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Abstract: Tyrosinases are metalloenzymes belonging to the type-3 copper protein family which
contain two copper ions in the active site. They are found in various prokaryotes as well as in
plants, fungi, arthropods, and mammals and are responsible for pigmentation, wound healing, radi-
ation protection, and primary immune response. Tyrosinases perform two sequential enzymatic
reactions: hydroxylation of monophenols and oxidation of diphenols to form quinones which poly-
merize spontaneously to melanin. Two other members of this family are catechol oxidases, which

are prevalent mainly in plants and perform only the second oxidation step, and hemocyanins,
which lack enzymatic activity and are oxygen carriers. In the last decade, several structures of
plant and bacterial tyrosinases were determined, some with substrates or inhibitors, highlighting
features and residues which are important for copper uptake and catalysis. This review summa-
rizes the updated information on structure-function correlations in tyrosinases along with compari-

son to other type-3 copper proteins.
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Introduction

Tyrosinases (EC 1.14.18.1) are copper-containing
enzymes which exist in all life domains.! They can
be found in various prokaryotes as well as in plants,
fungi, arthropods, and mammals. Tyrosinases are
the catalysts in mammals responsible for the forma-
tion of melanin in skin and hair color, as well as
browning in fruit and vegetables following cell dam-
age. In plants, sponges, and many invertebrates,
tyrosinases are important for wound healing and
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primary immune responses; in arthropods, they play
a role in sclerotization, and in bacteria, tyrosinases
protect DNA from UV damage.'™

Using molecular oxygen, tyrosinase performs
two sequential enzymatic reactions: the ortho-
hydroxylation of monophenols (monophenolase or
cresolase activity) and the oxidation of o-diphenols
(diphenolase or catecholase activity) to the corre-
sponding quinones. The reactive quinones then poly-
merize spontaneously to melanins.® Because of their
ability to oxidize small phenolic molecules as well as
tyrosine residues in peptides and proteins, tyrosi-
nases have found many applications in biotechnol-
ogy, such as bioremediation, dye production, and
biopolymer cross-linking.?

Tyrosinases belong to the “type-3 copper” family
along with catechol oxidases (CO)—which perform
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only diphenolase activity—and hemocyanins (Hc)—
which are oxygen carriers from the hemolymph of
molluscs and arthropods.®” The members of this
family have a conserved active site of six histidine
residues, which are located in a four helical bundle,
coordinating the two copper ions (CuA and CuB).®
Different spectroscopic and mechanistic studies have
confirmed that the spectroscopic properties of the
copper ions are similar in all type-3 copper proteins
suggesting that the differences in activity may be
attributed to the architecture and substrate accessi-
bility of the different members.*® Although the cat-
alytic mechanism of tyrosinases was intensively
studied, and structural data of CO has been known
since 1998,% some mechanistic aspects are still a
subject of debate. Several new structures of type-3
copper enzymes have been published in the past dec-
ade enabling new insights into structure—function
links (Table I). This review will focus mainly on
recently published works, emphasizing structural
and functional aspects of tyrosinases and their simi-
larity and discrepancy to other type-3 copper
proteins.

The Overall Structure of Tyrosinases

The overall structure of tyrosinase can be divided
into three domains: the central domain, the N-
terminal domain, and the C-terminal domain.® The
central domain, which is composed of six conserved
histidine residues, contains the CuA and CuB oxidiz-
ing ions. Although, it is the most conserved domain
among tyrosinases, CO and Hc (Fig. 1), the CuB site
exhibits higher conservation than CuA.®>! Biochem-
ical investigations of tyrosinases from different spe-
cies have shown the involvement of the conserved
histidine residues in copper binding.!*1*

An unusual thioether bond formed between the
second histidine residue coordinating CuA and an
adjacent cysteine residue was found in CO of sweet
potato (IbCO), tyrosinase from Aspergilus oryzae
(TyrAo), and mollusc He (Octopus and Rapana He)
but not in tyrosinases from Streptomyces castaneo-
globisporus (TyrSc), Bacillus megaterium (TyrBm),
mouse, humans, and arthropodan Hec (Lobster and
Crab He) (Fig. 1).157'7 It was proposed that the role
of the thioether bond is to stabilize the second histi-
dine residue of the active site, which is located on a
flexible loop, in contrast to the five other active-site
hisitidine residues which are situated on a stable «-
helical region.'®

