motif is H-X3-H-Xn-H, where Xn repre-
sents a set of undefined amino acids (Faccio et al. 2019). To
date, only a few bacterial tyrosinase structures have been
elucidated, and include those of Streptomyces castaneo-
globisporus (Matoba et al. 2006), Streptomyces avermitilis
(unpublished; PDB: 6J2U), B. megaterium (Sendovski et al.
2011), Pseudomonas aeruginosa (Wibowo et al. 2020), and
Burkholderia thailandensis (Son et al. 2018). The co-ordina-
tion of the two copper atoms can be seen in all the structures
elucidated to date, and the importance of the caddie protein
in the formation, co-ordination, and stabilization of these
copper atoms in streptomycete tyrosinases, can also be seen
(Figs. 3A, B).
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Based on structural studies, it is predicted that during
substrate oxidation, the enzyme active site can exist in one of
three oxidative states: oxy, met, and deoxy. In the oxy state,
the two copper ions are bridged by dioxygen, resulting in
a peroxide linkage, and allows for the deprotonation of the
monophenolic substrate, ultimately resulting in the ortho-
hydroxylation of the substrate. Reaction with the substrate
converts the enzyme into the met form, which in turn is con-
verted to the deoxy form when oxidation of the diphenolic
compound occurs (the two-electron reduction reaction).
Once the deoxy form binds dioxygen, it is restored to the
oxy state (Agarwal et al. 2019; Faccio et al. 2019; Hamann
et al. 2017). The enzyme is required to be in the oxy state
to allow for the monophenol monooxygenase type reaction,
whereas the met and oxy forms are required for diphenolase
activity (met tyrosinase is unable to hydroxylate monophe-
nols) (Fig. 4) (Agarwal et al. 2019; Hamann et al. 2017).

Production of bacterial tyrosinases

For bacterial tyrosinases to be a potential replacement for
the commercially available mushroom tyrosinase, one of the
obstacles that needs to be overcome, is their large-scale pro-
duction. The first description of the production of mushroom
(A. bisporus) tyrosinase showed a reproducible yield of
21.6 mg/ml purified tyrosinase (from 10.9 kg of mushroom,;
Kertesz and Zito 1965). However, it is a convoluted process
requiring multiple steps of acetone and ammonium sulphate
precipitation and fractionation, purification with calcium
acetate, and Sephadex G-100 chromatography (Kertesz and
Zito 1965). It has been well established that various factors

including the DNA of microorganisms, medium composi-
tion, pH, temperature, inducers, copper (essential metal
cofactor), and inhibitors contribute immensely to tyrosinase
production in bacteria (Faccio et al. 2012). For most bac-
terial tyrosinases, it is yet to be determined whether their
tyrosinases are constitutively expressed or whether they
are inducible (Popa and Bahrim 2011) — aspects which are
important when making use of the native strain for expres-
sion of the enzyme. Some bacteria such as streptomycetes
and selected bacilli have the potential to produce tyrosinases
extracellularly, which are synthesized intracellularly before
their transportation and secretion into the growth medium
(Baumann et al. 1976). Tyrosinase production by S. glauce-
scens was induced by L-phenylalanine, L-methionine, and
L-leucine, while the addition of L-tyrosine had no effect
(Baumann et al. 1976). Tyrosinase production by Streptomy-
ces antibioticus was induced by the presence of L-methio-
nine, copper sulphate and D-glucose (Katz and Betancourt
1988). Furthermore, the tyrosinase produced by Streptomy-
ces cyaneofuscatus was cultured in modified phenoxazinone
production medium (MPPM), supplemented with chloro-
form and copper sulphate as inducers (Harir et al. 2018).
Similarly, Streptomyces polyantibioticus strain SPRT and
Streptomyces pharetrae strain CZA 14T were cultured in the
same complex medium (MPPM) and the addition of copper
sulphate resulted in the induction of tyrosinase production
in both strains, while L-methionine led to a weak effect on
tyrosinase production (Le Roes-Hill et al. 2015). In contrast,
tyrosinase produced by Streptomyces kathirae attained its
optimum production when grown in high concentration of
yeast extract (37 g/L), salts (NaCl and CaCl,), amylodextrin
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Fig.4 Proposed catalytic reaction for tyrosinases which results in the
formation of the three oxidative states of the enzyme active site, oxy,
met, and deoxy, which results in the ortho-hydroxylation of monophe-
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(carbon source) and copper sulphate as an inducer (Guo
et al. 2014). Even though it is clear that potential precursor
amino acids and the metal co-factor, copper, act as inducers,
the triggers and cues for the overproduction of tyrosinases
from native strains remains an aspect that re-quires further
investigation.

