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An organic solvent-resistant tyrosinase (OSRT) from Streptomyces sp. REN-21 is aunique
enzyme showing high activity in the presence of organic solvents. The OSRT-catalyzed
oxidation of monophenols such as tyrosine-containing peptides and proteins was exam-
ined. The catalytic properties of OSRT were compared with those of mushroom tyrosi-
nase. OSRT was shown to oxidize Gly-L-Tyr most effectively among four peptide
substrates tested. On the other hand, mushroom tyrosinase showed the highest activity
toward L-Tyr-Gly under the condition of 1 mM substrate. OSRT oxidized several proteins,
including casein and hemoglobin, with relatively higher activity compared with mush-
room tyrosinase under the condition of 1% (w/v) substrate. Thus, it was clarified that
the catalytic properties of OSRT toward tyrosine-containing peptides and proteins
are different from those of mushroom tyrosinase under these conditions. The OSRT-
encoding gene operon was cloned, and found to consist of two genes, designated
ORF-OSRT and ORF-393. The former encodes apo-OSRT, and the latter encodes the
putative activator protein of apo-OSRT. A binuclear copper-binding site (type-3 copper
site) characteristic of tyrosinases is contained in the deduced amino acid sequence
for apo-OSRT. A high-level production system for the OSRT was constructed using
PET20b(+) and Escherichia coli BL21(DE3)pLysS. Approximately 54 mg of active OSRT
was synthesized in a 1-liter broth culture by this system. The properties of the recombi-
nant OSRT were similar to those of the wild-type enzyme. In conclusion, we succeeded

in constructing a high-level production system for OSRT.
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Abbreviations: BCA, bicinchoninic acid; BSA, bovine serum albumin; DHI, 5,6-dihydroxyindole; DIG,
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OSRT, organic solvent-resistant tyrosinase.

Tyrosinase (monophenol, o-diphenol:oxygen oxidoreduc-
tase, EC 1.14.18.1) is a copper enzyme distributed in a
wide range of organisms including bacteria, fungi, plants,
insects, and other animals. It is a key enzyme in the process
of melanin biosynthesis from L-tyrosine (1, 2). Tyrosinase
has mainly two different catalytic activities. One is a
diphenol oxidase activity acting on a variety of substituted
o-diphenols to yield the corresponding o-quinones. Another
is a monophenol oxidase activity that catalyzes the
o-hydroxylation of monophenols to o-diphenols. Thus, tyr-
osinase catalyzes the straightforward formation of
o-quinones either from monophenols or o-diphenols,
which then are oxidized spontaneously and polymerized
to form a melanin pigment. The enzyme also catalyzes
the o-hydroxylation of aromatic amines and the oxidation
of o-aminophenols to o-quinoneimines (3). Tyrosinases con-
tain a single binuclear copper-binding site (type-3 copper
site) as the active center, similar to hemocyanins and
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catechol oxidases. However, only tyrosinases are able to
o-hydroxylate monophenols. Recent electron paramagnetic
resonance studies of the active copper site of tyrosinase
from Streptomyces antibioticus suggest the mechanism of
this unique tyrosinase activity (4, 5).

Enzymatic oxidative polymerizations of phenol deriva-
tives using oxidoreductases as catalysts have been reported
(6—11). This enzymatic process is expected to provide an
alternative way for the preparation of phenolic polymers
without the use of toxic formaldehyde, which is a monomer
for the production of conventional phenolic resins. Polymer-
izations using enzymes are usually performed in the pre-
sence of an organic solvent to increase solubility of the
products. An organic solvent-resistant tyrosinase from
Streptomyces sp. REN-21 (OSRT) is a unique tyrosinase
with high activity and stability in the presence of water-
miscible solvents (12, 13). In the presence of 50% ethanol or
methanol, this enzyme shows approximately 50% of its con-
trol activity. The inactivation of OSRT induced by ethanol,
acetone, or dimethylsulfoxide at up to 30% (v/v) organic
solvent content is substantially reversible. This suggests
that OSRT could be useful for the synthesis of phenolic
polymers in the presence of water-miscible organic solvents
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such as ethanol, methanol, 1-propanol, acetone, and
dimethylsulfoxide.

Recently, we reported the catalytic properties of OSRT
in water-in-oil microemulsions of a water/AOT/isooctane
system (14). Although the properties of OSRT in the pre-
sence of water-miscible organic solvents and in water-in-oil
microemulsions have been well studied for industrial appli-
cations, the general catalytic properties of OSRT toward
monophenol substrates, such as tyrosine-containing pep-
tides and proteins, in the absence of water-miscible organic
solvents are not yet clarified. It is well known that
mushroom tyrosinase oxidizes various tyrosine-
containing peptides and proteins (15-21). In this study,
the oxidation of peptides and proteins by OSRT is
described, and the results are compared with those of
mushroom tyrosinase.

Streptomyces sp. REN-21 produces only small amounts
of OSRT in culture (approximately 0.8 mg/1-liter culture
filtrate). Accordingly, it is difficult to obtain a large quan-
tity of OSRT for the synthesis of phenolic polymers in the
presence of organic solvents. To use OSRT for industrial
applications, an effective production system for this
enzyme is necessary. In this study, we also describe the
cloning of the OSRT-encoding operon, nucleotide sequence
analysis of the genes, and construction of a high-level
production system in Escherichia coli for OSRT.

MATERIALS AND METHODS

Materials—L-Tyrosine, L-Tyr-Gly, L-Tyr-Gly-Gly, and
Gly-L-Tyr were purchased from Sigma (St. Louis, MO,
USA). The DIG (Digoxigenin) DNA labeling and detection
kit was obtained from Roche Diagnostics (Darmstadt,
Germany). The BCA (bicinchoninic acid) protein assay
kit was purchased from Pierce Chemical (Rockford, IL,
USA). Restriction enzymes and DNA-modifying enzymes
were purchased from Nippon Gene (Toyama) and Toyobo
(Osaka). The BigDye terminator cycle sequencing kit was
from Applied Biosystems (Foster City, USA). OSRT was
prepared as described previously (12). It gave a single pro-
tein band on SDS-—polyacrylamide gel electrophoresis
(SDS-PAGE). Mushroom tyrosinase was purchased from
Sigma, and was used without further purification. All
other chemicals were of reagent grade and purchased
from Kishida Chemical (Osaka).