The N-terminal domain is a transit peptide
which determines the final location of the enzyme
and then undergoes proteolytic removal.!%%2° In
plant tyrosinases, the N-terminal peptide directs the
enzyme to the chloroplast and, in human and
mouse, it was suggested to be involved in melano-
some transfer.?! Fungal tyrosinases are cytoplasmic
enzymes thus do not contain a transit peptide,

Kanteev et al.

although in some cases they are associated with the
cell wall.'® In bacterial tyrosinases, a TAT signal
peptide which is responsible for proteins secretion
was identified at the N-terminal domain in Verruco-
microbium spinosum and Streptomyces.2?

The latent state of tyrosinase (pro-tyrosinase) is
composed of the central domain and the C-terminal
domain. The latter domain blocks the entrance into
the active site by means of a “placeholder” residue
which penetrates the active site similarly to the sub-
strate or an inhibitor [Table I; Fig. 1(B-D)]. In vivo
activation of pro-tyrosinases occurs by the proteo-
lytic cleavage of the C-terminal domain, while in
vitro activation might be achieved by inducing
strong conformational changes using detergents.?°
An analogous C-terminal domain is found in CO and
in molluscs Hc [Table I; Fig. 1(F)], while in arthro-
pods Hec, the N-terminal domain blocks the active
site [Table I; Fig. 1(E)].2* Similar to tyrosinases, CO
and several Hc are activated by the removal of the
blocking domain.?* TyrSc does not contain the
C-terminal domain, but its active site is covered by
a placeholder provided from an associated “caddie”
protein [Table I; Fig. 2(B)1.** In TyrBm, the
C-terminal domain does not exist but in contrast to
TyrSc, the active site is exposed and the enzyme is
always found in its active form [Fig. 2(A).Y7
Recently, a new group of short tyrosinase-like
proteins was discovered and these proteins do not
have a C-terminal domain.?® However, the active
site of CO from Asperugillus oryzae (AoCO4), which
belongs to this group, is not exposed to the surface,
in contrast to TyrBm.2%

Catalytic Mechanism

The properties of tyrosinase are determined by four
oxidation states of its active site and were described
in detail by Ramsden et al. (Fig. 2).°> Native tyrosin-
ase is mostly found in the met state in which a
hydroxyl ion is ligated by two Cu(II). In contrast to
catechols, phenols cannot be oxidized by this form of
tyrosinase. Catechol oxidation by the met state
results in tyrosinase reduction to the deoxy state, in
which both copper ions are reduced to Cu(l). The
deoxy state binds oxygen to become the oxy state, in
which two oxygen molecules in the peroxy configura-
tion are ligated by two Cu(II). Deoxy tyrosinase oxi-
dizes phenols and catechols to o-quinones, by
different oxidative mechanisms. Catechol oxidation
by a phenolic oxidative mechanism, results in reduc-
tion of copper to Cu’ and tyrosinase deactivation
(suicide inactivation).*?2728

Copper in the Binding Site

By comparing the oxygenated and deoxygenated
structures of Crab Hec, it was observed that upon
oxygenation, the distance between the copper ions
decreased while the position of the histidine residues
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Figure 1. The active site of type-3 copper enzymes. The active sites of type-3 copper proteins are shown in cartoon, active
site residues are shown in sticks, and copper atoms are presented as brown spheres. (A) TyrBm active site and its blocker resi-
due Val218 is shown in lime green. (B) The active site of TyrSc and its blocker residue Gly204 is shown in deep teal while the
placeholder Tyr98 from the caddie protein is in blue. (C) The active site of TyrAo including Cys92 and His94 (thioether bond), a
blocker residue Val359, and a placeholder Phe513 is presented in purple. (D) The active site of IbCO containing a thioehter
bond between Cys92 and His109, a placeholder Phe261, and an inhibitor PTU is shown in pink. (E) Lobster Hc active site is
presented in green with Phe371 and Phe75 as the blocker residue and a placeholder, respectively. (F) Rapana Hc active site is
shown in lemon-green, containing a thioehter bond between Cys59 and His61, while Leu199 and Leu343 are the blocker resi-
due and a placeholder, respectively. (G) Superposition of active site histidine residues of all type-3 copper proteins mentioned
above. All figures were generated using PyMOL (www.pymol.org). Full names, PDB accession codes, and references are listed

in Table I.

