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Tyrosinase is a member of the type 3 copper enzyme family that is involved
in the production of melanin in a wide range of organisms. The crystal
structures of a tyrosinase from Bacillus megaterium were determined at a
resolution of 2.0–2.3 Å. The enzyme crystallized as a dimer in the
asymmetric unit and was shown to be active in crystal. The overall
monomeric structure is similar to that of the monomer of the previously
determined tyrosinase from Streptomyces castaneoglobisporus, but it does not
contain an accessory Cu-binding “caddie” protein. Two Cu(II) ions, serving
as the major cofactors within the active site, are coordinated by six
conserved histidine residues. However, determination of structures under
different conditions shows varying occupancies and positions of the copper
ions. This apparent mobility in copper binding modes indicates that there is
a pathway by which copper is accumulated or lost by the enzyme.
Additionally, we suggest that residues R209 and V218, situated in a second
shell of residues surrounding the active site, play a role in substrate binding
orientation based on their flexibility and position. The determination of a
structure with the inhibitor kojic acid, the first tyrosinase structure with a
bound ligand, revealed additional residues involved in the positioning of
substrates in the active site. Comparison of wild-type structures with the
structure of the site-specific variant R209H, which possesses a higher
monophenolase/diphenolase activity ratio, lends further support to a
previously suggested mechanism by which monophenolic substrates dock
mainly to CuA.

© 2010 Elsevier Ltd. All rights reserved.

Introduction

Tyrosinase (EC 1.14.18.1) is a type 3 copper
enzyme that performs two successive reactions in
the presence of molecular oxygen: hydroxylation of

phenols to form ortho-diphenols (monophenolase
activity) and oxidation of o-diphenols to o-quinones
(diphenolase activity).1,2 The reactive quinones
polymerize spontaneously to form melanin, which
is the source of skin pigmentation and fruit/
vegetable browning. Tyrosinase is abundant in
mammals, plants, fungi, and bacteria, and the active
site is well conserved among the different species.3–7

Six histidine residues, which are provided by a four-
helical bundle, coordinate the two copper ions (CuA
and CuB) in the active site.1,8

Three different states of the active site have been
reported: the oxygenated oxy form (Eox; [Cu

II–O2
2−–

CuII]), the oxidized Cu(II)-containing met form (Em;
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[CuII–CuII]), and the reduced deoxy form (Ed; [Cu
I–

CuI]).5,9 Eox is able to catalyze the hydroxylation of
monophenolic substrates and the oxidation of
diphenols, whereas Em results in a dead-end
complex with monophenols and cannot bind
oxygen.10 In the oxy form, molecular oxygen is
proposed to be bound as a peroxide between the
two copper atoms in a side-on conformation, as
visualized in previously determined crystal
structures.11 In the absence of any substrate, Em is
the primary form.10

Two other members of the type 3 copper protein
family are catechol oxidases (EC 1.10.3.1), which only
perform diphenolase activity, and hemocyanins,
which are oxygen carriers from the hemolymph of
many molluscs and arthropods.12–14 Although the
active centers of the type 3 copper proteins are similar
in their overall structure and their ability to bind
molecular oxygen, their potential enzymatic activities
are different, suggesting a large variation in the
substrate-binding pocket or in the accessibility of the
substrate to the active site.1,11 To date, there are two
crystal structures of catechol oxidase,14,15 three
crystal structures of hemocyanin,16–18 one crystal
structure of an arthropod prophenoloxidase,19 and
one crystal structure of a tyrosinase from Streptomyces
castaneoglobisporus (TyrSc) crystallized in complex
with a caddie protein.11 The caddie protein,
expressed from orf378, is necessary for obtaining a
functional form of the bacterial enzyme and is
believed to perform a chaperone-like function in
providing the copper ions to the tyrosinase.11

However, the enzyme is inactive while in complex
with the caddie protein. From structure–function
investigations, it appears that access to the active site
in hemocyanins is blocked, and the only physiolog-
ical role that remains is the binding and transport of
O2.