Assay for Tyrosinase Activity—Tyrosinase activity was
assayed by the oxygen-uptake method (22). Oxygen uptake
coupled to the oxidation of substrate was measured using a
YSI Model 5300 biological oxygen monitor (YSI Inc., OH,
Yellow Springs, USA). Substrate solution in 50 mM sodium
phosphate buffer (pH 6.5) was allowed to equilibrate with
the air by stirring (120 rpm) at 30°C for 10 min. The enzyme
reaction was started by the addition of the enzyme solution
(20 pl) to the substrate solution (4.98 ml). The final volume
of the reaction mixture was 5.0 ml. The rate of oxygen
uptake was recorded, and the enzyme activity was cal-
culated from the initial slope (diphenol oxidase activity)
or from the maximum slope after a lag period observed
at the start of the reaction (monophenol oxidase activity).
One unit of activity toward diphenolic substrates such as
L-DOPA (diphenol oxidase activity) was defined as the
amount of enzyme required for the uptake of 0.5 pmol of
O, per min under these conditions. On the other hand, one
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unit of the activity toward monophenolic substrates such
as L-tyrosine (monophenol oxidase activity) was defined as
the amount of enzyme required for the uptake of 1 umol of
O3 per min.

Kinetic Analyses—Kinetic analysis was done by the
oxygen-uptake method by using various concentrations
of substrate in 50 mM sodium phosphate buffer (pH 6.5).
The reaction rate (v) of the monophenol oxidase activity
was measured from the oxygen-uptake coupled to the oxi-
dation of substrate. The Michaelis constant, K, and the
catalytic constant, k.., were estimated from Lineweaver-
Burk plots (1/v vs. 1/[s] plots), with at least six initial sub-
strate concentrations. Protein concentration was deter-
mined by BCA protein assay with bovine serum albumin
(BSA) as the standard.

Cloning of the OSRT-Encoding Operon—In order to
obtain the partial gene fragment, the polymerase chain
reaction (PCR) was done with KOD plus DNA polymerase
(Toyobo) using primers designed from the amino acid
sequence around the copper-binding sites of tyrosinases.
The 400-bp DNA fragment amplified by PCR using F1
(5'-GCG/C CTG/T CCG/C TAC/T TGGGAC/T TGG-3') as
a sense primer and R2 (5'-CCAG/A AAG/C ACG/C GGA/
G TCA/G TTC/G GG-3') as an antisense primer (denatura-
tion at 97°C for 15 s, annealing at 50°C for 30 s, extension at
68°C for 1.5 min, 30 cycles) was labeled with DIG using the
DIG DNA labeling and detection kit, and used as a probe
for hybridization. The genomic DNA of Streptomyces sp.
REN-21 was digested with some restriction enzymes and
analyzed by Southern blotting with the probe. Each DNA
fragment around 1.5 kbp obtained by Smal digestion and
around 3.5 kbp obtained by SphlI digestion was self-ligated,
and then inverse PCR was done using Inv-F3 (5'-CAA-
CAACGTCCACGTGTGGAT-3) as a sense primer and
Inv-R4 (5'-GGTCCAGTCCCAGTACGGCAA-3') as an anti-
sense primer (denaturation at 97°C for 15 s, annealing at
55°C for 30 s, extension at 68°C for 4 min, 30 cycles). Geno-
mic DNA was digested with BamHI and then the DNA
fragments around 7.5 kbp were recovered. To obtain a full-
length OSRT-encoding gene operon, PCR was done using
F5 (5-TCCGCTACTGATCGTCCATTC-3') as a sense
primer, R6 (5-CTGTGGCGTGCTGTGTTCTAC-3') as an
antisense primer, and 7.5-kbp DNA fragments as the tem-
plates. The amplified fragment was ligated into the Smal
site of pUC19, and then transformed into E. coli DH50 cells.
The resulting right-oriented plasmid was designated pUC-
OSRT. DNA sequencing was done using the BigDye termi-
nator cycle sequencing kit with an ABI PRISM 310 genetic
analyzer (Foster City, CA, USA).

Construction of a High-Level Production System for
OSRT—The OSRT-encoding gene operon containing the
open reading frames for the gene (ORF-OSRT) encoding
apo-OSRT and the gene (ORF-393) encoding a putative
activator protein of apo-OSRT was amplified using
ex-F7Nde containing an Ndel site (5'-CCATATGTCGTC-
CAACGTGAGCCGAC-3) as a sense primer, ex-R8Eco
containing an EcoRI site (5-GGAATTCTCACGCG-
TACGTGTAGTACGCGCTG-3) as an antisense primer,
and pUC-OSRT as the template (denaturation at 97°C
for 15 s, annealing at 60°C for 30 s, extension at 68°C for
3 min, 30 cycles). The amplified DNA fragment was
digested with Ndel and EcoRI, and then ligated into
the Ndel-EcoRI site of pET20b (+) (Novagen, Darmstadt,
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Germany). The resulting plasmid was used to transform
E. coli BL21 (DE3) pLysS cells.