Many attempts have been made to produce tyrosinases
by overexpressing bacterial tyrosinases in bacterial hosts.
Recombinant strains offer the possibility of an enhanced
protein production level, better growth, and improved pro-
ductivity when compared to non-recombinant production
systems. The bicistronic nature of the tyrosinases produced
by streptomycetes often provide some challenges. However,
there have been a few success stories. Streptomyces cas-
taneoglobisporus tyrosinase was expressed in a complex
with its caddie protein, ORF378, in E. coli (maximum yield
of 11 mg/L) (Kohashi et al. 2004) as well as in Strepto-
myces lividans (Ikeda et al. 1996). Streptomyces lividans
was also used as an expression host for tyrosinases from S.
antibioticus (Katz et al. 1983; Lee et al. 1988), S. glauces-
cens (Hintermann et al. 1985), and S. kathirae (Guo et al.
2015). The E. coli BL21 expression host was used to pro-
duce tyrosinase from Streptomyces sp. strain REN-21, result-
ing in the production of 54 mg/L of the enzyme aftera 16 h
incubation (Ito and Inouye 2005). For the expression of the
tyrosinase produced by S. antibioticus, P. fluorescens was
used as an expression host since it exhibited better benefits
over other bacterial hosts tested (Son et al. 2012). Some of
the features or characteristics it possesses over other hosts
includes the possibility of culturing in high-cell-density fer-
mentation (Chew et al. 2005), the presence of a TAT system
for the secretion of the tyrosinase, which could eliminate the
rigorous procedures of purifying streptomycete tyrosinase
from other intracellular proteins from lysed cells, and its
ability to utilize the well-documented ATP-binding cassette
(ABC) transporter system. Interestingly, extracellular tyrosi-
nase secretion levels were far higher in its non-natural trans-
lationally conjugated fusion protein form than in the natural
complex of two separate polypeptides (Ryu et al. 2019).
This study therefore showed the great potential of using P.
fluorescens as a stable expression host, obtaining a yield of
26 mg/L for a bacterial tyrosinase by exploiting the expres-
sion strain’s secretory machinery. The bicistronic nature
of the streptomycete tyrosinase encoding operon, has also
complicated expression. However, great success has been
achieved through the use of the pETDuet expression vec-
tor (Lee et al. 2015, 2016; Son et al. 2018), which was also
applied in the co-expression of the B. megaterium tyrosinase
and a P450 monooxygenase for the controlled production
of melanin (Park et al. 2020). Another expression system of
note, is the surface-displayed tyrosinase of B. megaterium
which was tethered to the cell surface of Bacillus subtilis
spores via the CotE anchor protein, resulting in enhanced

enzyme activity, stability, and reusability for application in
the conversion of genistein to orobol (Hosseini-Abari and
Tayebi 2019). Even though these reports are promising,
the protein yield is not always reported, making it difficult
to gauge progress in terms of protein yields (21.8 mg/ml)
obtained during the purification of A. bisporus tyrosinase.