18,20,21 In contrast, the active sites of tyrosinases
and catechol oxidases are near the protein surface,
allowing substrates to more easily access the dicop-
per center. Although the CuB site is strictly conserved
for tyrosinases and catechol oxidases, the CuA
environment has more variations and seems to tune
the proteins to perform their specific activities.22 Due
to the complexity of the enzymatic mechanism of
tyrosinase, the precise interactions and residues
responsible for substrate orientation have been
difficult to assign definitively.
We have recently isolated and characterized a

tyrosinase from Bacillus megaterium (TyrBm; a soil
bacterium), which has an exceptionally high
activity in water-miscible organic solvents23 and
does not appear to require the presence of a
caddie protein for activity. Here we describe the
determination of the crystal structures of this
tyrosinase (TyrBm) under different conditions up
to a maximal resolution of 2.0 Å. The crystals
contain a dimer of the enzyme in the asymmetric
unit, and the enzyme is fully active in crystal. The

structure of a site-specific mutant, recently shown
to have an increased monophenolase/diphenolase
activity ratio,24 was determined as well. This
work identifies additional features and residues
that are important for this enzyme's catalytic cycle
and reveals that these activities may require
movement in the positions of the active-site
copper ions.

Results and Discussion

Overall structure of TyrBm in the two
crystal forms

The structures of TyrBm were determined at a
resolution of 2.0–2.3 Å. The two TyrBm monomers
in the asymmetric unit are associated in a homo-
dimeric structure, are ellipsoid in shape, and have
dimensions of 45 Å×25 Å×80 Å (Fig. 1). α-Helices
are the main secondary structure element of TyrBm,
with the copper center located at the core of a four-
helical bundle, which is conserved in all type 3
copper enzymes.11,14–16,18,19 Each copper ion is
coordinated by three His residues, which project
out from the four surrounding helices (α2, α3, α7,
and α8) and by one loop. CuA is coordinated by
His42 (α2), His69 (α3), and His60, which is located
on a large loop intervening between these two
helices. The second copper ion CuB is coordinated
by His204, His208 (both on α7), and His231 (α8). In
all type 1 crystal structures described below and
obtained in the presence of Zn ions (TyrBm1,
TyrBm1_Cu, TyrBm1_mut, and TyrBm1_koj), two
copper ions were observed on each monomer. In
contrast, in type 2 crystal structures (TyrBm2 and
TyrBm2_CuB⁎) crystallized in the absence of Zn,
only copper ion CuA was identified (see the text).

TyrBm is a dimer

This is the first determined structure of a
prokaryote tyrosinase that does not contain a
caddie protein and appears to form a dimer. The
dimer is formed via two 2-fold symmetry axes; thus,
the substrate-binding pockets face alternate direc-
tions (Fig. 1) and are not obscured by other
symmetry-related monomers in the crystal lattice.
The dimer interface contains interactions between
symmetry-related α2-helices and two large loops.
The major dimer-forming contacts include Trp41-
Tyr267 and Arg37-Asn270 (Fig. 1). The hydropho-
bic interactions between the two symmetry-related
Trp41 and Tyr267 couples, along with residues
Trp269 and Phe48, form a tight hydrophobic center
(∼3.5 Å between interacting residues) composed of
both van der Waals interactions and π–π stacking
interactions situated at the heart of the dimer
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interface surface. Both of these residues (Trp41 and
Tyr267) are chemically nonconserved in the TyrSc
protein (Thr37 and Lys252, respectively); indeed, in
the TyrSc protein, this surface is solvent exposed. It
would certainly be energetically favorable to bury
these four aromatic residues within the interface
rather than expose them on the surface.
TyrBm was formerly reported to be a monomer in

solution.23 Reanalysis of the purified soluble protein
by high-resolution size-exclusion chromatography
revealed the presence of two species of TyrBm [a
monomer (∼35 kDa) and a dimer (∼70 kDa)], and
elevation of the protein concentration appears to
shift the equilibrium to the dimeric species in a
solution. A similar behavior was reported for
enzymes such as yeast hexokinase25 and NS3
helicase from hepatitis C26 for which a concentra-
tion-dependent equilibrium exists between mono-
mers and higher oligomers. The buried surface
area at the interface between associating monomers
is 1045 Å2, as calculated by PROTROP‡. This
value is considered marginal in terms of dimer

classification,27 although actual contacts within the
interface must also be taken into account. The dimer
obtained in the asymmetric unit is also consistent
with a biologically relevant dimer obtained by
analysis with PISA§. Therefore, we propose that
the structure obtained is a biologically relevant
dimer. Since TyrBm is secreted from the cells into the
surrounding soil, there may be a difference in the
oligomeric form of the enzyme in vivo and outside
the cell.