Production and Partial Purification of the Recombinant
OSRT—E. coli BL21 (DE3) pLysS cells harboring the
recombinant plasmid were inoculated into 100 ml of LB
broth (1.0% polypeptone, 0.5% yeast extract, 0.5% NaCl,
pH 7.0) containing 1 mM CuSO4 and 100 pg/ml ampicillin
in a 500-ml flask, and maintained with shaking (100
strokes/min) at 25°C for 16 h. After cultivation, the cells
were collected by centrifugation (8,000 x g for 5 min) and
suspended in 50 mM sodium phosphate buffer, pH 7.0
(Buffer A). The suspension was sonicated and centrifuged
(20,000 x g for 1 h), and the supernatant was applied to a
column (50 mm inner diameter x 350 mm) of DEAE-
cellulose (Wako Pure Chemicals, Osaka) equilibrated
with Buffer A. The enzyme was eluted with the same buffer
at a flow rate of 2 ml/min. Fractions containing tyrosinase
activity were pooled and precipitated with ammonium sul-
fate (80% saturation). The precipitates were collected by
centrifugation (30,000 x g, 20 min), dissolved in Buffer A,
and dialyzed against 5 mM sodium phosphate buffer, pH
8.2 (Buffer B). The dialysate was applied to a column
(26 mm inner diameter x 200 mm) of QAE-Sephadex
A-50 (Amersham Biosciences, Uppsala, Sweden) equili-
brated with Buffer B. The column was washed with the
same buffer, and then the enzyme was eluted with a linear
gradient of 5-500 mM sodium phosphate. The flow rate was
0.8 ml/min. Fractions containing tyrosinase activity were
pooled as a recombinant OSRT solution and stored at
—80°C until use.

Analysis of the N-Terminal Amino Acid Sequence—The
recombinant OSRT was electrophoresed in an SDS-
polyacrylamide gel, and then electrophoretically trans-
ferred to a polyvinylidene difluoride membrane. The
protein on the membrane was stained with Coomassie
Brilliant Blue R-250. The protein band was sequenced
with an ABI Procise 491HT protein sequencer (Foster
City, USA) by the method of Matsudaira (23).

RESULTS

Substrate  Specificity toward Tyrosine-Containing
Substrates—The substrate specificities of OSRT and mush-
room tyrosinase toward 1 mM tyrosine-containing peptides
are summarized in Table 1. The hydroxylation of monophe-
nols such as L-tyrosine by OSRT showed a characteristic
lag period (12), similar to the case with other tyrosinases
(24, 25). OSRT had the highest activity toward Gly-L-Tyr
under the condition of fixed 1 mM substrate. The oxidation
rates of L-Tyr-Gly and L-Tyr-Gly-Gly were similar to that of
L-tyrosine. On the other hand, mushroom tyrosinase had
the highest activity toward L-Tyr-Gly, and relatively broad
substrate specificity toward the four substrates tested in
comparison with OSRT under the experimental condi-
tions used.

Kinetic Analyses—The kinetic analysis of OSRT toward
tyrosine-containing peptide substrates was done using
L-Tyr-Gly, L-Tyr-Gly-Gly, or Gly-L-Tyr (Table 2). The
kinetic parameters of L-tyrosine for OSRT were already
determined as K, = 1.25 mM, ke = 81.4 7%, keat/Km =
65.1 mM™ s! (72). The corresponding values listed in
Table 2 are in good agreement with these values. As to
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Table 1. Substrate specificities of OSRT and mushroom
tyrosinase toward tyrosine-containing peptide substrates.

Relative activity (%)

Substrate
OSRT Mushroom tyrosinase
L-Tyrosine 100 100
L-Tyr-Gly 110 157
L-Tyr-Gly-Gly 103 130
Gly-L-Tyr 338 132

Monophenol oxidase activity was measured by the oxygen up-take
method described in “MATERIALS AND METHODS.” The concentration
of each peptide substrate was 1 mM. Monophenol oxidase activities
are shown as the percent of the value of L-tyrosine (OSRT: 3.5 uM/
min, mushroom tyrosinase: 21.2 pM/min).

Table 2. Kinetic parameters for the oxidation of tyrosine-
containing peptide substrates by OSRT.

K, (mM) Feat (s71) Feat/Km (mM ™t 571
L-Tyr 1.0+0.1 57 + 4 57 +4
L-Tyr-Gly 3.0+0.2 116 + 5 39+2
L-Tyr-Gly-Gly 3.7+£0.2 163 £ 7 44+3
Gly-L-Tyr 2.9+0.1 340 + 12 117+7

Table 3. Oxidation of various proteins by OSRT and
mushroom tyrosinase.

Relative activity (%)
Protein
OSRT Mushroom tyrosinase

L-Tyrosine 100 100
BSA 2.3 0.3
Casein 40.0 0.8
Gelatin 105 4.9
Ovalbumin 2.9 1.2
Lysozyme 0.9 0.3
Hemoglobin 46.9 1.2

Monophenol oxidase activity was measured by the oxygen up-take
method described in “MATERIALS AND METHODS.” The concentration
of L-tyrosine was 1 mM. The concentration of the proteins was 1%

(w/v). Monophenol oxidase activities are shown as the percent of
the value of L-tyrosine (OSRT: 3.5 pM/min, mushroom tyrosinase:
21.2 uM/min).

kcat, the smallest value was observed for L-tyrosine and
the largest for Gly-L-Tyr. On the other hand, the K,, for
L-tyrosine was the smallest, while the K, values for the
others did not vary much. These values are in good agree-
ment with the results for substrate specificity of OSRT
toward 1 mM tyrosine-containing peptides.