remained unchanged.” Similar results were observed
in the structure of IbCO and TyrSc.®1® These obser-
vations indicate that during catalysis, both the oxi-
dation state of Cu and its location are changed.
Structure determination of TyrSc in complex
with a caddie protein revealed that while CuB is
structurally stable in the active site, CuA and its
ligating histidine residue His54 are flexible [Figs.
1(B) and 3(A)]. The authors suggested that flexibility
of CuA and His54 derived from the fact that His54
is not restricted by a thioether bond and this flexi-
bility might have functional implications.'® Using
structural and biochemical data, Matoba et al., pro-
posed a mechanism for copper transport in TyrSc.2?
The authors showed that Cu is transferred from the
caddie protein through His82, Met84, and His97 to

Kanteev et al.

the flexible His54 of TyrSe, which changes its confor-
mation to coordinate the copper in the active site
[Fig. 3(A)]. When copper reaches the active site, it
first occupies the stable CuB position and then the
CuA position.

Copper plasticity was also observed in the struc-
ture of TyrBm.'” CuA showed flexibility over a range
of 2A concomitant with its coordinating residue,
His60. In contrast to TyrSc, in the TyrBm structure
CuB was not observed at all.'” The fact that TyrBm
does not possess a caddie protein suggests a differ-
ent mechanism for copper incorporation. Kanteev
et al. have proposed that CuA and CuB enter the
active site through different supporting residues.®’
CuA transport is facilitated by two methionine resi-
dues Met61 and Met184 [Fig. 3(B)]. These residues

PROTEIN SCIENCE ‘ VOL 24:1360-1363 1363
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Figure 2. Oxidation states of tyrosinase. Four discrete states of the active site of tyrosinase are presented based on

Ramsden and Riley (2014).°

transfer copper ions to the flexible His60, which in a
similar way to His54 in TyrSc, positions the copper
ion in the active site. On the other hand, it was pro-
posed that CuB enters the active site through con-
served Asn205 and Phel97, while the role of Asn205
is to stabilize His204, allowing efficient coordination
of CuB in the active site [Fig. 3(B)].2°

In the structures of Agaricus biporus tyrosinase
(abPPO4), copper flexibility was observed as well.
However in contrast to TyrBm and TyrSe, CuA was
structurally stable but CuB exhibited flexibility and
an additional conformation, next to a fourth histi-
dine residue His282 [Fig. 3(D)].! It is possible that
CuB flexibility in abPPO4 is a result of the replace-
ment of a conserved Asn with Asp252 (Table I). This
Asp residue does not form polar interactions with
His251which coordinates CuB in the active site; con-
sequently, CuB is flexible in the active site [Fig. 3(B
vs. D)I.

Structural investigations of tyrosinase from
Aspergillus oryzae (TyrAo) have shown that the thio-
ether bond between His94 and Cys92 are formed
only in the presence of copper in the active site,
replacing Cys92 with Ala significantly
decreased copper binding.?? In addition, a conserved
motif of C502XXCsg5, similar to that found in copper
chaperons, was observed in the C-terminal domain
of TyrAo [Fig. 3(C)]. The replacement of these Cys
residues to Ala also resulted in lower copper bind-

while
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ing. It was suggested that the role of the C-terminal
domain in TyrAo is not only to control enzymatic
activity but also to facilitate copper transport into
the active site, similar to chaperons.?? The conserved
motifs of the Cys residues were also observed in
Octopus He and IbCO, suggesting the existence of a
similar mechanism of copper incorporation in these
proteins.>2 The role of Cys97 was also analyzed in
aurone synthase from Coreopsis grandiflora
(cgAUS1). However, in contrast to TyrAo, in
cgAUSI, the replacement of Cys97 to Ala affected
protein folding and hindered its activity, but did not
have any effect on copper binding.'3

Although little is known about copper transport
in type-3 copper proteins, it seems that each protein
has a different mechanism for copper incorporation
depending on its structure and surroundings. Tyrosi-
nases from mammalian and yeast origin receive cop-
per from chaperons and transporters, which use Cys
and Met motifs for copper incorporation.>*3* Others
like TyrAo and TyrSc implement chaperon-like
motifs in the C-terminal domains or by the aid of a
caddie protein. Proteins similar to TyrBm which do
not have a C-terminal domain or a caddie protein
incorporate copper through Met and His residues
found on their surface.