TyrBm is active in crystal

Crystals soaked in L-tyrosine for over 48 h turned
brown (Fig. 2), indicating oxidation of the substrate
into o-quinone and accumulation of dopachrome.
The rate-limiting step of the reaction in crystal may
be the availability of molecular oxygen. The struc-
ture of a brown crystal (data collected a few weeks
after color formation) was determined and found
to be identical with that of a crystal not exposed to
L-tyrosine. Thus, the activated enzyme apparently

‡http://www.bioinformatics.sussex.ac.uk/protorp/

Fig. 1. Overview of TyrBm structure. The dimer structure of TyrBm is presented; both subunits (subunit 1 on the right
and subunit 2 on the left) are presented in an N-terminal to C-terminal spectrum. Copper ions in the active site are
presented in brown. The dimer-forming contacts in each subunit, Trp41-Tyr267 and Arg37-Asn270, are shown in black.
The four main helices, from which the His residues coordinating the copper ions project, are presented in subunit 1: α2 in
light blue, α3 in cyan, α7 in dark yellow, and α8 in orange. The structure presented is that of TyrBm1 (a type 1 crystal)
crystallized in the presence of Zn ions. The overall structures of all other crystal structures described here are nearly
identical. All figures presented in this work were generated using PyMOL (http://www.pymol.org/).

§ http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html
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returned to the basic met form after all of the
substrate had been oxidized. We can thus propose
that the structures we present here are those of
active enzyme molecules. We were not able to
crystallographically visualize the product (dopa-
chrome) within the active site of the crystals,
indicating that the product has reduced affinity for
the enzyme active site.

Plasticity in copper ion occupancy and
binding mode

In the process of data collection from crystals
grown under different conditions, we identified
TyrBm structures with different copper occupancies
and positions. The structure of TyrBm1 bears two
copper ions 3.5 Å apart, with one bridging solvent
molecule designated as water (Fig. 3a). We suggest
that this structure represents the met form of TyrBm,
similar to the met I form of TyrSc [Protein Data Bank
(PDB) code 2ZMX]11 and to the met form of catechol
oxidase from Ipomoea batatas (PDB code 1BT3).14

Han et al. showed that Zn ions inactivated mush-
room tyrosinase in a mixed-type manner and caused
conformational changes as reflected by thermody-
namic parameters.28 Indeed, increasing concentra-
tions of ZnAc were found to inhibit TyrBm activity
as well (results not shown). Zn ions could bind to
histidine or cysteine residues at different protein
locations, or may even substitute the Cu ions in the
active site. In the TyrBm structures reported here, Zn
ions were observed bound (such as to His13 or
His279) in a number of locations in the enzyme. It
could not be ruled out that in protein molecules
crystallized in the presence of Zn ions (type 1
structures), heterogeneity of Cu and Zn ions is
observed at the active site. A similar occurrence was
reported for the crystal structure of the mammalian
serine protease Tonin, in which Zn ions, introduced
to improve crystal formation, were bound in the
active site and inhibited activity.29 In the present

study, we showed activity in crystal, indicating the
presence of active-site Cu, and not only of Zn from
the crystallization liquor.
The structure of TyrBm2 (Fig. 3b), crystallized in