Biochemical properties of bacterial tyrosinases

The successful application of bacterial tyrosinases in bio-
catalytic reactions requires an understanding of the bio-
chemical properties of the enzyme of interest. Important
aspects to consider include functionality under different pH
and temperature conditions, the ability to oxidize certain
substrates, and the effect of metal ions, inhibitors (includ-
ing reducing agents such as L-ascorbic acid) and organic
solvents on enzyme function. As such, it is interesting to
note that very few studies provide a full overview of the
biochemical properties of bacterial tyrosinases. To date,
there are only a few studies reported in the literature where
sequence data (partial or complete) have been provided
(Fuqua et al. 1991; Mercado-Blanco et al. 1993; Ikeda et al.
1996; Wang et al. 1999, 2000; Ito and Oda 2000; Lopez-
Serrano et al. 2002; Kohashi et al. 2004; Ito and Inouye
2005; Hernandez-Romero et al. 2005; Rodakiewicz-Nowak
and Ito 2005; Cabrera-Valladares et al. 2006; Laguna-Mufioz
et al. 2006; Suzuki et al. 2006; Shuster and Fishman 2009;
Wan et al. 2009; Fairhead and Thony-Meyer 2010; Sanchez-
Amat et al. 2010; Shuster Ben-Yosef et al. 2010; Jus et al.
2012; Lee et al. 2012, 2015, 2016, 2018; Chavez-Béjar
et al. 2013; Goldfeder et al. 2013; Molloy et al. 2013; Ren
et al. 2013; Faccio et al. 2014; Nadal-Jimenez et al. 2014;
Isaschar-Ovdat et al. 2015, 2016; Guo et al. 2015; Chiang
et al. 2016; Hosseini-Abari et al. 2016; Kim et al. 2016,
2018; Chiang et al. 2017; Isaschar-Ovdat and Fishman 2017,
Al Khatib et al. 2018; Axambayeva et al. 2018; Davis et al.
2018; Harir et al. 2018; Son et al. 2018; Hosseini-Abari and
Tayebi 2019; Tan et al. 2019; Winroth 2019; Deri-Zenaty
et al. 2020; Hosseini-Abari 2020; Park et al. 2020; Wibowo
et al. 2020; Wang et al. 2021). Of these studies, eight provide
information on the effect of metal ions, nine on the effect
of inhibitors, and five on the effect of organic solvents. The
latter is quite surprising considering the widespread use of
organic solvents not only in biocatalytic reactions, but also
by various industries, requiring enzymes that would be able
to function in the presence of organic solvents (Doukyu and
Ogino 2010). In contrast to their eukaryote counterparts,
bacterial tyrosinases have been shown to be stable in the
presence of organic solvents and are often also activated in
the presence of water-soluble organic solvents: the tyrosi-
nase produced by B. megaterium showed 170% relative
activity in the presence of 30% (v/v) dimethyl sulfoxide
(as compared to the reaction in an optimal buffer solution)
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(Shuster and Fishman 2009); the tyrosinase produced by
Streptomyces sp. REN-21 retained 44% of its activity in the
presence of 50% (v/v) ethanol, while a tyrosinase isolated
from a mushroom only exhibited 6% activity under the same
experimental conditions (Ito and Oda 2000); and the tyrosi-
nases produced by three streptomycete strains exhibited >
80% residual activity in the presence of 30% (v/v) methanol,
with enhanced activity observed for the tyrosinase produced
by S. polyantibioticus when incubated for 20 h at 4 °C in the
presence of 2-propanol (10%, v/v), ethanol (10-20%, v/v),
and methanol (10-20 %, v/v) (Le Roes-Hill et al. 2015; Harir
et al. 2018).

Bacterial tyrosinases are active across a wide pH range:
pH 5-11 (L-DOPA) and pH 5-9 (L-tyrosine) and tempera-
ture range: 22-70 °C (see Table 1). Typical substrates used
in these studies include L-DOPA, and L-tyrosine, with
D-tyrosine and o-aminophenol also being reported. Different
substrates oxidized by bacterial tyrosinases (in addition to
L-DOPA and L-tyrosine), include a range of phenolic com-
pounds: 3-hydroxyanthranilic acid, 4-methylcatechol, 4-fert-
butylcatechol, N-acetyl-L-tyrosine, caffeic acid, (+)-cate-
chin, (+)-catechin, catechol, chlorogenic acid, o-coumaric
acid, p-coumaric acid, p-cresol, epicatechin, p-hydroxyben-
zoic acid, orcin, phloroglucin, pyrogallol, resorcinol, res-
veratrol, tyramine, and L-tyrosine ethyl ester (Table 1). It
is due to their ability to oxidize phenolic molecules such
as these (as well as phenolic compounds associated with
proteins) that bacterial tyrosinases have proven potential for
biotechnological applications. For instance, the application
of tyrosinases in the production of L-DOPA, the bioreme-
diation of phenols and dyes, melanin production, cross-
linking reactions, synthesis of o-hydroxylated polyphenols,
and other applications (Lantto et al. 2007; Selinheimo et al.
2007; Nagatsua and Sawadab 2009; Martorell et al. 2012).
In the next section, we explore the current applications of
bacterial tyrosinases and reiterate the future perspectives for
the application of these enzymes in organic synthesis.