Oxidation of Various Proteins by Tyrosinases—The sub-
strate specificities of OSRT and mushroom tyrosinase
toward various proteins at 1% (w/v) are summarized in
Table 3. All proteins used in this experiment (BSA, casein,
gelatin, ovalbumin, lysozyme, and hemoglobin) were oxi-
dized by OSRT or mushroom tyrosinase with different
oxidation rates under the conditions of fixed 1% substrate
concentration. Of these proteins, gelatin, hemoglobin, and
casein were oxidized effectively by OSRT. Especially,
the oxidation rate of 1% gelatin was similar to that of
1 mM L-tyrosine. Less activity was observed with BSA,
ovalbumin, and lysozyme. On the other hand, mushroom
tyrosinase had relatively low activity toward the proteins
used in this experiment under the same conditions.
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Fig. 1. SDS-PAGE of the oxidation products of casein and
hemoglobin by tyrosinases. Casein and hemoglobin (1% w/v)
in 50 mM sodium phosphate buffer (pH 6.5) were incubated at
30°C for 20 h in the absence or presence of OSRT or mushroom
tyrosinase. Each enzyme was added to the reaction solution at a
final concentration of 230 units/ml as estimated from the L-DOPA
oxidase activity measured by the oxygen-uptake method. SDS-
PAGE was performed in a 15% polyacrylamide slab gel using 2 pl
of each reaction sample. After electrophoresis, the proteins were
stained with Coomassie Brilliant Blue R-250. Lanes 1 and 10, stan-
dard proteins; lanes 2 and 4, casein in the absence of enzyme;
lane 3, casein in the presence of OSRT; lane 5, casein in the presence
of mushroom tyrosinase; lanes 6 and 8, hemoglobin in the absence
enzyme; lane 7, hemoglobin in the presence of OSRT; lane 9, hemo-
globin in the presence of mushroom tyrosinase. BSA (66 kDa), oval-
bumin (45 kDa), carbonic anhydrase (31 kDa), soybean trypsin
inhibitor (21.5 kDa), and lysozyme (14.5 kDa) were used as mole-
cular standards.

No correlation was observed between the oxidation rate
and the tyrosine contents of the proteins. After reaction
at 30°C for 20 h, the proteins oxidized by OSRT or mush-
room tyrosinase were analyzed by SDS-PAGE. Polymeriza-
tion was observed for casein by the addition of OSRT or
mushroom tyrosinase resulting in inseparable high
molecular weights on SDS-PAGE (Fig. 1). In the case of
hemoglobin, partial polymerization was observed in the
presence of OSRT or mushroom tyrosinase. No molecular
weight change was observed in the case of gelatin,
BSA, ovalbumin, or lysozyme (data not shown). These char-
acteristics were not related to the oxidization rates for the
proteins by tyrosinases.

Cloning of the OSRT-Encoding Operon—Oligonucleotide
primers were synthesized from the consensus binuclear
copper- binding site (type-3 copper site) among tyrosinases.
A 400-bp DNA fragment was amplified by PCR using the
genomic DNA of Strepotomyces sp. REN-21 as a template
(data not shown). The fragment was labeled with DIG
and used as a probe for hybridization. Genomic DNA of
Streptomyces sp. REN-21 was digested with some restric-
tion enzymes and analyzed by Southern blotting with the
probe. A 1.5-kbp fragment of Smal-digested DNA hybri-
dized with the probe (data not shown). Sphl-digested
3.5-kbp fragments and BamHI-digested 7.5-kbp fragments
were also hybridized with the probe (data not shown). The
Smal-digested 1.5-kbp fragments and Sphl-digested
3.5-kbp fragments were purified and self-ligated with
Ligation High. Then, inverse PCR was done, and the
sequence of the amplified DNA fragment was analyzed.
Two open reading frames designated ORF-393 and
ORF-OSRT were present in the sequence (Fig. 2). ORF-
393 consisted of 393 nucleotides (starting with an ATG
initiation codon at position 1 and terminating with a
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TAA translational stop codon at position 394) coding for
a polypeptide chain of 131 amino acids with a calculated
molecular weight of 13,743. ORF-OSRT is located down-
stream of ORF-393. The ORF-OSRT consisted of 819
nucleotides (starting with an ATG codon at position 457
and terminating with a TAA codon at position 1276) coding
for a polypeptide chain of 273 amino acids with a calculated
molecular weight of 30,860.

The N-terminal amino acid sequence of the wild-type
enzyme started at Ala2 of the deduced amino acid sequence
of OSRT. This result suggests that the N-terminal Met is
eliminated from apo-OSRT by post-translational modifica-
tion. The N-terminal amino acid sequence of wild-type
OSRT has been reported as AVRKNQANLTASE- (12).
Only one amino acid, Thr13, in the deduced amino acid
sequence of ORF-OSRT is changed to Ser in the sequence
of the wild-type enzyme. This difference may be caused by
misreading the sequence analysis of the wild-type enzyme.
The deduced amino acid sequence of ORF-OSRT shows
high identity to the sequences of tyrosinases from
Streptomyces species, S. lavendulae MA406 A-1 (68.5%)
(26), S. anitibioticus (67.0%) (27), S. castaneoglobisporus
(65.2%) (28), and S. glaucescens (63.4%) (29), S. avermitilis
(51.6%) (30), S. coelicolor A3(2) (50.5%) (31) (data not
shown). The amino acid sequence of OSRT contains the
binuclear copper-binding site characteristic of tyrosinases.
The sequence around the binding site of OSRT was com-
pared to those of other Streptomyces tyrosinases (Fig. 3).
The deduced amino acid sequence of ORF-393 shows high
identity to those of putative tyrosinase activating proteins
from S. glaucescens (51.9%) (29), S. antibioticus (49.6%)
(27), S. castaneoglobisporus (40.5%) (28), S. coelicolor
A3(2) (32.1%) (31), S. avermitilis (27.5%) (30), and
S. lavendulae MA406 A-1 (26.7%) (26). S.D. sequences
similar to the E. coli ribosome-binding site are present
11 nucleotides upstream from the initiation sites of ORF-
393 (position 1) and ORF-OSRT (position 457) (32). The
putative promoter sequence is located upstream from
the potential S.D. sequence for ORF-393. A palindromic
sequence, that is, a potential terminator sequence, is
located downstream from the stop codon TAA at position
1276 of ORF-OSRT (Fig. 2).