the absence of Zn ions (type 2), has one water
molecule bound to CuA and lacks CuB. Based on
this result, it is speculated that the binding of CuB
may be labile, although its surrounding ligation
sphere is more conserved.22 Thus, in the presence of
an excess of Zn ions, such as in type 1 crystal
structures, CuB could possibly be replaced by a Zn
ion. CuA, however, is present in all of the structures
determined. The structure of TyrBm2_CuB⁎ (Fig. 3c)
is of a type 2 crystal soaked in L-dihydroxypheny-
lalanine (L-DOPA) for 30 min. The soak was not long
enough to see dopachrome or melanin formation,
but a change in the copper occupancy was observed.
In this structure, CuA was present in both subunits,
while CuB was observed in subunit 1; we estimated
its occupancy at 40%. This implies that in the
crystals, this fraction of TyrBm had a bound CuB
ion, indicating copper stabilization perhaps due to
the aforementioned experimental conditions. This
phenomenon is described here for the first time for
type 3 copper proteins and demonstrates the
dynamics of copper occupancy in TyrBm. Matoba
et al. suggested that the incorporation of copper into
TyrSc is mediated by a caddie protein (ORF378) that
covers the active site and binds copper ions through
a number of His residues on the molecule.11 TyrBm
has no such helper protein, and its active site is
relatively exposed. In B. megaterium, the tyrosinase is
secreted to the surrounding medium as in tyrosi-
nases from Streptomyces, where they are involved in
extracellular melanin production.1 The difference in
copper accumulation could have developed as a
result of the different environments to which the
enzyme is secreted and its abundance or deficiency
in copper.
We were also able to identify heterogeneity in the

binding of CuA. A structure (TyrBm1_Cu; Fig. 3d)

Fig. 2. TyrBm crystals have monooxygenase activity. (a) TyrBm monoclinic (type 2) crystals obtained in drops
containing 18% polyethylene glycol 8000 and 0.1 M cacodylic acid (pH 5.6) at 20 °C after 14–21 days. (b) Crystals were
soaked in 0.5 mM L-tyrosine and turned brown after 48 h.
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was obtained by soaking a type 1 crystal in 1 mM
CuSO4 for 30 min, and CuA can be seen in the active
site at two overlapping positions (with occupancies

of ∼50% each). The two overlapping positions of
CuA are 0.5 Å apart (Fig. 3d). The positions of CuA
in TyrBm1 and TyrBm2 are separated by 1.5 Å,

Fig. 3. Positions and occupation of copper in different TyrBm structures. (a) The active sites of TyrBm1 (blue)
crystallized in the presence of Zn. (b) TyrBm2 (yellow) crystallized in the absence of Zn. (c) TyrBm2_CuB⁎ (green)
crystallized in the absence of Zn ions and soaked for 30 min in 0.5 mM L-DOPA (the active site of subunit 1 is shown). (d)
TyrBm1_Cu (pink) crystallized in the presence of Zn and soaked in 1 mMCuSO4 for 30 min. (e) Superposition of the three
structures shown in (a), (b), and (d), with the narrow arrow showing a 2.0-Å distance between the two farthest CuA
positions and with the wide arrow showing a concomitant 1.0-Å movement in His60. Copper ions are depicted in brown
(a–d) and in the color of the structure (e), where CuA is shown on the left and CuB is shown on the right. Water molecules
are shown in red. In each structure, the occupation and positioning of copper vary (see the text).
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accompanied by a concomitant 1-Å change in the
positions of the ligating residues His60 and His42.
Superposition of the three structures reveals a
profile of CuA movement by as much as 2 Å,
directed away from His69 (Fig. 3e). Furthermore, in
TyrBm1, there is weak electron density between
His69 and the designated copper position, which is
not consistent with a solvent molecule. This addi-
tional electron density may represent an additional
minor CuA binding mode in TyrBm1, analogous
with its position in TyrBm2. As there is no thioether
bond stabilizing His60 (as in PDB code 1BT3),14 the
simultaneous movements of His60 and CuA are
possible in tyrosinases. The movement of CuA
seems to be affected by the abundance in copper,
and CuB is lost when copper is limited (TyrBm2);
only a single binding mode was identified when
copper was in excess. The presence of CuA under all
conditions indicates tighter binding (perhaps by the
existence of multiple binding modes) and suggests
that it has greater overall importance to the
enzyme, perhaps not only for activity but also for
structural maintenance.

