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Abstract: Tyrosinases catalyze the hydroxylation of mono-
phenolic compounds and the conversion of o-diphenols to o-
quinones. The enzymes are mainly involved in the modifica-
tion of tyrosine into L-3,4-dihydroxyphenyl-alanine (L-DOPA)
and DOPA/DOPAquinone-drived intermolecular cross-link-
ing, which play the key roles of pigmentation to the cells. It is
ubiquitously distributed in microorganisms, plants, and ani-
mals all around the nature world. They are classified as cop-
per-containing dioxygen activating enzymes; two copper ions
are coordinated with six histidine residues in their active sites
and they are distinguished as met-, deoxy-, and oxy-form de-
pending on their oxidative states. Natural extraction and re-
combinant protein approaches have been tried to obtain prac-
tical amounts of the enzymes for industrial application. Tyro-
sinases have been widely applied to industrial and biomedical
usages such as detoxification of waste water containing phe-
nolic compounds, L-DOPA as a drug of Parkinson’s disease,
biomaterials preparation based on the cross-linking ability
and biosensors for the detection of phenolic compounds.
Therefore, this review reports the mechanism of tyrosinase,
biochemical and structural features and potential applications
in industrial field.
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H2hd (melanin) M4 0] A of] Trofsh= WA a4 HeY
A2l tyrosinases= WA= A A&, F=ol o]27]71A] A}
Aol e o] 9lom, oF 1009 o] e] o7 7|7t &
oF A7} A= At [1]. 7] 22 O 2 tyrosinase+, 2] 14
O] ool #ofdh= laccase W FA 359 TFol Bogh
hemocyanin 53} B8} A R, &4 ¢ (active site)
o F+8]& 551 9= type-3 78] & 4 (monophenol mo-
nooxygenase, EC. 1.14.18.1)2 &2 A 1t} [2]. Tyrosinase=
webd A5 9] 27]9A)e] Lyrosine (L-Tyr}S L-34-di-
hydroxyphenylalanine (L-DOPA)Z 7 2}+3} 11 L-DOPAE Do-
paquinone & = HE}s}= Sl =, Wepd o] At 27] TA
o %857 Fholsha gk 7 A 0.2 Wehd & H=E 7
943} B A D)0 B4 S B FRAoRtY BE
S} o3 B} [34]. Tyrosinaseo] 7|4Her Wk s} wkg
o Az}, 707, Wb} 28 4 o] AeElo] F7] Fof
2HQS ) ATl 2 A e dorlt So gAow
AA A& W13 WY whgof wojgitt [5,6]. 5= AL,
5, 9, =5 Ao MZkol RS oL o] 5o 24 WA
2h = AF A 59] 9] A 3to Tofstr] & gt [7,8]. 3L ty-
rosinase+= T}9F 3t & €] 2] monophenolic -+ diphenolic 3}t
& WS 714 = ARE-5Fo] quinone & 2 A 85t= o AHE S
4= Qltt [2,9]. whebA] tyrosinase= 23S 13t phenolic
sfak o] Aot wh-S Zufa Bk ofueh, oS Fhals
w4t 2.@4:0] 45} [10], lincomycina} - 5] o] 4}
4 (1], 520 A8 A 24 50| 0|2 g ARz 28 4
1= L-DOPAS] 44} [1], phenolic 33-2:9] o4& 245}
£] 3t biosensor [12], T2 2 ©Fo] 713l (cross-linking) [13]
ol &=L Qlr}. o7t SHA, & =Fol A= Ant
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2.1. Tyrosinase®] B+-& v AL &
Qrof| A 712F3] 9H381 =0l tyrosinase:= monophenol 2] hy-
droxylation T4 -2 3 3}3}+= monophenolase HH3-3}, o- diphe—

