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Abstract: Tyrosinases and catechol oxidases are members of
the class of type Il copper enzymes. While tyrosinases accept
both mono- and o-diphenols as substrates, only the latter
substrate is converted by catechol oxidases. Researchers have
been working for decades to elucidate the monophenolase/
diphenolase specificity on a structural level and have intro-
duced an early hypothesis that states that the reason for the lack
of monophenolase activity in catechol oxidases may be its
structurally restricted active site. However, recent structural
and biochemical studies of this enzyme class have raised
doubts about this theory. Herein, the first crystal structure of
a plant tyrosinase (from Juglans regia) is presented. The
structure reveals that the distinction between mono- and
diphenolase activity does not depend on the degree of
restriction of the active site, and thus a more important role
for amino acid residues located at the entrance to and in the
second shell of the active site is proposed.

-ryrosinases are type III copper-containing oxidoreductases
that are found in a wide range of organisms distributed over
all domains of life."! Tyrosinase catalyzes the reactions that
provide the starting material for melanin biosynthesis, namely
the ortho-hydroxylation of monophenols to o-diphenols
(monophenolase activity, EC 1.14.18.1) and the subsequent
oxidation of o-diphenols to the corresponding o-quinones
(diphenolase activity, EC 1.10.3.1), which are both coupled to
the reduction of molecular oxygen to water.’! During the
catalytic cycle, the dinuclear copper center passes through
three different oxidation states. In the resting met form, the
copper atoms (Cu") are bridged by a hydroxide ion or water
molecule. The deoxy form represents the reduced (Cu') state,
which is converted into the reactive oxy form upon oxygen
binding.P! Silencing of walnut tyrosinase (jrTYR) induces
a lesion mimic phenotype in walnut leaves, presumably owing
to tyramine-mediated cell death.”!

In the past decades, the catalytic mechanisms of both
tyrosinases and catechol oxidases have been intensively
investigated by X-ray crystallography, among other tech-
niques. X-ray structure analysis has revealed high similarity
within the active site of the two enzyme types, with only slight
differences, most prominently a bulky amino acid that limits
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substrate access to the active site, which was first identified in
the pioneering crystal structure of the catechol oxidase from
Ipomoea batatas.”’ This residue was considered crucial for
controlling mono-/diphenolase specificity and therefore the
term “blocker residue” was coined. The theory was further
supported by the first tyrosinase crystal structure from
Streptomyces castaneoglobisporus, the blocker position of
which is occupied by glycine” However, the structure—
function relationship is still a matter of debate.

Herein, the first high-resolution crystal structure of
a plant tyrosinase in its active form is presented. This
tyrosinase was purified from walnut leaves and has both
monophenolase activity and a bulky residue at the blocker
position.:*!

jrTYR was isolated from walnut leaves!” and the structure
was determined by X-ray crystallography to a resolution of
1.8 A (PDB ID: 5CEY). The core structure of /FTYR is almost
identical to reported polyphenol oxidase (PPO) struc-
tures.[%°? Tt shares the highest structural similarity with its
plant relatives, the catechol oxidases from Ipomoea batatas
(ibCO, sequence identity of the main core 56.6 % ) and Vitis
vinifera (vwCO, 63.7%)."¥) The active-site region containing
the dinuclear copper center is formed by a bundle of four a-
helices (a4, a5, a12, and al4; Figure 1A). Each active-site
copper ion is coordinated by three histidine residues (His;
Figure 1B). Copper A (CuA) is coordinated by His87,
His108, and His117, where His87 and His117 are located on
a-helices (04 and a5) and His108 on a loop. The Ce atom of
His108 forms a thioether bond with the sulfur atom of an
adjacent cysteine (Cys91), thereby resulting in limited flex-
ibility of His108. Copper B (CuB) is coordinated by His239,
His243, and His273, which are all located on o-helices.