Tyrosinase
(monophenolase)

COOH

—_—
Hy 0,
HO

L-tyrosine

L-DOPA

Application of bacterial tyrosinases
in organic synthesis

L-3,4-dihydroxyphenylalanine production

L-DOPA is an amino acid analogue and a precursor to dopa-
mine and is typically employed in the treatment of Parkin-
son’s disease, a neurodegenerative disorder that is linked
with a compromised level of the neurotransmitter, dopa-
mine, in the brain (Xu and Pu 2016; Agarwal et al. 2019).
According to the survey conducted by the Global Burden of
disease center in 2013, Parkinson’s disease occurs in about
53 million people and has resulted in a high death rate glob-
ally. Furthermore, it has been reported that elderly people
suffer from this ailment with a manifestation of symptoms
associated with rigidity and tremor (Surwase et al. 2012a,
b). Based on the challenges associated with this ailment,
the demand and global market for L-DOPA have increased
tremendously to about 250 tons yearly (Min et al. 2015). To
meet these demands, Monsanto commercialized a chemical
process to produce L-DOPA. This chemical process occurs
under harsh conditions resulting in a low conversion rate and
poor enantioselectivity (Algieri et al. 2012). Alternatively,
L-tyrosine can serve as a precursor for L-DOPA, catalyzed
by tyrosinase (Fig. 5) (Algieri et al. 2012). However, this
approach is still hampered by low productivity (22.54 mg/L/
hr), a low conversion (10.2 + 0.03%), and low stability of
the catalyst, tyrosinase. To improve the level of production,
a tyrosinase with a high monophenolase to diphenolase
ratio would be required, and in order to improve stability,
the tyrosinase would have to be immobilized. To realise
this, the V. spinosum tyrosinase was co-expressed with a
polyhydroxyalkanoate (PHA) synthase gene, resulting in the
production of an in situ immobilized tyrosinase on PHA
nano-granules with the ability to synthesise L-DOPA (Tan
et al. 2019). Productivity of L-DOPA obtained in this study

Tyrosinase
(diphenolase)

HO COOH o COOH
—
mz 0, m
HO o
P —

Reducing agent
Such as ascorbic acid,
boric acid, glutathione,
NADH, etc.

L-dopaquinone

Fig.5 L-tyrosine conversion to L-DOPA as catalysed by tyrosinase. To prevent L-dopaquinone formation and subsequent polymerization, a

reducing agent is often employed (Algieri et al. 2012)
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was 148.70 mg/L/hr, with a conversion rate of the substrate,
L-tyrosine, of 90.62 %. In addition, the enzyme proved to be
stable after 8 cycles of repeated use, thereby presenting an
economically viable alternative to commercial processes for
L-DOPA production. The tyrosinases produced by Ralstonia
solanacearum (Davis et al. 2018) and Candidatus Nitros-
opumilus koreensis (Kim et al. 2016) with their high ratio
of monophenolase to diphenolase activity, could potentially
also find application in the production of L-DOPA and are
worth exploring in future studies.

Bioremediation of phenols and dyes

The discharge of untreated wastewater containing phenols
and dyes into the ecosystem poses a major health threat.
Hence, there is an urgent need to mitigate the negative
impact of the toxic compounds and their derivatives in the
environment. Phenolic compounds are usually found in
wastewaters of the pulp and paper, textile, dye, petroleum
refineries, resin, and plastics industries (Brasquet et al.
1999). Bacterial tyrosinases have been shown to have the
potential to remove micropollutants from the environment:
Bacillus thuringiensis tyrosinase removed 4-chlorophenol
(60% removal), phenol (80% removal), and 2,4-dichloro-
phenol (100% removal) in buffer solutions; S. antibioticus
tyrosinase removed 3-chlorophenol and 4-chlorophenol
in buffer solutions; while a sodium alginate encapsulated
Streptomyces espinosus tyrosinase removed 60% of phenol
in an aqueous solution within a 4 h incubation period (Ba
and Kumar 2017). The application of tyrosinases in biore-
mediation is based on their ability to oxidise compounds
that eventually result in polymerization (the same as what
happens during melanin formation). The polymers can either
be filtered or allowed to precipitate and can then be removed
from the aqueous environment.

Optimal remediation of toxic phenolic pollutants in
wastewaters can either be achieved with tyrosinase-pro-
ducing strains or with the enzyme in an immobilized state
(Jadhav et al. 2010; Saratale et al. 2011). The application
of immobilized tyrosinases in water treatment has proven
to exhibit excellent efficiency in terms of stability, reus-
ability, and extended viability (L6pez-Molina et al. 2003;
Kameda et al. 2006). In a study conducted by Abdollahi
et al. (2018), tyrosinase immobilized on magnetic iron oxide
nanoparticles efficiently removed 70% of a 2.5 g/L phenol
solution in synthetic wastewater at 35 °C and neutral pH.
Furthermore, 99% and 58% of phenol removal were main-
tained after the 3rd and 7th re-use cycle, respectively. Thus,
affirming the use of tyrosinase as a nano-biocatalyst that
can be applied in the removal of phenolic toxic pollutants.
Furthermore, the co-immobilization of tyrosinase and mag-
netic nanoparticles on graphene oxide, resulted in tyrosinase