Comparison to TyrSc and other type 3
copper proteins

Type 3 copper proteins, to which TyrBm belongs,
compose a family of proteins with varying struc-
tures, amino acid sequences, and functions that
possess a practically identical active site. This
conundrum has been the focus of many studies,
with the recent structural studies providing major
contributions to our understanding of the functional
aspects of this family. Catechol oxidase and hemo-
cyanin structures were determined more than a
decade ago, and the first structure of a tyrosinase
was determined more recently.11,14,16,18 In hemocy-
anin oxygen carriers, no enzymatic activity has been
identified; indeed, the active site is blocked by the
protein itself. A leucine (Leu2830) or phenylalanine
(Phe49) residue extends into the substrate binding
site.16,18 Therefore, no substrate can reach the active
site; unless these residues are removed, no activity
can be obtained. This was substantiated by the work
of Decker and Rimke in which hemocyanin from
tarantula was turned into a weak phenoloxidase
after the in vitro cleavage of an N-terminal peptide,
including a conserved Phe49 that serves as an
allosteric trigger during the oxygenation process.30

Recently, SDS was shown to induce phenoloxidase
activity in scorpion hemocyanin by causing the
covering domain to twist away and expose the
active site.31 The blocking residue is considered the
“placeholder.”
A similar placeholder was observed in the TyrSc

structure in complex with a caddie protein. Tyr98 of
the caddie protein is oriented in a fashion similar to
that of Phe49 in hemocyanin from Limulus, blocking

the active site.20 The tyrosine residue is just far
enough from the dicopper center for it not be
hydroxylated itself. Detachment of the caddie
protein will enable the exposure of the active site
to phenolic substrates and monophenolase or
diphenolase activity to occur. In the structure of
catechol oxidase from I. batatas, the lack of mono-
phenolase activity was attributed to the presence of
Phe261 near CuA.14 This residue was also consid-
ered to be a gatekeeper residue, controlling the
entrance to the active site similar to the placeholders
described in other proteins, since a structure
determined with an inhibitor (phenylthiourea) in
the active site shows a significant movement of
the residue.32

As mentioned earlier, the active site of TyrBm is
relatively exposed, and no “placeholder” residues
were identified within the active site. However,
Val218, situated on a loop adjacent to CuA, extends
into the active site in a fashion similar to Phe261 in
catechol oxidase (Fig. 4a).16 Since valine is far less
bulky than phenylalanine, it does not prevent the
hydroxylation of monophenols by TyrBm, which
apparently occurs on CuA. The homologous loop in
TyrSc is shorter and located farther from the active
site, with Gly204 in the Val218 position (Fig. 4b).11

Val218 can therefore be proposed as a modified
gatekeeper residue, controlling the entrance to the
active site of TyrBm; as for Phe261 in catechol
oxidase, it may move as a substrate penetrates into
the active site. Movement of Val218 may help direct
the substrate correctly into the active site.
Another residue that we have identified as having

a possible role in substrate docking is Arg209. It is
positioned in proximity to the entrance of the active
site, on helix α6 adjacent to His208, which coordi-
nates CuB. In subunit 1 of TyrBm1, two conforma-
tions of this residue were observed, indicating its
flexibility (Fig. 5a). The different conformations are
stabilized by hydrogen bonds with adjacent resi-
dues and allow the expansion or contraction of the
active-site volume. The movements in the position
of Arg209 may also cause pKa changes in the area,
which could have catalytic importance in the
presence of a substrate (see the text).

Insights into the catalytic mechanism
of tyrosinase

Although tyrosinase and its related proteins have
been intensively studied, its catalytic mechanism is
still a subject of debate due to its complexity, the
existence of two catalytic activities at the same active
site, and the apparent lag period associated with
monophenolase activity.7 Based on the lack of
monophenolase activity in catechol oxidase (which
has a large aromatic residue blocking CuA), it has
been suggested that in tyrosinases (lacking this
blocking residue), monophenols bind to CuA and
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o-diphenols bind to CuB.5,6,32 The evidence provided
by the recently determined structure of TyrSc has led
to two possible hydroxylation mechanisms, as
proposed by Matoba et al.11 and Decker et al.20