DiphenolaseActivity

Z1)| 5}, tyrosine, DOPA, tyramine, phenol, pyrocatechol

nol?] o-quinone @ & o] H3}-E 4115} diphenolase HH3-
+ %0, —> Q + H,0 1 P
HO o}

OH

thorsl Fejol Ao g Yo AHEZHO BEAS HS )
A2 Apgg 4= Qlth (Fig. 1) [14]. Tyrosinase2] 32“3 o

o-diphenol o-quinone (active site)= 9 7] 91 phenolic SF3HE T} AF4 0} A} 5 2
Fig. 1. Catalytic activity of tyrosinase [14]. &otm, At 4o wheb Al 71A] FEf 2] oxy-tyrosinase,

met-tyrosinase, deoxy-tyrosinase® T-EE T} [15,16]. oxy-ty-
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Fig. 2. Mechanism for monophenolase and diphenolase activity of tyrosinase [15].
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rosinase+=, ] Al 7l| 3] 2~ Eld (histidine) Z-7] 2] 2 A9} &= 7
O F-2] (I) o] o] 4=} Agtsto] A H A HHA =9
A H Q) E Z2h= FEH| =, monophenolS 7] A 2 &85} di-
phenol= H&}sl= Wh-g-of o3} # L} diphenoly} A 3ta}o
quinone& A AJd}al, 1 Z}AI-L met-tyrosinase®] & e = H 3
= t}. Met-tyrosinase~= A H 9] o] L7} oxy-tyrosinase2}
Hl2xal AT o] 72 (1) o] 2] Ak Al 441717} &
Ao} 911, diphenolS quinonel & AZH3t & 1 L7}
deoxy-tyrosinase2] Hel| 2 HELE o} uf ]2 O 2 deoxy-tyro-
sinaset= 4t = 4H7] 7F AR E] of Q1A 952 Cu (I)-Cu (1)
FEHE, o] F a7t S-S B7| 9fsf Aot Ajtslo] oxy-
tyrosinase = 27} U} T A WA © 2 A5 tyrosinase &
oo & OF 85% A= 4~F0| met-tyrosinase, &F 15% A =7}
oxy-tyrosinase HE| 2 £A|3}= A o2 &HA It} [17]. uk
2hA] monophenol 7] A 2 dho] ¥h3-& S A9 27] 0
lag phase7} e 7] &2 ghet. A4 A Q1 tyrosinase2] -5 H|
AY &2 Fig. 20 Urep olet [15].

2.2. Tyrosinase ) 318} 3 E4]
2 A A oA el AHd o 2 H tyrosinase®] F-7
AR Aol g ol e E-5kaL, Al H tyrosinase 2] A 3}
sH4 S0l gk g A H o2 o] ehel 4 91X ket
B tyrosianse § A4S 207 9l A ] S AH S Hht
o] A9 tyrosinase A A5 211 Q] 0 W, ZF7F9] tyrosinaser=
Asksta Bxo] th2th o] & So Wal@o 2 At
= )42l tyrosinaseQl MelC29} MelD22] 79, MelC2+=
Al BFO 2 FH|E AL g 4= ot of 8 7] Ao A B4
w31 Q= 9], MelD2+= A 3 QFof| A & =i A] 71 7]
5ol do] mif- =t [16,18]. AA| A o2 & of, Y+ 100°C
o] /o] mj¢ =2 2= oA B4 HAY[19], 77187t
= o B FAdo] T2 tyrosinase7} H L% 31 3101} [20],
YA 4 & & tyrosinases= Bt E| 2] oF2] 7 -$- monomeric THE 2
2 BAjo] oF 2060 kDa 45 11, -] Aol A S pH
9 S QoA TS Ha glou], o 759 2 phe}
4°Col A 7S £x 2 27 9t [16]

2| gl 2l ofoll A8 tyrosinases, A7 S
7] 913} caddie Tl U2 el 2shHQl chulde] B g of
59} tyrosinase®] = Q1 Aol whek, 571A] typeS & R
)31 1t} [1]. Type I tyrosinase= E & B4l o] £23}+= A
O & BEI QlaL, Akt A= oFuhe motif, 2] ¢}
Aaksh= = o] motif, 712 3 ob2 71K o] AL Zo] Bjekst
A Wi A7) oA, 2zl s, Heke Bl fold-
ing, S 72 2 9] 2] YAke] 22S 919 B 23 caddie T
WA 2 LA E o] Qlt} [21,22]. Type II tyrosinase= HFAl 2 A
#orol A F2 AR, tyrosinase] WA FEE
type 13} o9 948k 4]k 7121 ¢] caddie Tl Mo gloj=
A7t EAS U= Ao = Bk gt} [20,23]. Type
III tyrosinase= 9-u| - Fo| A TAZE o, type [0 4] 9] caddie
TS A QAT WE AR B FR4 2