aggregates that efficiently re-mediated phenol and bisphenol
A in water. The result revealed optimum removal efficiency
of 98 % of phenol within 39 h and 74.5 % of bisphenol A
within 2 h. In addition, over 56% of the initial activity of the
enzyme aggregates was maintained after reusing in phenol
remediation for five times, thereby validating the potential
of the enzyme in phenol removal in wastewater (Liu et al.
2016). The application of laccases and peroxidases in dye
decolourization are well-established (Lonappan et al. 2017;
Sun et al. 2017). Even though catecholase activity is inhib-
ited by selected azo dyes, tyrosinase has been applied in
dye decolourization (Dubey et al. 2007). Interestingly, the
decolourization and detoxification of the azo dyes RY 107,
reactive black 5, reactive red 198, and direct blue 71 by
Brevibacterium sp. strain VN-15 resulted in almost 100 %
decolourization (Franciscon et al. 2012). The fact that so
few dye decolourization analyses have been performed using
tyrosinases emphasizes the fact that the removal of micro-
pollutants and dyes by bacterial tyrosinases is one area that
is vastly underexplored.

Melanin production

Melanin is a macromolecule formed by the oxidative polym-
erization of phenolic or indolic compounds. It is a protective
agent that is produced by a diverse group of organisms and is
typically black or brown in colour (Franciscon et al. 2012).
Biological roles that have been identified, include protection
against UV, free radical adsorption (oxidative stress media-
tion), chelation of toxic metals, scavenging of phenolic com-
pounds, as a buffer against environmental stresses, plays a
role in pathogenesis and possibly play a role in host root cell
penetration by Frankia species and nitrogen fixation, nodu-
lation efficiency and symbiosis-associated stress resistance
by Rhizobium species (Pifiero et al. 2007; Yuan et al. 2007;
Fairhead and Thony-Meyer 2011; El-Naggar and El-Ewasy
2017). Melanin is widely used in medicine, pharmacology,
and cosmetics, and due to its redox chemistry, has been
explored for electrical conductivity in electrical materials
(Park et al. 2020).

Commercially available melanin is made from cuttle-
fish (Sepia officinalis) extracts (available at 100 mgor 1 g
scale), which is not sustainable, or is chemically synthesized
through the oxidation of tyrosine with hydrogen peroxide
(e.g. melanin available from Sigma-Aldrich available at
100 mg, 250 mg, or 1 g scale). Production of melanin by
bacteria (see Fig. 1) is an economically viable alternative
and environmentally friendly. Guo et al. (2015) described
the overexpression of the tyrosinase from S. kathirae strain
SC-1 for enhanced melanin production. The authors success-
fully increased melanin production at 28.8 g/L, the highest
ever reported for bacterial melanin production (Pavan et al.
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2020). Melanin biosynthesis is initiated from L-tyrosine
via a series of enzymatic and non-enzymatic reactions. To
‘control’ the chemical composition of melanin, Park et al.
(2020) introduced 3-hydroxyindole and 3-oxoindole gen-
erated by cytochrome P450 monooxygenase (CYP102G4;
produced by Streptomyces cattleya). A tyrosinase produced
by Bacillus megaterium and CYP102G4 were co-expressed
from a L-tryptophan-converting E. coli strain to produce
melanin. Despite the use of different analytical tools, it was
not possible to elucidate the precise structure of the mela-
nin synthesized but the authors could propose the chemi-
cal composition. Other bacterial strains reported to produce
melanin at levels greater than 1 g/L, include: Pseudomonas
sp. strain WHOO1 55 (7.6 g/L), Pseudomonas stutzeri strain
HMGM-7 (6.7 g/L and 7.2 g/L), Bacillus safensis (6.9 g/L),
Brevundimonas sp. strain SGJ (6.8 g/L), a recombinantly
expressed tyrosinase from Rhizobium etli (6 g/L, 3.22 g/L),
Streptomyces lusitanus strain DMZ-3 (5.29 g/L), Strepto-
myces sp. strain ZL-24 (4.24 g/L), and Nocardiopsis alba
strain MSA10 (3.4 g/L) (Pavan et al. 2020). El-Naggar and
El-Ewasy (2017) successfully produced extracellular mela-
nin (0.35 g/L) from S. glaucescens strain NEAE-H which
exhibited anticancer and antioxidant activities. The brown
and black melanin produced by the tyrosinase from Bacillus
licheniformis strain MAL was also reported to exhibit anti-
cancer activity (Shalaby et al. 2019). Unfortunately, most of
the studies reported in the review by Pavan et al. (2020) did
not confirm (for example via sequence- and function-based
studies) whether a tyrosinase or another related enzyme was
responsible for the melanin production.