Matoba et al. suggested that the deprotonated
monophenol binds to CuB, followed by the addition
of oxygen to the ring in ortho position through a
connection to CuA, enabled by the release of the
flexible His54. This residue has also been suggested
to be involved in the deprotonation of the mono-
phenolic substrate.7,19 In catechol oxidase, the mech-
anism is not possible because of the fixed

conformation of the corresponding His residue.
Decker et al. suggested that the monophenol sub-
strate is oriented towards CuA through hydrophobic
interactions with His194 (His208 in TyrBm), in
analogy to the orientation of Tyr98 (in TyrSc).20

Hydroxylation occurs via an electrophilic substitution
mechanism5 while the substrate is positioned in trans
to His63 (His69 in TyrBm). Olivares et al.6 and
Olivares and Solano7 also proposed that monophe-
nols dock to CuA but o-diphenols dock to CuB, based
on site-specific mutations of mouse tyrosinase,
suggesting a similar mechanism.

Fig. 5. The active sites of wild-type TyrBm and variant R209H. (a) The active site of wild-type TyrBm (TyrBm1)
is presented in blue, and the two conformations of Arg209 identified in the electron density maps are presented in
yellow. (b) The active site of variant R209H (structure of TyrBm1_mut) and residue His209 are shown in light blue and
yellow, respectively.

Fig. 4. Superposition of the active sites of TyrBm and related type 3 copper proteins. (a) TyrBm1 (blue) superimposed
onto the catechol oxidase from I. batatas (orange; PDB code 1BT3). Phe261 shields CuA, preventing the ability of catechol
oxidase to hydroxylate monophenols. The red sphere represents a water molecule. (b) TyrBm1 (blue) and TyrSc (light
pink; PDB code 1WX2). In TyrBm, Val218 reaches into the active site above CuA, whereas in TyrSc, there is a shorter and
tighter loop with Gly204 in the homologous position.
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The study presented here provides additional
structural evidence that supports the latter mecha-
nism. The crystal structure of TyrBm suggests that
His208 of CuB is in a position to orient a substrate
towards CuA, as suggested by Decker et al. (Fig. 5a).
The location of His60 on a loop allows for positional
flexibility, and its proximity to CuA correlates with
the hypothesis that it is responsible for the depro-
tonation of the monophenolic substrate. In addition,
the flexible and small Val218 residue situated near
CuA (Fig. 4a) allows monophenolase activity to
occur. This suggests that monophenol substrates are
oriented towards CuA. Furthermore, the movement
of CuA towards the protein surface supports its
conspicuous role in the first stages of catalysis.
We have recently identified, by directed evolution,

a residue that influences the selectivity of TyrBm.24

The variant R209H exhibited a monophenolase/
diphenolase activity ratio that is 2.6-fold higher than
that of the wild-type enzyme. It was suggested that
the imidazole group of the newly introduced
histidine residue obstructs the entrance to the active
site, thus interfering with the binding of L-DOPA to
CuB. At the same time, access of L-tyrosine to the
CuA site is less hindered, as was demonstrated from
the higher kcat value of the mutant with this
substrate. These results support the hypothesis that
tyrosine and L-DOPA bind differently within the
active site. We have determined the structure of
R209H to a resolution of 2.3 Å (TyrBm1_mut). In the
structure, His209 can be seen to shield CuB and to
obstruct the entrance to the active site (Fig. 5b). As
shown in the structures of wild-type and mutant
TyrBm, Arg209 is flexible, while the histidine is
rigid. This structural evidence further supports the
hydroxylation mechanism in which a monophenol
substrate docks to CuA.

Structure of TyrBm with the tyrosinase inhibitor
kojic acid

Kojic acid (5-hydroxy-2-(hydroxymethyl)-g-pyrone)
is a fungal metabolite produced by many species of
Aspergillus and Penicillium.33 It is a good chelator of
transition metal ions and a good scavenger of free
radicals.33 Kojic acid is an inhibitor of tyrosinases of
various bacteria, mushrooms, plants, and arthropods,
and is currently used as a skin-whitening agent and as
a food additive to prevent enzymatic browning.34 The
inhibition is competitive for monophenolase activity
and has a mixed inhibitory effect on the diphenolase
activity of mushroom tyrosinase.34 The suggested
mechanism of inhibition is by the chelation of copper
in the active site. Moreover, kojic acid is able to reduce
o-quinone to o-diphenol to prevent the final pigment
formation.
We determined the structure of TyrBmwith bound