Production of the Recombinant OSRT—A high-level pro-
duction system for OSRT was constructed using the full-
length OSRT-encoding gene operon, pET20b (+) vector, and
E. coli BL21 (DE3) pLysS. Recombinant OSRT was success-
fully produced in E. coli with a productivity of about 54 mg/
1-liter broth culture. The productivity of recombinant
OSRT was calculated from the L-DOPA oxidase activity
in the E. coli extract by a colorimetric method with specific
activity of the purified wild-type enzyme (130 units/mg)
(12). No activity was found in the culture filtrate. All activ-
ity was found in the bacterial sonicate. The optimum pH of
the recombinant OSRT was around pH 7.0 using L.-DOPA
as a substrate. The recombinant OSRT had 45% activity
of the control in the presence of 50% ethanol. The enzyme
solution was kept at 30°C for 20 h with 30% ethanol.
The activity of the recombinant OSRT was not affected
under these conditions. The properties of the partially-
purified recombinant OSRT (purity: >90% on SDS-
PAGE) were similar to those of wild-type OSRT (12). The
N-terminal amino acid sequence of the recombinant OSRT
was NHy-Ala-Val-Arg-Lys-Asn-. The sequence of the
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ACATCGGACGCCCCGCAG
GAAGATCTTTCGGCAAACCCCCTCGCGGCCGCCAAGTTTCCTGACTCGGCGTCAACAACG
TCACGAGTCGGAAATTCCTCTCTCCGCCGCTTGTTGACCGTTCATTTACCCAATGTCCCA
AAACCGGTCAACCGTTTTCCTCCCCCTTCCCGATCGTGCGAGAGTCCGCCCCGCACGGAT
TGATCACGAAATACAACAAGCAACCGTCATCAAAAGGGATTTACGGCTGCATTCGTGATG
ACTTCCGCTACTGATCGTCCATTCCGCGCCTTGTCGGCGCGAACCCGAGGGGGACCGACC
ATGTCGTCCAACGTGAGCCGACGCATTGTGCTCAGAGGAACCGCCGCTGCCGCCGCCGGL
M s s NV $S R R I VL R G T A A A A A G
GTGGCGCTGCTCGCCACCGGCGCCCGGGCGGCCGACCACACCGGCCACACCATGGACCAC
v AL L A T G A R A A D H T G H T M D H
ACCGGGCACGAGGGCCACGGCACCGGGCTCGCGGCGTTCGACGAGGTCTACAAGGGCCGC
T G H E G H G T G L A A F D E V Y K G R
CGCATCGTCGGCAAGCCGGTGACGAGCGGCGAGCACGCGGCCCACGGTGGCTTCGCCGTC
R I v GG K p V T S G E HA A H G G F AV
ACGATCGACGGCAAGGAGCTGCACGTCATGCGGAACGCCGACGGCACCTGGATCAGCGTC
T I D G K E L HV M R NAD G T W I S V
ATCAACCACTACCAGGTCTTCCCCGAGCCGCTGTCGCTCACCCGCGCCGCCGTCGACAAG
I N H Y Q vV F P E P L S L T R A A V D K
CTCCGGGGCGCCTCGCTCGTCCCGATCCAGATGTAACCGGCGCACTGCCGCACGCACC T
L R G A S L V P I Q M *

GCGACCCACACTCTCACCCAC CACGAACCCCATGGCAGTGCGCAAGAACCAGGCA

M A V R K N Q A
AACCTGACCGCCACCGAGAAGCGGACCTTCGTCAACGCCCTGCTGGAGCTCAAGCGCACC
N L T A T E K R T PF V N AL L E L K R T
GGCGTCTACGACGGATTCGTCCGCACGCACGACCAGTTCATCATGAGCGACCGCGACGAC
G v Yy Db G F V R THD Q F I M S D R D D
AGCGACCGCGTCGGCCACCGCTCGCCGTCGTTCGTCCCCTGGCACCGCCGCTTCCTGATC
s DRV G HR S P S F V P W HR R F L I
CAGTTCGAGCAGGAGCTCCAGAAGGTCGACTCCTCGATCACGCTGCCCTACTGGGACTGG
Q F E Q E L @ K vobD s s I T L P Y W D W
ACCGTCGACCGCTCGGTCAACTCCTCGATCTTCGGCGCCGACTTCATGGGCGGCAACGGC
T v D R S V N S S I F GA D F M G G N G
CGCAGCCGTGACGCCCAGGTCACCACCGGTCCCTTCGCCTACTCCACGGGCAAGTGGAAC
R S R DA Q V T TG P F A Y S T G K W N
ATCAACGTCCAGGCCGAGAACAGCCCCTTCCTCCAGCGCGAGATGGGCGCCGCGGGCACG
I NV Q A E N S P F L Q R EM G A A G T
CTGCCCACCCGCGCCCAGGTCGACGCCGTCCTCGCCATGCCGGTCTACGACACGGCCCCG
L P T R AQ VDAV L A M P V Y D T A P
TGGAACAGCGCCTCCGAGGGCAGCTTCCGCAACTACCTGGAGGGCTGGCGCGGLCGCCGGL
W N S A S E G S F R N Y L E G W R G A G
CGCGTCCACAACAACGTCCACGTGTGGATGGGCGGCCACATGGCCACCGGCGTCTCCCCC
R V H N NV HV WMG G HMA AT G V S P
AACGACCCGGTCTTCTGGCTGCACCACGCCCACATCGACAAGCTGTGGTCCGACTGGCAG
N D P V F W L H H A H I DKL W S D W Q
CGCATGCACCCCTCCTCGGCCTACCTGCCGGCCGCCGGCACCGCGAACGTCGTCGACCTC
R M H P S S A Y L P A A G T A N V V D L
AACGACACCATGCGTCCGTGGAACAACGTCACCCCGGCCCAGATGCTCGACCACAGCGCG
N D T M R P W NNV T P A Q M L D H S A
TACTACACGTACGCGTAAGGCACGGCCTGCCCGTACGGCCTCGGCGTATCCGTACGGCAC
Yy Y T Y A *
GGCGTGCACGTAAGACCACGGCGTACCCGTAGAACACAGCACGCCACAGGCGCACGLCGCG
CCCGGCCCGGTGCGGGGAACCGCACCGGGCCGGCGGTCGTGATGGGGGACGAGGGCCGLC
ACGGGCCcC

-301
-241
-181
-121
-61
-1
60

120

360

420

480

540

600

840

900

960

1020

1080

1140

1200

1260

1320

1380
1440

359

Fig. 2. Nucleotide sequence and
deduced amino acid sequence
of the 1.8-kbp fragment contain-
ing the OSRT-encoding operon
from Streptomyces sp. REN-21.
Thenucleotide sequenceis numbered
from the initiation codon (ATG) of
ORF-393. The putative promoter
sequences are underlined. Boxes
indicate potential S.D. sequences.
Shaded boxes show putative tran-
scription terminator regions. Aster-
isks indicate termination codons.

recombinant OSRT was identical to that of the wild-type
enzyme.