Cross-linking of materials

The cross-linking of proteins plays an important role in bio-
medical engineering fields, food processing industry, leather,
and the textile fabrication industry (Heck et al. 2013). The

application of toxic chemicals such as formaldehyde and
glutaraldehyde as chemical cross-linkers in industries has
posed a threat because of their toxicity and challenges asso-
ciated with their removal from finished products (Petite et al.
1990; Barbani et al. 1995; Jus et al. 2012). Thus, there is a
need to explore cross-linking enzymes that are environmen-
tally friendly. Tyrosinases, transglutaminases, peptidases,
laccases, peroxidases, and amino oxidases have served as
potential cross-linking agents in improving the properties
of materials (Heck et al. 2013). Addition of small phenolic
compounds could enhance enzymatic cross-linking reac-
tions that could be hindered by limited numbers of func-
tional groups (e.g. lysyl, tyrosyl, cysteinyl and histidinyl
residues) on the target protein (Fig. 6) (Selinheimo et al.
2007, 2008; Fairhead and Thony-Meyer 2010; Heck et al.
2013). Le Roes-Hill et al. (2015) demonstrated that poor
or limited cross-linking was observed when bovine serum
albumin, horse heart cytochrome C, and myoglobin were
used as substrates, which could be because of limited or lack
of tyrosyl side chains. Furthermore, tyrosinases produced by
S. polyantibioticus and S. pharetrae effectively cross-linked
casein and gelatin without the aid of phenolic compounds,
thus suggesting their potential application in the production
of biological frames for tissue engineering (Jus et al. 2012;
Le Roes-Hill et al. 2015). Jus et al. (2012) also demonstrated
the cross-linking of gelatin by the tyrosinase produced by
V. spinosum, while Axambayeva et al. (2018) showed the
application of the V. spinosum tyrosinase in the production
of a protein with adhesive properties similar to that of mus-
sel foot proteins. The tyrosinase from V. spinosum has also
successfully been employed in the formation of cross-linked
enzyme aggregates (CLEAs) of the Candida antarctica
lipase (in the presence of phenol), and the cross-linking of
the photosynthetic blue-fluorescent C-phycocyanin to poly-
styrene beads with potential application in the biomedical
and diagnostic fields (Faccio et al. 2014). Not only does this
protein have light harvesting properties, but it is also known
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to have antioxidant, anti-diabetic, and anti-tumour proper-
ties, making it an ideal candidate for surface functionaliza-
tion of materials.

Kim et al. (2018) explored the application of a S. aver-
mitilis tyrosinase in the production of a hydrogel based on
tyramine-conjugated hyaluronic acid and gelatin. Hydro-
gels are attractive biomaterials for application in regenera-
tive biomedical applications. Hydrogels are biocompatible,
have a high water-content and favourable mechanical proper-
ties. For a strong adhesion to biological tissue, a maximum
amount of covalent or non-covalent interactions are required.
Since biological tissue is typically negatively charged,
a hydrogel that is mostly positively charged is required.
The combination of tyramine-conjugated hyaluronic acid
and gelatin results in a predominantly positively charged
hydrogel. In vivo application of the hydrogel resulted in a
negligible immune reaction and therefore its potential for
application in tissue engineering and regenerative medicine
(Kim et al. 2018).

Despite the significance of cross-linking enzymes in
medicine for tissue restoration and biomimetic tissue adhe-
sives, it is worthy to note that oxidoreductases have equally
played a pivotal role in cross-linking applications in the food
industry (Broderick et al. 2005; Raucci et al. 2019). One
such example is the application of the B. megaterium tyrosi-
nase. Due to their nutritional value and ability to improve
texture, soy proteins such as glycinin and beta-conglycinin
are widely used in food products. However, glycinin has a
low emulsifying ability compared to other soy proteins. The
B. megaterium tyrosinase was successfully employed in the
cross-linking of glycinin, thereby stabilizing it in oil-in water

emulsions and its subsequent application in food products
(Isaschar-Ovdat et al. 2015).