N

14 Q1 C-terminal =1 Q15 231 Qlo] A|2 oA &
2 2A3= Ao R AL ¢ o™, C-terminal &=
N ASH S W &4 B4 o] ofF 1008 4§ %= F7Feh=
A0 2 e F T} [24,25]. Type IV tyrosinase+= o] A of] E 15|
tyrosinaseg} B] £H] s}LEo] -2]9} 2ok motifyko] 2
Asto] o] 23] tyrosinasel A] B @2 =2}7} I 8 5FA| 4k ty-
rosinase®] &4 EAL ZF31 Q1o tyrosinaseZ E5 5 AT}
H 1% = tyrosinase £oj| 4] 7} ZH& F7]o] B homodimer
2 AYHOR o Aol S & Aom FelA ot
[26]. Type V tyrosinaset= 721 & A 2l tyrosinase2] A8 EAS
Zka1 Q) A] ka1 © 3] laccase®} H|SzdtTt. SHA| T type IV}
np2E7FA] 2 tyrosinase@} 22 W3- 40 2HaL 9l tyrosi-
nase® H- =59t} [27,28]. Fig. 32 vhg| g o} -2 tyrosinase
o th4l 71A] typeo]l thsfl =4 2 = Lreb QLo [1].
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2.3. Tyrosinase 23 E4]

R F7A FZ7F 9 A tyrosianse= WAt (Strepromyces
castaneoglobisporus), B8 (Bacillus megaterium), ¥4l
(Agaricus bisporus), F+S39| (Aspergillus oryzae) -2 2]
tyrosinase®] Y] 7}A| o]t} WAt {2 tyrosinases= type I &
o2 2714<) caddie 9 o] AHE o] S, 217} g1
U 1S ), oxy-tyrosinase, met-tyrosinase, deoxy-tyrosinase
chope 20 TS 339 P27 W v Ak
[29,30]. A A & 2] 3x} G- += tyrosinase?] 73 - a-helix 2 ]
Fo]A Q1AL (Fig. 4A), caddie TH A2 3t 7}=H9] a-helix2}
oA 749 B-sheet® -4 & of QIt} (Fig. 4B). L2 aL, 2/
918 1wl QoA 215 shelEol, 5 Aol 2] o & Aol
o Aba7b A7slo] oxy-tyrosinaseE FE|E /3 5kl (Fig.
4C), F 749 e o] 22 Z+2F Al 7] 9] histidine Z+7] 7} H.&
= copper binding siteo]] 234 et A 0 & LRE 8|5}
(Fig. 4D). $tH, S. antibioticus tyrosinase A Goj| A 3£ 2 o
& X o= PYWDW & & 9] motifi= §F-5-of B a3k 449 A

A B

Type | E!I-ry ] Arg Cys
Type Il I |'|'y ’

Type 1l ( Ty CT

e | Tyl | Ty |

T ay ||

Yx(Y/F)

CuB ]

Core-tyrosinase domain

Type V

Fig. 3. Types of bacterial tyrosinases (A) and the typical domain
architecture of the active core domain (B). CP: caddy protein, Ty:
tyrosianse, CT: C-terminal extension, La/Ty: laccase-like tyrosinase,
CuA in blue color: copper binding motif A, CuB in green color:
copper binding motif B, O, in red color: oxygen binding motif,
light blue color: typical copper binding sites of laccases [1].
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H-X;5-15-H-Xs-H

Copper B binding site
H-X;3-H-X56-31-H

Fig. 4. Three-dimensional structure of tyrosinases. (A) Overall structure of tyrosinase (blue) from Streptomyces castaneoglobisporus in
complex with the caddie protein of ORF378 (red) [53]. (B) The caddie protein of ORF378 [54]. (C) Active site of tyrosinase from Strepto-
myces castaneoglobisporus with coordinated O, [53]. (D) Overall structure of tyrosinase from Bacillus megaterium and characteristic

sequence motifs of tyrosinases [16].