kojic acid (TyrBm1_koj; Fig. 6), the first tyrosinase
structure determined with a bound ligand. As
opposed to the previously suggested binding
modes in which kojic acid is bound to the copper
ions in a bidentate fashion through its ortho-
positioned hydroxyl and carbonyl groups,35 it is
oriented with the hydroxymethyl towards the active
site at a relatively far distance of 7 Å. The molecule
appears in both subunits of TyrBm in identical
positions and is bound strongly by interactions with
residues in the active-site entrance: Phe197, Pro201,
Asn205, and Arg209. Furthermore, kojic acid is
oriented similarly to the placeholder Tyr98 of the
TyrSc caddie protein, although not quite as close to
the active site. Thus, the position and orientation of
kojic acid cause an obstruction of the active site,
which could be one mechanism of inhibition. A
docking study of kojic acid in the active site of

Fig. 6. The structure of TyrBm in complex with kojic acid identifies an unexpected binding mode. Stereo view of kojic
acid (KA; magenta), which is in the entrance to the active site of TyrBm (structure of TyrBm1_koj; His residues are
in white) and is stabilized by residues in the active-site area (light blue). KA is 7 Å away from the copper center. The omit
Fo−Fc electron density map (blue wire; 1σ) is overlaid onto the KA model.
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tyrosinase from Streptomyces predicted π–π interac-
tions with His194 (His208 in TyrBm) and orientation
of the hydroxymethyl moiety towards the dicopper
center.36 The location of kojic acid in TyrBm
presented here could be an intermediate binding
site—but one that has significant binding strength.
Further movement into the active site could require
changes in protein conformation occurring in the
presence of substrate. The full mechanism of kojic
acid inhibition is still far from understood, but this
structure presents new evidence for the possible
orientation of ligands in the active site of tyrosinases.

Materials and Methods

Expression, purification, and crystallization

A tyrosinase-producing B. megaterium was isolated by
our laboratory from soil samples, and the gene encoding
for the tyrosinase was cloned into Escherichia coli BL21,
expressed, purified, and crystallized as previously

described.23,37 Briefly, two different crystallization condi-
tions were obtained using commercial crystal screen kits in
the presence and in the absence of 0.2 M Zn2+, resulting in
two different crystal types: rods (type 1) and cubes (type 2).
The enzyme's molecular weight in solution was deter-
mined by size-exclusion chromatography (Superdex 200
HR 10/30; GE Healthcare, Uppsala, Sweden) at a protein
concentration range of 2–5 mg ml− 1 and under buffer
conditions of 50 mM Tris–HCl (pH 7.5) and 100 mMNaCl.

Crystal activity

Mature crystals were soaked in 0.5 mM L-tyrosine
(Sigma-Aldrich, Israel) for 48 h to test activity. As opposed
to L-DOPA, L-tyrosine in solution does not oxidize
spontaneously; thus, the hanging drop remained clear,
and the reaction occurred only inside the crystals, turning
them brown.

The TyrBm mutant R209H

The mutant R209H was obtained by directed evolution,
as described previously.24 Briefly, mutagenesis was

Table 1. Data collection and refinement statistics

Structure name (PDB code)

Structure name (PDB code)

TyrBm1
(3NM8)

TyrBm2
(3NQ0)

TyrBm2_CuB⁎
(3NTM)

TyrBm1_Cu
(3NPY)

TyrBm1_mut
(3NQ5)

TyrBm1_koj
(3NQ1)

X-ray data collection
Space group P212121 P21 P21 P212121 P212121 P212121
Unit cell parameters

a (Å) 51.2 47.8 46.0 49.5 49.1 51.4
b (Å) 84.5 78.7 78.4 82.1 80.9 83.6
c (Å) 146.3 85.6 74.6 146.7 147.1 146.2
α (°) 90 90 90 90 90 90
β (°) 90 105.3 101.6 90 90 90
γ (°) 90 90 90 90 90 90