Synthesis of o-hydroxylated polyphenols

Isoflavones are a group of polyphenolic compounds known
to have health protective properties, exhibiting antioxida-
tive, anticancer and anti-inflammatory effects (Hosseini-
Abari and Tayebi 2019). It is therefore not surprising
that they have found application in the food industry as
food ingredients and as pharmaceutical supplements. One
such example, is genistein (4',5,7-trihydroxyisoflavone).
It exhibits anticancer and anti-angiogenesis properties
and attenuates cancer cell proliferation. Hydroxylation of
isoflavones has been shown to increase their antioxidant
properties, e.g. the bioconversion of genistein to orobol by
a surface displayed B. megaterium tyrosinase [expressed
on the surface of B. subtilis spores and anchored by CotE;
(Hosseini-Abari and Tayebi 2019)] and subsequent meth-
ylation of orobol by the Streptomyces peuceticus o-meth-
yltransferase to methoxyisoflavones, exhibited anti-mela-
noma activity (Chiang et al. 2017). The o-hydroxylation
of polyphenols by tyrosinases is often difficult to control.
Many studies have shown the need to add boric acid or
ascorbic acid to prevent the auto-oxidation of the products
[e.g. the 3'hydroxylation of daidzin and genistin by recom-
binant expressed B. megaterium tyrosinase; (Chiang et al.
2016)] and the need to regenerate the tyrosinase. The main
problem is that most bacterial tyrosinases are active from
pH6.0-9.0 and the use of boric acid and ascorbic acid will
reduce the bioactivity of the tyrosinase. Son et al. (2018)

Fig.7 The o-hydroxylation of polyphenols by bacterial tyrosinases. A Daidzin to 3'-hydroxydaidzin; B resveratrol to piceatannol; C phloretin to
3-hydroxyphloretin; D genistein to orobol; and E daidzin to 7,3',4-trihydroxyisoflavone (3’-ODI)
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described a bacterial tyrosinase produced by B. thailan-
densis that functions at low pH and therefore could be
applied in the conversion of daidzin to 3'-hydroxydaidzin,
resveratrol to piceatannol, and phloretin to 3-hydroxyphlo-
retin (Fig. 7). Daidzin, as with genistein, has been shown
to have protective effects against breast and prostate can-
cer, diabetes, and cardiovascular diseases. Conversion of
daidzin to 7,3',4'-trihydroxyisoflavone (3’-ODI) was shown
by the surface displayed B. megaterium tyrosinase (Fig. 7)
(Hosseini-Abari 2020).

Resveratrol is a phytoalexin that naturally occurs in
grapes, peanuts, and berries (Lee et al. 2012). As with other
phytochemicals, trans-resveratrol has been shown to have
excellent antioxidant potential and can be applied as an anti-
cancer, anti-inflammatory and blood sugar lowering supple-
ment and drug. Piceatannol is a resveratrol derivative (C3’
hydroxylated) which is also found in plants and is known to
act as a tyrosine kinase inhibitor and suppresses cancer cell
growth and proliferation (Lee et al. 2012). Various attempts
have been made to apply enzymes (mainly P450 monooxy-
genases) in the conversion of resveratrol to piceatannol, but
often results in a poor yield. Tyrosinase, with the ability to
oxidise o-hydroxylation, is therefore an excellent candidate.
However, the presence of a reducing agent such as NADH,
glutathione or L-ascorbic acid is required to prevent the for-
mation of a quinolic compound and subsequent polymeri-
zation. Lee et al. (2012) explored an alternative approach
in the regioselective hydroxylation of trans-resveratrol by
the tyrosinase from S. avermitilis strain MA4680. Instead
of using a reducing agent, which would be costly at indus-
trial scale, they explored the use of phenolic compounds as
inhibitory compounds. The highest relative production was
achieved in the presence of 1 mM catechol (100%), followed
by 1 mM hydroquinone (97.1%), 1 mM NADH (64.2%) and
1 mM L-ascorbic acid (63.7%).

Other applications and future perspectives

Even though tyrosinases have a broad substrate specificity
and can accept 3- and 4-substitued phenols as substrates,
2-substituted phenols and phenolic derivatives are typi-
cally competitive inhibitors (Zolghadri et al. 2019) as was
shown for the tyrosinase produced by S. antibioticus and
other bacterial and fungal tyrosinases (Marino et al. 2011;
Davis et al. 2018; Zolghadri et al. 2019). The synthesis of
substituted catechols by chemical means employs aggres-
sive reagents, harsh reaction conditions and results in a
poor yield. The use of tyrosinases for the synthesis of these
substituted catechols is difficult to control and requires a
tyrosinase with a high ratio of monophenolase to dipheno-
lase activity. The tyrosinase produced by R. solanacearum
exhibits such a high ratio and was successfully employed
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in the production of 4-halocatechols (Davis et al. 2018).
Halocatechols exhibit biological activity and can be used
in the functionalization of catechol building blocks for the
synthesis of pharmaceuticals.