ol olsh= Ao m A O H, AR A F | Zpol= 3l
oYU gE A E F5 2082 el gl [16]. £
3, C-terminal domain©| &2} 3}+= dhg| 2] ofe} X A= tyro-
sinsaeo]| A= Yx(Y/F) motif7} B 2% 11 Ql=t|, 0]+ tyrosi-
nase®] N-terminus =] &] o} 2 7] (arginine) #7] 9} 4424
3+S A5l caddie A o] 3] = A} C-terminal do-
main®] A| 7 ¥ tyrosinaseE ¢H3}5t=d| Hosh= AR
o A A 3L At} [1,25]. 28] 31, A] 2~ H| ¢l (cysteine) ZH7] 7} N-
terminal Z-2] 21 HA| copper-binding siteE 2+A 315}+= df] ul]
8% 4TS st A o2 HoR|=d], o] 3t Al AH| 2
2 8. castaneoglobisporus®} B. megaterium tyrosinaseo] A=
BFA SR &A1, A oryzae 2 V. spinosum tyrosinaseo] A= E

ol Aeh[1],

3. Tyrosinase2] At

o

HUOZEHEE

2o 2 32w 11 Q)= tyrosinase= Sigmad] A}oj| A]
A= WAL Fa 2] A bisporus tyrosinaseZ 52|
APE| 31 )T} [31]. AF) A ZHol| A tyrosinaseS &

A7) Yl Al=, LA B AR ul ] o A] tyrosi-

to 1o rEl gt
4o B2
o x

nase®] I E & - 6f= v oF 270 drofof gttt 7] 4]
© & tyrosinaser= M| 227} F Ei= -2 AR 22 9] R 9]
AEP A S off, §ES 7129l tyrosine B 583 54 £
aagl FE7F EATHE Aol BAtEE Ao s dEA
AUTH[16]. AG7HA] HilH £ ES HH, YA SH
A Pycnoporus &g ©|-&3F AA| =] o 4 9] vjF O = KLE
45 U/(g-day)2] monophenolase €4 2} 164 U/(g-day)2] diphe-
nolase S5 2= F&w0] ol [32]. 3, &4 <
E S ek 2 oFF=ofl MAL F-2ff tyrosinase - AHE =
5ho] YA S w) 534 U/L2] monophenolase 433} 1.67
U/L9] diphenolase H/d-& ZH= vl i A7) = 8431 ct [33].

R, OFA7HA] A A Sk Al = e AR, HHE 2l oF f-2f o
3t F 2 tyrosinase T3 v LA & B §- A ZEaL
U FFERE Ay FE5t0] DoAY o ol A
A hal R e A ke L o)k YA o 2, A tyrosi
nase ;YA 52 A S albual 75 vl FH 0 2 EE (.2 mg/L
9] HA = tyrosinase’} €Oy F 1L [34], S. antibioticus 2 &
tyrosinase= & H+F2HE oF 20 mg/L9) tyrosinase”} & o]
At [35]. B3 FAA Q2 7]ES o] &-5ho] thdatol Al
B. megaterium -2 & tyrosinase”} F 86 mg/L , V. spinosum
- 9] tyrosinase”| 2F 20 mg/L, S. REN-21 32} tyrosinase”}
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Table 1. Examples of the production of tyrosinases
Original organism Feature Productivity Reference
) Liquid culture of the original organism,
Pycnoporus sanguineus CBS 614.73 Crude extract 45 U/(g-day) monophenolase 32
R binant production in 4 illus i
Pycnoporus sanguineus BRFM49 ecombinant p r(éulifulr(::nbllcl)thsp CTEITIS HIEET, 534 U/L monophenolase 33
Liquid cult f the original i
Streptomyces albus 1quid cu ure9 © originat organism, 0.2 mg/L 34
Purified enzyme
Liquid cult f the original i
Streptomyces antibioticus 1quie e ure9 © originat organism, 20 mg/L 35
Purified enzyme
Bacillus megaterium Recombinant proc.luction in Escherichia coli, 86 m/l. 20
Purified enzyme
R binant production in Escherichia coli.
Verrucomicrobium spinosum ecombinatt pro .uc fon n Bschericia cott, 20 mg/L 24
Purified enzyme
Streptomyces REN-21 Recombinant production in Escherichia coli, 54 mg/L 36