Although spectroscopic studies have shown that
the active site behavior of type-3 copper proteins is
similar during the catalytic cycle, the observed

Structure—function correlations in tyrosinases



Figure 3. Copper incorporation pathway. A) Copper transport from the caddie protein (blue color) to TyrSc (deep teal). B)
The active site and second shell residues of TyrBm participating in copper transport. The active site and the second shell resi-
dues of TyrBm participating in copper transport. (C) The conserved motif of Cys residues participating in copper transport in
TyrAo. (D) Two positions of CuB in abPPO4. Full names, PDB codes and references are listed in Table I.

variations in copper plasticity are most likely due to
the fact that different proteins have different mecha-
nisms of copper incorporation and regulation.®

A Conserved Methionine Residue

Conserved methionine motifs are often found in cop-
per transporters and chaperons, and are responsible
for copper transport.’® Recently, it was shown that
methionine interactions with aromatic amino acid
residues stabilize the protein structure.®® In addi-
tion, the sulfur atom in methionine residues is easily
oxidized to MetO or irreversibly MetOo.3>37 Several
studies have shown that mutating a conserved
Met374 in mammalian tyrosinase results in an inac-
tive protein.38 This methionine (M215 in TyrBm) is
highly conserved in type-3 copper proteins, and is
located 3.4-5A away from the second coordinating
CuB histidine residue [Table I and Fig. 4(A)]. Using
a very sensitive electrochemical method, it was
shown that HyO, is produced during tyrosinase
activity which is then utilized as a cofactor in o-qui-
none generation.?® Furthermore, while low H,0,
concentrations activated tyrosinase activity, high
H505 concentrations prevented its activity and sub-
sequently hair melanogenesis.?>*° Computational
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analysis suggested that elevated H,Os concentra-
tions resulted in formation of a Mets7;4O complex,
which disturbs the orientation of the imidazole ring
of His367 (the second coordinating CuB histidine
residue).?® In this orientation, His367 cannot prop-
erly orient substrate entrance, which results in
activity loss.5164041 Apparently, the role of this con-
served methionine is to stabilize the orientation of
the active site histidine residue, enabling tyrosinase
activity. However, it is also possible that during the
catalytic reaction, the generated HyO, is trapped by
this conserved methionine to prevent its harmful
effect on the cell and to control tyrosinase activity
and the rate of melanogenesis.>®

Active Site Shielding

The active site of tyrosinases as well as most type-3
copper proteins is covered by a “placeholder” pro-
vided by an additional protein domain (Table I; Fig.
1).%23 Usually, the placeholder is a bulky aromatic
residue such as Phe or Tyr but a Leu residue may
also act as a placeholder as in Octopus and Rapana
Hc [Table I; Fig. 1(F)]."16:31:32:4243 The placeholder
is located above the active site and is oriented paral-
lel to the second coordinating CuB histidine residue,

PROTEIN SCIENCE ‘ VOL 24:1360-1369 1365
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Figure 4. Second shell residues of TyrBm. (A) A conserved methionine in a distance of 3.9A from the second histidine resi-
due coordinating CuB is important for stabilizing this His residue and enabling tyrosinase activity. (B) A structurally conserved
water molecule participating in substrate deprotonation is ligated by conserved Glu196 and Asn205 residues. See Table | for

respective residues in other type-3 copper proteins.

in similar orientation to the synthetic PTU inhibitor
in the structure of IbCO [Fig. 1(D)] or tropolone
inhibitor in the structure of tyrosinase from Agari-
cus biporus (abPPO3) (Table I).5** Since in most
cases enzymatic activity is possible only after the
removal of the placeholder, it was suggested that its
role is to control enzymatic activity and to prevent
an undesirable oxidation of phenolic compounds.
TyrSec, in contrast to other known type-3 copper pro-
teins, dissociates from its caddie protein without
proteolytic cleavage or detergent use, a fact that
enabled investigations of the placeholder.!%2°
Replacing Tyr98 of the caddie protein with a Phe
residue resulted in decreased activity. Determining
the crystal structures of TyrSc variants, Matoba
et al. suggested that Tyr98 forms a hydrogen bond
network with structurally important water mole-
cules which facilitate copper binding [Fig. 1(B)].152°
Thus, in addition to the suggested role of the place-
holder to control enzymatic activity, this position
might also be important for protein maturation.