Hydroxytyrosol is a phenolic compound mainly found
in olives. The compound is of great interest due to its great
antioxidant potential and role in the protection of blood
lipids from oxidative damage, its anti-carcinogenic, anti-
inflammatory, and antimicrobial properties. Extraction of
hydroxytyrosol from olives or olive oil wastewater typi-
cally results in low concentrations, with maximum yields
of 1.5 g/L (Deri-Zanaty et al. 2020). Tyrosinases have the
potential to hydroxylate the monophenol, tyrosol to hydroxy-
tyrosol, but rapid oxidation to 3,4-quinone-phenylethanol
occurs if the reaction is not controlled. Various researchers
attempted the use of ascorbic acid to control the reaction,
but often results in the inhibition of the enzyme. Deri-Zenaty
et al. (2020) explored the use of a glucose dehydrogenase
for the regeneration of NADH that can act as a reducing
agent (Fig. 8), similar to the control of the conversion of
resveratrol to piceatannol by the Streptomyces lincolnensis
tyrosinase as described by Lee et al. (2015). The coupled
reaction of the glucose dehydrogenase and the tyrosinase
produced by B. megaterium, resulted in the conversion of
tyrosol to hydroxytyrosol and 3,4-quinone-phenylethanol
and the reduction of the latter to hydroxytyrosol, with a final
yield of 7.68 g/L (Deri-Zenaty et al. 2020).

With the advent of next generation sequencing, vast num-
bers of bacterial genomes and environmental metagenomes
have been submitted to public databases. A search of these
databases reveals the abundance of bacterial tyrosinase
genes. Therefore, there is a vast sequence space that still
needs to be explored, especially the ‘rare’ type of tyrosinases
that exhibit a high monophenolase to diphenolase activity
ratio with potential for application in tightly controlled auto-
oxidation reactions such as the o-hydroxylation of phenolic
and polyphenolic compounds. An overview of the litera-
ture also made it abundantly clear that bacterial tyrosinases
have great potential for application in biocatalytic reactions
that can be used to replace chemical processes. However,
to understand how bacterial tyrosinases can be applied in
specific reactions, especially in systems containing organic
solvents, metals, and other potential inhibitors, we need
more biochemical and structural data. Very few studies
report on these biochemical characteristics and without a
link between sequence space, structure, and biochemistry,
it reduces the chances of a more widespread application of
bacterial tyrosinases.

One aspect that is also not widely explored, is the
potential application of bacterial tyrosinases in novel
antibiotic production. Michalik et al. (1975) reported the
involvement of a phenol oxidase in the biosynthesis of the
antibiotic, lincomycin that is produced by S. lincolnensis.
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Fig.8 Conversion of tyrosol to
hydroxytyrosol in the presence HO
of NADH as reducing agent
(GDH glucose dehydrogenase,
tyrosinase Bacillus megaterium
tyrosinase)
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Similarly, the GriE/GriF tyrosinase produced by S. gri-
seus is involved in the production of the antibiotic grixa-
zone (Suzuki et al. 2006). Understanding the role of these
enzymes in the production of these antibiotics can serve
as a guide in the synthesis of novel antibiotics. Alterna-
tively, learning more about the biochemical and structural
features of bacterial tyrosinases will allow for the develop-
ment of artificial metalloenzymes that could mimic either
the monophenolase and/or diphenolase activity of bacte-
rial tyrosinases such as the ones shown to play a role in
antibiotic production. Fujieda et al. (2012) demonstrated
how these metalloenzymes can be modified into a catechol
oxidase with potential application in melanin production
and other types of reactions. It is clear from the informa-
tion presented here that bacterial tyrosinases offer many
advantages over their eukaryotic counterparts: ease of
recombinant expression allows for increased production
of the enzyme; many can function under harsh conditions
without the need for activation (with the exception of the
V. spinosum tyrosinase which requires activation); and
their kinetic efficiency, especially towards monophenols
(Kim et al. 2016; Davis et al. 2018), are several times
higher than tyrosinases derived from other organisms
(Cabanes et al. 1987; Espin et al. 2002; Zaidi et al. 2014;
Agarwal et al. 2019). There is therefore a vast scope of
areas that still need to be explored for this interesting
group of underexplored bacterial enzymes.
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