Purified enzyme

Table 2. Representative applications of tyrosinases in industrial aspects

Field Applications
Melanin biosynthesis for therapeutic uses and dye
L-DOPA production for medical applications
. Preparation of underwater adhesive materials
Materials . . .
Biosynthesis of therapeutic natural compounds
Poly-phenolic biopolymers
Modification of existing materials
Biosensors Detection and quantification of catechol-producing compounds such as adrenaline and cyanogenic glycoside
. . Detoxification of phenolic and substituted phenolic compounds
Bioremediation

Decolorization of dye

oF 54 mg/L Z+z} Ao F T} [20,24,36]. o] 2 3F ZHol| A, 2| =
7HA] A g 3t tyrosinase?] AJAte] T 3t o & Table 19 A 2

sheict.

4. Tyrosinase2] A+ & &

~

QFof| A] tyrosinase?] HH-3- EA]S AMH H QFE0], tyrosinaser
]E‘_;H oz /K]—&L /KI—OP_O,] }_ﬁoﬂ :g_}-%] 2] g}-?@] oz l:]—O]:U}—
phenolic 3}z 9] AFS} ¥H-g-& FHufjsin, o]oj 2] = A9
cross-linking Wh-g-of 3+of3tc}. whabA] tyrosinaser= phenolic
skl Zekeo] Qi AIH o2 Ro] YHAoR B
87157 7)5 4 OJoFE Eiz AR A ] Aol 28
UL, TheFet e o] 515 phenolic 2}3H=2] HE Zéak
o 48 4 918 Bk opyef, B0l fNe SAHL =i
phenolic 2}3H&2] 217 A3} ¥4 o 5315 o] o]-&d
T}. Table 2%= tyrosinase®] t] 2] o1 AFY 2] &4 of & A
o), 7414 0.2 vt 3} 2 Hopol 22 % 9.
A tyrosinase®] 714 7| 21 Q] ghi-o] o= mlahd A
Ao} tyrosinased] ATS} ¥H-0 2 THE O] A= ek e ¢l
AN E, A E-S ZE 0] A] eumelanin, pheomelanin, allo-
melanin®] 4] %52 Lt} [37]. A4 2.2 dehd o] £5
H E4S A E, eumelanin®] 79 H2A B S

_>Lm

O

E‘l)
o %0 1|

o3 by JApe] A YRS Z36EAL, pheomelanin®] 7
koS PR oy 1 g = ;‘T&fﬂﬂt} allomelamin # 2ty
Z=0]| A] heterologous group2] 23147} 7} who] &) 512 gk,
AR AL H 17} wo| Bz oFe *PEH ot} Wb T3]
)\H_/,\_ﬂ—j_ 7)ol = thokdt 7| =2 zka Qich 7| EA o0 2
& apgee] e g Ei AR % Q7] ulo] Bjop
b sE AES 5 4 olch[1,37). 1 % o2} Wt
o absl 319 ukS o] ol W A2 ATtel ofFhe
sho] A ol WARET AL 25} o ST
[38]. T3} w2l 7heta 2o 584 4192 Aol o] g 4
itk A2k 3 gl [39],
the-0., ofobE, Behatl, RAeHA), otk A o] A
o] Wast A =7 2 o-diphenolS Tro] & & H 2 o]
23k Hofo] tyrosinase®] B 7Hs AL wl$- ek, A A0
& tyrosinaseo]] 2|3 A A& 4= 9l+= DOPA= T}71<= 2 3tof|
Ue Fa s oFER A8 5 glov], AR ke o ¢
dE oA AP A 0= o] &E AL, tyrosinase S |3t A&
THORE 1 YA 754 o] BIE T gl [40,41]. Tyrosi-
nase WH-3-2 coumestan} -2 estrogenic activityS H o]+
A= ol Z&=7] % skt [42]. 7t ofY 2t tyrosi-
nase= ¥ :=Z 5| o] Q1= tyrosineS AFSHA| A cross-link-
ing 3 = QI T4 AU Qo] T AT} 7 B4k 28