Resolution range 50–2.0 40–2.2 40–2.3 50–2.2 50–2.3 50–2.3
Observed reflections 155,304 60,695 46,496 154,754 53,570 52,574
Unique reflections 42,991 29,606 22,077 31,000 25,173 24,154
I/σ(I)a 7.7 (1.6) 8.3 (2.4) 10.5 (4.4) 13.0 (3.1) 7.1 (2.6) 9.1 (2.5)
Rmerge

a,b 0.09 (0.67) 0.10 (0.33) 0.06 (0.19) 0.07 (0.43) 0.08 (0.24) 0.09 (0.29)
Completenessa 98.1 (98.4) 95.1 (87.3) 95.5 (94.0) 98.5 (95.5) 94.1 (81.7) 84.7 (72.8)
Multiplicitya 3.6 (3.8) 2.1 (1.9) 2.1 (2.0) 5.0 (5.2) 2.1 (1.8) 2.2 (1.9)

Refinement
R (%)/Rfree (%)c 21.9/27.2 24.3/29.2 19.3/28.9 25.5/27.8 21.6/30.9 22.8/26.2
Amino acids 568 559 561 565 566 564
Total number of nonhydrogen atoms 5021 4759 4667 4827 4961 4800
Number of water molecules 340 159 236 172 249 208
Number of copper ions 4 (3.6)d 2 3 (3.2)d 4 (3.4)d 4 (3.6)d 4 (3.5)d

Number of Zn ions 7 0 0 8 10 13
Average B-factor (Å), protein atoms 32.8 20.0 21.7 41.3 28.8 26.6
r.m.s.d.

Bond length (Å) 0.009 0.012 0.011 0.016 0.011 0.012
Bond angle (°) 1.4 1.5 1.3 1.5 1.3 1.4

Ramachandran plot
Favored regions (%) 95.6 95.1 94.2 94.8 93.2 95.0
Outliers (%) 0.0 0.7 1.1 0.9 1.4 0.4
a Values in parentheses are for the last shell.
b Rmerge=∑hkl∑i|Ii(hkl)− 〈I(jkl)〉|/∑hkl∑iIi(hkl), where I is the observed intensity, and 〈I〉 is the mean value of I.
c R/Rfree=∑hkl‖Fobs|−|Fcalc‖/∑hkl|Fobs|, whereR andRfree are calculated using test reflections, respectively. The test reflections (10%)

were held aside and not used during the entire refinement process.
d Distance (Å) between copper ions when both CuA and CuB are present.
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introduced using error-prone PCR, and a high-throughput
assay for enhanced activity on tyrosinase substrateswasused
to locate mutants that have higher activity on L-tyrosine and
lower activity on L-DOPA compared to wild type.
Purification and crystallization steps (in the presence of
ZnAc) were identical with those performed on the wild
type, and rod-shaped crystals similar to those of the wild
type were obtained. For visualization of ligand binding
modes, a fully grown crystal was incubated in 3 mM kojic
acid (Sigma-Aldrich), a well-characterized tyrosinase
inhibitor, in artificial mother liquor. After 5min, the crystal
was mounted on a loop and frozen.

Data collection and structure determination

X-ray diffraction data were collected at beamlines ID14-1
and ID23-1 of the European Synchrotron Radiation Facility
(Grenoble, France). All data were indexed, integrated,
scaled, andmergedusingMosflmand Scala.38 The structure
of TyrBm in type 1 crystals was solved by molecular
replacement using Phaser39 and the coordinates of TyrSc
(PDB code 1WX2), which has a 40% sequence identity to
TyrBm. A single solution was obtained for two monomers
in the asymmetric unit. Refinement was performed using
CNS,40 PHENIX,41 and Refmac5.42,43 Manual model build-
ing, real-space refinement, and structure validation were
performed using Coot.44 The structure of TyrBm in type 2
crystals was solved by molecular replacement using the
coordinates of the TyrBm structure from type 1 crystals.
Data collection, phasing, and refinement statistics are
presented in Table 1.

PDB accession numbers

The coordinates and structure factors of TyrBm in
different states have been deposited in the RCSB PDB
under accession codes 3NM8, 3NPY, 3NQ0, and 3NTM.
The code for the TyrBm variant R209H is 3NQ5, and that
for TyrBm with kojic acid is 3NQ1.
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