An additional position which covers the active
site is located above the CuA and is mentioned in
the literature as a blocker residue (Table I; Fig. 1).*°
A bulky Phe261 at this position in IbCO was pro-
posed to hinder the monophenoalse activity in CO.
It was suggested that monophenol substrates bind to
CuA and diphenol substrates to CuB.>'* Further-
more, directed evolution on TyrBm showed that
when the access to CuB is hindered by mutation
R209H, the diphenolase activity decreases while the
monophenolase activity increases.*® In addition, the
comparison between a Marsupenaeus japonicus
prophenoloxidase (POc) and lobster Hc (Table I)

1366 PROTEINSCIENCE.ORG

revealed that although the structures of both
enzymes are very similar, only POc exhibited mono
and diphenolase activity after SDS activation, while
Hc was not active at all. The difference between
those enzymes was attributed to the presence of a
blocker residue Phe371in crustacean Hc in contrast
to Val384 in POc.*647

In contrast to previous observations, when a
blocker residue Val218 in TyrBm was replaced with
a bulky Phe, the monophenolase activity surpris-
ingly increased and the diphenolase activity
decreased [Fig. 1(A)].*® The crystal structure of vari-
ant V218F exhibited a conformational change of
Phe218, which allowed the monophenoalse activity
to occur, while the decrease in dipehnolase activity
was attributed to the suicide inactivation due to the
incorrect orientation of a diphenolic substrate.2”-284!
Moreover, when a blocker residue Phe273 was
replaced to Ala in cgAUS, the enzyme lost its
activity.'®

It is evident, therefore, that the blocker residue
participates in substrate orientation; however, while
in some enzymes its role is extremely important, in
others, it is negligible.

Substrate Deprotonation

Different studies have shown that a proton has to be
removed from the monophenol substrate prior to
hydroxylation.*®®® Several mechanisms have been
proposed for the substrate deprotonation sce-
nario.’*®! However, recent QM/MM studies have
shown that the movement of the proton to a struc-
turally conserved water molecule and then to a con-
served glutamic acid is the most energetically

Structure—function correlations in tyrosinases



feasible mechanism.?? Goldfeder et al. proposed that
in TyrBm, this water molecule is activated by two
conserved residues Glul95 and Asn205, and acts as
a base abstracting the proton from monophenols
[Fig. 4(B)].5% This conserved water molecule is found
in all type-3 copper protein structures known to date
(Table D).

Substrate Orientation in the Binding Site

The existence of two catalytic activities in the active
site of tyrosinase in contrast to only diphenolase
activity of CO together with the presence of a bulky
Phe residue above CuA leads to the suggestion that
monophenols bind to CuA while diphenols bind to
CuB [Fig. 1(D)].>'* However, recently determined
TyrBm crystal structures with monophenol and
diphenol substrates in the active site disproved this
assumption. It was shown that tyrosine and rL-dopa
were similarly oriented toward CuA through n—n
interactions with the second coordinating CuB histi-
dine residue, His208 (similar to the orientation of
the placeholder).*®%® The carboxyl tail of the sub-
strates formed polar contacts with Arg209, which
was found to be important for TyrBm activity (Fig.
5).% Moreover, it was observed that in order to allow
substrate entrance, the TyrBm blocker residue V218
moves 1.4 A, confirming its role in substrate
orientation.”®