=85 7hste 75dE Hs FoIsHA Y Ho] A A

N—io_L
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i
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T} [43]. Tyrosinaseo] o] 4 2=
«EWF*ﬂAW%M%ﬂ&ﬂﬂ
2 A2 o) HskE oe g AAE &8
At} [44,45]. E3L, U3} A tyrosinasex
EPZil, elastin, A2tgl 53t9] 7tu 5 S
H '@} R ¥ e n = el xlq. e A zﬂ Z2F

o= A= 7he 5t [48,49].

Tyrosinase= pico % 0] }5‘—54 HigFZE E72] o] oF 2 =3
st o= &8E 4= o} Tyrosinases st 7] 2-S AF
SHA]Z 4= Q1o A, biosensor E-ofof A t}9F%t mono-, diphe-
nolic &2 HE0h=tl] -8 Zrhal A|QFE AL QLA ty-
rosinase®] 7] & Eo]/do] Wof, A& o2 27]9] 7] o] 3l&

7850l 42+ e] B S| = ol ik FA A 21 S. anti-
bioticus 52 9] tyrosinase]] 7]HF-2- & biosensor= $-4~3} sen-
sitivity 2 18} =-1] A FF (5 nM)of| A] == L-DOPA, adrenaline2}
-2 catechol &S A=Y 5 oyl RSt [12]. E
S}, tyrosinase2} B-galactosidase 2] W3- 0]-8-3}0] 241 &9
Z23}= Bof| 3] -2 cyanogenic glycosideS A &31= d] 9
AR 4 9o [50], 3 F 9 Ape] ERjeks e
= 270] o Aol to] = B4E 4= 9} [49]. Tyro-
sinase= A+ 29 =491 chlorophenol¥} fluorophenol, p-
cresol, azo dye 59 AMo}E F3l =& Al A 8= Hl ]85
= 5 Hpol 2151 HE B0 S4E A7 sk v
= 243 715 40| Uk [51.52]

ﬁ i}
FL >
X

z
1
7

c

_,d
JE‘.
Lmiﬁmg
o]
EI.,IO}Z
””“ioz
r{gn&mlﬂfﬂ Lu

= TR oy Su A
o it oLr Mo 2

X
2

5.48

Tyrosinase+= TFFgH Ay A o] depd A3 27] dAof &
Lu)= A aAZ A, thoFst 7] & o o) 3k monophenolase HE
5} diphenolase §H-5-2 St = 1 A A o] & 71A| =
=t 2 tyrosinase°ﬂ ek 324 27} BHE] A HaLE] 7]
AlZFSEaL QL ar, Hh-g- | A Y S} 3}k 4] o] B L g
sHA| o] OHElJ— Ao], =2 ST YA d g RS &
oS 2= a9 A AN 7Hs/d o] B EobA]
AL Qe R, s F A 5= AT Al ol A L-DOPA &J3to] F9
/go] FZTE| AL Qlo], s Al -2 9 tyrosinase - A
of gk #alo] Foi=|ar Qe g+, 48] WAL Sle=
AlZef e 7)<, 4 58H4 A4t 713, e AA 7=
R QL oF A 7EA] A A AYate] g 7Rl o MEaL 9l
tyrosinase®| 7 A & Q1 A4to] 7H453t F A 0 & et l

3 SO A, tyrosmas 9] vh-§ 54 A gstA o] alfstaL
33t SO A&H o7 YA = QIohH, A F7HA] B
1% phenolic 3}3H& .4 AbSHHES Zufl, L-DOPAS] AL
phenolic 3}3}H& %E 2728 2]3l biosensor 2] A& &

AF

guk opeh, AR Ao A WS §I5 Tk ol o
A7) AAFE 2 %%@%%@%ﬁ%@ g 4 912 Aol e,

AR

AL 20126 = S thaba 84 ol 7u| o} Sh ol LAk

(NRF-CIABA001—201 1-0029960, NRF-2012R1A1A1003516)

S A ds ot =Y USF
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