DISCUSSION

OSRT from Streptomyces sp. REN-21 is a unique enzyme
with high activity and stability in the presence of water-
miscible organic solvents such as ethanol, methanol,
acetone, and dimethylsulfoxide (12, 13).

We evaluated the catalytic properties of OSRT by
analyzing the oxidation of various tyrosine-containing
peptides and proteins by OSRT. Furthermore, the proper-
ties of OSRT were compared with those of mushroom
tyrosinase. OSRT oxidized tyrosine-containing peptides
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and proteins with different oxidation rates. This result
indicates that OSRT catalyzes not only the oxidation of
free tyrosine, but also that of tyrosine residues in peptides
and proteins, similar to mushroom tyrosinase (15-21).
OSRT was shown to oxidize Gly-L-Tyr most effectively
among four substrates tested. The k../K,, value of OSRT
for Gly-L-Tyr was 2—3-fold higher than those for other sub-
strates. On the other hand, mushroom tyrosinase showed
high activity toward L-Tyr-Gly under the condition of fixed
1 mM substrate. Thus, the specificity of OSRT toward
tyrosine-containing peptides is different from that of mush-
room tyrosinase. OSRT oxidized several proteins well,
including casein and hemoglobin, in comparison with
mushroom tyrosinase under the condition of fixed 1%
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OSRT 31 FPGFRTEIDOF IMSERDDSDRVGER SEREVERINR FMIOFE 71
S. laven. 31 FRPTTENGPIMSETDSGDRVGERSESHLEIRRRFMLEFE 71
s. antib. 31 PEAFTTENAFILGETDNGERTCER SELEIERRFMLEFE 71
S. casta. 31 PEFERTENEFIMSETDSGERTGERSEYLEIRRRFMLDFE 71
5. glauc. 31 PEFGTTENAFIIGETDAGERTCERSEGLEIERRYMLEFE 71
S. averm. 31 FEFFRMEIKYYVARGETGLRAAGIMAERIY EIRRMFLDLE 71
S. coeli. 32

FEFfRTHIEYYVSBGENGLRTAEMAERET ERERR FRLDLE 72
* * *

OSRT 186 GAGRVERNIEVEMEE YA TiEvE paa s IR K LSO 227
5. laven. 186 GA-NLENREEVIFEEcN TEvErEaMERRy VEKLEAER 226
S. antib. 186 GV-NLENREEVEVESoNATEVE S ey IBKLJAER 226
S. casta. 186 GV-NLERREEVEVESoNATEVE N By VEKLJAER 226
5. glauc. 186 GV-NLENREEVEVESREA TEME PR Bey VEKLEAER 226
S. averm. 195 SW-RNENREEREVESHEYSEABVESRMERArvVBILLESRE 235
S. coeli. 196 236

- R A v o B T I 1B o<
* * *

M. Ito and K. Inouye

Fig. 3. Alignment of the putative
copper-binding motifs of OSRT
and other tyrosinases. Amino
acid residues corresponding to poten-
tial binuclear copper-binding sites
[CuA(A) and CuB(B)] are shown.
Identical residues are boxed. Histi-
dine residues potentially serving
as copper ligands are marked with
asterisks. Abbreviations: OSRT,
Streptomyces sp. REN-21 OSRT
(this paper); S. laven., Streptomyces
lavendulae MA406 A-1 tyrosinase
(26); S. antib., Streptomyces antibio-
ticus tyrosinase (27); S. casta, S. cas-
taneoglobisporus tyrosinase (28);
S. glauc, Streptomyces glaucescens
tyrosinase (29); S. averm., Strepto-
myces avermitilis MA4680 tyrosinase
(30); S. coeli., Streptomyces coelicolor
A3(2) tyrosinase (31).

substrate. Thus, it was clarified that the catalytic proper-
ties of OSRT toward tyrosine-containing peptides and pro-
teins are different from those of mushroom tyrosinase.

OSRT and mushroom tyrosinase polymerized casein to
inseparable high molecular weights on SDS-PAGE. On the
other hand, gelatin, BSA, ovalbumin, and lysozyme were
not polymerized by OSRT or mushroom tyrosinase. These
characteristics were not related to the oxidization rates for
proteins by tyrosinases. Tyrosinase catalyzes the oxidation
of L-tyrosine to L-DOPA, which undergoes cyclization and
decarboxylation to 5,6-dihydroxyindole (DHI). Further oxi-
dation of DHI to indole-5,6-quinone leads to melanin
synthesis. Tyrosinase-induced cross-linking of L-tyrosine
takes place mainly through DHI. No direct oligomerization
products of L-tyrosine are observed (33). Unless L-tyrosine
is the N-terminal amino acid, the amino group of L-tyrosine
isno longer available to participate in cyclization to form an
indole ring. Thus, tyrosine cross-linking via DHI cannot
take place in tyrosine-containing peptides as it does with
Gly-L-Tyr. Melanogenesis from tyrosine-containing pep-
tides could take place only through direct coupling of the
benzene rings in the tyrosine side chain, as observed in the
past in radical-induced cross-linking reactions (34, 35).
Further analysis of the oxidation products of tyrosine-
containing peptides and proteins is required.