Monophenolase versus diphenolase Activity
In light of the new discovery regarding the similar
binding of monophenolic and diphenolic substrates
in the active site (Fig. 5), the explanation to the lack
of monophenolase activity in CO was revised.?®
Based on the previously suggested catalytic mecha-
nism by Decker et al. and Deeth and Dietrich,*®%° it
was suggested that the hydroxylation of monophenol
substrates on the o-position occurs via an electro-
philic substitution mechanism and is mediated by
the rotation of three histidine residues coordinating
CuA, followed by butterfly distortion of the CusO,
and consequent substrate reorientation. According to
Goldfeder et al., this reorientation is not possible in
CO in which the active site movement is restricted
by a thioether bond together with a blocker residue
Phe above CuA [Fig. 1(D)].?2 In contrast, the hydrox-
ylation of diphenol substrates does not involve an
electrophilic attack, consequently might not require
the reorganization and rotation steps, therefore, can
occur in a partially blocked active site of CO. How-
ever, recent crystal structures and biochemical
investigations of CO from Aspergillus oryzae
(AoCO4) and polyphenol oxidase from Vitis vinifera
(PPOVv) challenge the proposed assumption regard-
ing the lack of monophenolase activity in CO.25:545%
AoCO4 does not contain a thioether bond or a
bulky Phe blocker residue (Table I), which may
restrict active site reorganization nevertheless; it
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Figure 5. Similar orientation of tyrosine and L-Dopa in the
active site of TyrBm. Superposition of the TyrBm structure
with tyrosine (cyan, PDB accession code 4P6R) and the
structure with L-Dopa (orange, PDB accession code 4P6S),
showing similar orientation of monophenols and diphenols
substrates in the active site of tyrosinases.®® The carboxyl
side chains of the substrates form hydrogen bonds with
Arg209. Zinc ions, replacing Cu ions in the crystal structure,
are presented as grey spheres.

does not possess a monophenolase activity. In addi-
tion, its diphenolase activity is 100-fold lower than
that of IbCO.2® Structural examination of AoCO4
revealed that instead of two conserved Glu and Asn
residues, which were proposed to be important for
substrate deprotonation and monophenolase activity
[Fig. 4(B)], this protein possesses GIn237 and Gly285,
respectively (Table I). Interestingly, IbCO which also
does not possess monophenolase activity has Ile241
instead of Asn at the respective position to Gly285.
Furthermore, although the active site of AoCO4 is
not hindered by a blocker residue, it is not exposed to
the surface and accessibility to the active site is
restricted by external loops. Perhaps, the absence of
monophenolase activity in AoCO4 can be attributed
to the lack of conserved Asn and Glu residues, while
the relatively low diphenolase activity might be a
result of the limited active site accessibility.

In contrast to AoCO4, PPOVv exhibits both
monophenolase and diphenolase activities, but con-
tains a thioether bond together with a bulky Phe259
above CuA, similar to IbCO [Table I and Fig.
1(D)].?+5% However, in contrast to IbCO, PPOVv con-
tains a conserved Asn240 residue (Table I). Decker
and co-workers have shown that Phe259 in PPOVv
exhibits similar flexibility to Phe218 in TyrBm vari-
ant V218F and its presence together with a thio-
ether bond does not hinder monophenolase activity
but may cause the slow hydroxylation rate.*!->*

Alignment of tyrosinase and CO sequences
using ConSurf (http://consurf.tau.ac.il/) revealed that
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while the Glu residue is highly conserved among the
enzymes, Asn is conserved mostly among tyrosi-
nases. Interestingly, these conserved residues were
also found in Hc structures. It is thus suggested
that the presence of conserved Glu and Asn next to
the active site is pivotal for monophenolase activity
of type-3 copper enzymes.

Although several mechanisms have been pro-
posed to account for the differences between the cata-
Iytic activity of CO and tyrosinase, none of them
succeed to enclose all the components in this puzzle.
It seems that for monophenolase activity to occur, the
protein active site has to possess flexibility to allow
reorganization and substrate rotation.’®®® Moreover,
substrate deprotonation is an obligatory step in
monophenolase activity, which is most likely facili-
tated by activation of a conserved water molecule by
the action of conserved Glu and Asn residues. Still,
further biochemical and structural investigations are
required to clarify this assumption. The full impact of
the conserved Glu and Asn residues are poorly under-
stood and elucidating their role will undoubtedly
shed more light on this conundrum.

To conclude, although type-3 copper proteins
have been intensively investigated over the past 20
years, further structural, computational, and bio-
chemical studies are essential for understanding the
functional differences among this class of proteins.
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