Since tyrosinases catalyze the oxidation of a variety
of monophenolic- and diphenolic-compounds, they have
received great attention for biotechnological applications.
OSRT is a tyrosinase with high activity and stability in the
presence of water-miscible organic solvents. Thus, it might

be usable for the synthesis of phenolic polymers in the
presence of organic solvents. But the productivity of
OSRT by Streptomyces sp. REN-21 is very low (approxi-
mately 0.8 mg/1 culture filtrate). Therefore, we attempted
to construct a recombinant expression system for OSRT in
E. coli. First, we cloned an OSRT-encoding operon by PCR
with primers designed based on the amino acid sequence
around the copper-binding sites of tyrosinases. The operon
consisted of two genes, designated ORF-OSRT and ORF-
393, which encoded apo-OSRT and the putative activator
protein of apo-OSRT, respectively, similar to the melanin-
synthesizing operons from Streptomyces species (26—29).
When the DNA for the OSRT-encoding operon composed
of ORF-OSRT and ORF-393 was ligated to the Ndel-EcoRI
sites of pET20b(+), the active form of OSRT (54 mg/1-liter
broth) was effectively expressed in LB medium containing
1 mM CuSOy. On the other hand, less activity (8%) was
observed in the absence of CuSQO,, suggesting that OSRT is
a copper-dependent enzyme. The recombinant OSRT
showed the same N-terminal amino acid sequence as the
wild-type OSRT. Furthermore, the activity and stability of
the partially-purified recombinant OSRT in the presence of
ethanol or methanol were similar to those of the wild-type
OSRT. These results suggest that the recombinant OSRT
is essentially the same as the wild-type enzyme. Recently,
an efficient method for the overexpression of Streptomyces
castaneoglobisporus tyrosinase in E. coli has been reported
(36), although the expression level of this system is approxi-
mately 11 mg/1-liter broth as a heterodimer complex of
tyrosinase and its activator protein. The expression level
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of our system for OSRT is much higher than that of the
system for S. castaneoglobisporus tyrosinase. Thus, we
have succeeded in constructing a large-scale production
system for OSRT. It has been shown that a large quantity
of OSRT for polymerization experiments involving phenolic
compounds can be produced using our system.

We are grateful to Dr. T. Ohe and Dr. T. Ohmoto (Osaka

Municipal Technical Research Institute) for helpful
discussions.
REFERENCES
1. Malmstrom, B.G. (1982) Enzymology of oxygen. Annu. Rev.

10.

11.

12.

13.

14.

15.

Biochem. 51, 21-59

. Lerch, K. (1981) Copper monooxygenases: tyrosinase and

dopamine B monooxigenase. in Metal Ions in Biological
Systems (Sigel, H. ed.) Vol. 13, pp. 143-184, Marcel Dekker,
New York

. Toussaint, O. and Lerch, K. (1987) Catalytic oxidation of

2-aminophenols and ortho hydroxylation of aromatic amines
by tyrosinase. Biochemistry 26, 8567-8571

. Bubacco, L., Gastel, M.V., Groenen, E.J.J., Vijgenboom, E.,

and Canters, G.W. (2003) Spectroscopic characterization of
the electronic changes in the active site of Streptomyces
antibioticus tyrosinase upon binding of transition state ana-
logue inhibitors. J. Biol. Chem. 278, 7381-7389

. Gastel, M.V., Bubacco, L., Groenen, E.J.J., Vijgenboom, E., and

Canters, G.W. (2000) EPR study of the binuclear active copper
site of tyrosinase from Streptomyces antibioticus. FEBS Lett.
474, 228-232

. Won, K., Kim, Y.H., An, E.S., Lee Y.S., and Song, B.K. (2004)

Horseradish peroxidase-catalyzed polymerization of cardanol
in the presence of redox mediators. Biomacromolecules
5,1-4

. Xia, Z., Yoshida, T., and Funaoka, M. (2003) Enzymatic synth-

esis of polyphenols from highly phenolic lignin-based polymers
(lignophenols). Biotechnol. Lett. 25, 9-12

. Aktas, N. and Tanyolac, A. (2003) Reaction conditions for lac-

case catalyzed polymerization of catechol. Bioresour. Technol.
87, 209-214

. Uyama, H., Maruichi, N., and Tonami, H., and Kobayashi, S.

(2002) Peroxidase-catalyzed oxidative polymerization of
bisphenols. Biomacromolecules 3, 187-193

Kobayashi, S., Uyama, H., and Kimura, S. (2001) Enzymatic
polymerization. Chem. Rev. 101, 3793—-3818

Iwahara, K., Honda, Y., Watanabe, T., and Kuwahara, M.
(2000) Polymerization of guaiacol by lignin-degrading manga-
nese peroxidase from Bjerkandera adusta in aqueous or
organic solvents. Appl. Microbiol. Biotechnol. 54, 104—111
Ito, M. and Oda, K. (2000) An organic solvent resistant
tyrosinase from Streptomyces sp. REN-21: Purification
and characterization. Biosci. Biotechnol Biochem. 64,
261-267

Rodakiewicz-Nowak, J. and Ito, M. (2003) Effect of water-
miscible solvent on the organic solvent-resistant tyrosinase
from Streptomyces sp. REN-21. J. Chem. Technol. Biotechnol.
78, 809-816

Rodakiewicz-Nowak, J. and Ito, M. (2005) Effect of AOT
on enzymatic activity of the Organic Solvent Resistant
Tyrosinase from Streptomyces sp. REN-21 in aqueous solutions
and water-in-oil microemulsions. J. Colloid Interface Sci.
284, 674-679

Jee, J.G., Park, S.J., and Kim, H.J. (2000) Tyrosinase-induced
cross-linking of tyrosine-containing peptides investigated
by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry. Rapid Commun. Mass Spectrom. 14,
1563-1567

Vol. 138, No. 4, 2005

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

361

Rosei, M.A., Antonilli, L., Coccia, R., and Foppoli, C. (1989)
Enkephalins and exorphins oxidation by tyrosinase. Biochem.
Int. 19, 1183-1193

Marumo, K. and Waite, J.H. (1986) Optimization of hydroxyla-
tion of tyrosine and tyrosine-containing peptides by mushroom
tyrosinase. Biochim. Biophys. Acta 872, 98-103

Ito, S., Kato, T., Shinpo, K., and Fuyjita, K. (1984) Oxidation
of tyrosine residues in proteins by tyrosinase. Formation
of protein-bonded 3,4-dihydroxyphenylalanine and 5-S-
cysteinyl-3,4-dihydroxyphenylalanine. Biochem. J. 222,
407411

Cory,dJ.G.and Frieden, E. (1967) Faster oxidation of tyrosine-26
of oxidized B chain of insulin by tyrosinase. Biochemistry 6,
116-120

Cory, J.G. and Frieden, E. (1967) Differential reactivities of
tyrosine residues of proteins to tyrosinase. Biochemistry 6,
121-126

Cory, J.G., Bigelow, C.C. and Frieden, E. (1962) Oxidation of
insulin by tyrosinase. Biochemistry 1, 419-422

Oda, K., Kato, H., Isoda, Y., Takahashi, N., Yamamoto, T.,
Takada, Y., and Kudo, S. (1989) Purification and properties
of phenoloxidase from spinach leaves. Agric. Biol. Chem. 53,
2053-2061

Matsudaira, P. (1987) Sequence from picomole quantities of
proteins electroblotted on to polyvinylidine difluoride mem-
branes. J. Biol. Chem. 262, 10035-10038

Espin, J.C., Garcia-Ruiz, P.A., Tudela, J., and Garcia-
Canovas, F. (1998) Study of streospecificity in mushroom
tyrosinase. Biochem. J. 331, 547-551

Lerch, K. and Ettlinger, L. (1972) Purification and character-
ization of a tyrosinase from Streptomyces glaucescens. Eur. <J.
Biochem. 31, 427-437

Kawamoto, S., Nakamura, M., and Yashima, S. (1993) Cloning,
sequence and expression of the tyrosinase gene from
Streptomyces lavendulae MA406 A-1. J. Ferment. Bioeng. 76,
345-355

Bernan, V., Filpula, D., Herber, W., Bibb, M., and Katz, E.
(1985) The nucleotide sequence of the tyrosinase gene from
Streptomyces antibioticus and characterization of the gene
product. Gene 37, 101-110

Ikeda, K., Masujima, T., Suzuki, K., and Sugiyama, M.
(1996) Cloning and sequence analysis of the highly
expressed melanin-synthesizing gene operon from Strepto-
myces castaneoglobisporus. Appl. Microbiol. Biotechnol. 45,
80-85

Huber, M., Hintermann, G., and Lerch, K. (1985) Primary
structure of tyrosinase from Streptomyces glaucescens. Bio-
chemistry 24, 6038-6044

Omura, S., Ikeda, H., Ishikawa, J., Hanamoto, A.,
Takahashi, C., Shinose, M., Takahashi, Y., Horikawa, H.,
Nakazawa, H., Osonoe, T., Kikuchi, H., Shiba, T., Sakaki Y.,
and Hattori, M. (2001) Genome sequence of an industrial micro-
organism Streptomyces avermitilis: deducing the ability of
producing secondary metabolites. Proc. Natl Acad. Sci. USA
98, 12215-12220

Bentley, S.D., Chater, K.F., Cerdeno-Tarraga, A.M.,
Challis, G.L., Thomson, N.R., James, K.D., Harris, D.E.,
Quail, M.A., Kieser, H., Harper, D., Bateman, A., Brown, S.,
Chandra, G., Chen, C.W., Collins, M., Cronin, A., Fraser, A.,
Goble, A., Hidalgo, J., Hornsby, T., Howarth, S., Huang, C.H.,
Kieser, T., Larke, L., Murphy, L., Oliver, K., O’Neil, S,
Rabbinowitsch, E., Rajandream, M.A., Rutherford, K.,
Rutter, S., Seeger, K., Saunders, D., Sharp, S., Squares, R.,
Squares, S., Taylor, K., Warren, T., Wietzorrek, A.,
Woodward, J., Barrell, B.G., Parkhill, J., and Hopwood, D.
(2002) A. Complete genome sequence of the model
actinomycete Streptomyces coelicolor A3(2). Nature 417,
141-147

Shine, J. and Dalgarno, L. (1972) The 3'-terminal sequences
of Escherichia coli 16S ribosomal RNA: Complementarity to

2702 ‘62 Jequeldes uo A1sieaiun Bued e /Bio'seulnolplioixoql/:dny woiy papeojumoq


http://jb.oxfordjournals.org/

362

33.

34.

nonsence triplets and ribosome binding sites Proc. Natl.
Acad. Sci. USA 71, 1342-1346

Bertazzo, A., Costa, C.V.L., Allegri, G., Schiavolin, M.,
Favretto, D., and Traldi, P. (1999) Enzymatic oligomerization
of tyrosine by tyrosinase and peroxidase studied by matrix-
assisted laser desorption/ionization mass spectrometry.
Rapid Commun. Mass Spectrom. 13, 542-547

Smith, P.I. and Swan, G.A. (1976) A study of the supposed
hydroxylation of tyrosine catalysed by peroxidase. Biochem. JJ.
153, 403-408

35.

36.

M. Ito and K. Inouye

Kim, H.J., Mee, L.K., Adelstein, S.J., Taub, I.A., Carr, S.A.,
and Reinhold, V.N. (1984) Binding site specificity of gamma-
radiation-induced crosslinking between phenylalanine and
a phenylalanine-containing tetrapeptide. Radiat. Res.
100, 3040

Kohashi, P.Y., Kumagai, T., Matoba, Y., Yamamoto, A.,
Maruyama, M., Sugiyama, M. (2004) An efficient method for
the overexpression and purification of active tyrosinase from
Streptomyces castaneoglobisporus. Protein Expr. Purif. 34,
202-207

J. Biochem.

2702 ‘62 Jequeldes uo A1sieaiun Bued e /Bio'seulnolplioixoql/:dny woiy papeojumoq


http://jb.oxfordjournals.org/