JjrTYR was crystallized in its resting met form with a Cu—
Cu distance of 4.0 A, which is similar to the met form of vvCO
(4.2 A)."1 The two copper centers are bridged by a solvent
molecule, most probably a hydroxide anion, which is 2.1 A
from each copper ion. With all coordinating histidines and the
solvent molecule, CuA exhibits an intermediate geometry
between a distorted tetrahedron and a trigonal bipyramid
with one unoccupied coordination site, whereas CuB exhibits
an almost perfect tetrahedral geometry with the solvent
molecule in apical position (Figure 1B).

The structure contains two disulfide bonds (Cys11-Cys26
and Cys25-Cys88), which on the one hand stabilize N-
terminal loops by anchoring them to the main core, and on the
other hand are associated with copper incorporation, since
jrTYR contains the well-conserved tyrosinase CXXC motif
(C88 A-Y-C91), which has been reported to be crucial for
copper uptake."! The two disulfide bonds in jFTYR are
located next to each other, at a distance of about 8 A. They
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Figure 1. Overall and active-site structure of jrTYR. A) The overall
structure is shown as green cartoon with the four a-helical bundles
forming the active site colored in red. B) The active site with the
copper-coordinating histidine residues, blocker residue, and thioether
bond are illustrated as stick models (green C, blue N, yellow S). The
rest of the protein is shown as a green cartoon with 50% transparency.
The copper atoms are shown as brown spheres with the bridging
solvent as a small red sphere.

represent the shortest path from outside the enzyme into the
active site (about 16 A) and thus could thus play a similar role
to the CXXC motif in other tyrosinases or copper chaperones
(Figure S1 in the Supporting Information).l']

At the blocker residue position above CuA, jFrTYR
contains a phenylalanine residue (Phe260; Figure 1B). This
is interesting because the presence of a bulky blocker residue
has been associated with catechol oxidases.™®! It has been
postulated that the bulky phenylalanine in catechol oxidases
prevents the binding of substrates to CuA, thereby resulting
in the lack of monophenolase activity.”'>!% This led to the
assumption that monophenols bind to CuA and diphenols to
CuB."! However, Goldfeder etal. replaced the blocker-
position Val218 in tyrosinase from Bacillus megaterium
(bmTYR) with a bulky phenylalanine in order to hamper
monophenolase activity (mimicking a catechol oxidase), but
the monophenolase activity surprisingly increased and the
diphenolase activity decreased.'® The same group provided
crystal structures (bmTYR soaked with different substrates)
that revealed that both monophenols and diphenols bind to
CuA in bmTYR, and therefore they concluded that both
substrate types also bind to CuA in catechol oxidases."” It
was suggested that the limited flexibility of the CuA site
(thioether bond) in combination with a bulky blocker residue
is responsible for the absence of monophenolase activity in
catechol oxidases, since both restrictions would prevent
substrate rotation, which is believed to be necessary during
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the hydroxylation of monophenols.'”') However, monophe-
nolase activity has been unambiguously proven for jrTYR,
even though the herein presented crystal structure shows both
a bulky blocker residue above CuA and the rigidifying
thioether bond.”! This clearly demonstrates that a restricted
active site cannot be the reason for mono-/diphenolase
specificity.

These findings were further supported by a comparison of
the jrTYR structure with those of the plant catechol oxidases
ibCO (PDBID: 1BT3)P! and vwwCO (PDBID: 2P3X)."!
Although possessing different functionalities, the three struc-
tures are nearly identical, with no difference in their amino
acid sequence within a radius of 5.5 A from each copper
center (Figure 2). Only in the second shell of the active site

Figure 2. Superimposition of the active sites of jrTYR, ibCO, and wCO.
Proteins are shown in cartoon representation with the active-site
residues illustrated as stick models and each structure colored differ-
ently: jrTYR in green, ibCO in cyan, and wCO in purple (green/cyan/
purple C, blue N, yellow S, red O). The big black circle delineates the
area of the first shell of the active site (ca. 5.5 A around each copper).
The red circle with the associated inset indicates the different positions
of the phenylalanine residues above CuA as seen from the top, with
CuA (from jrTYR) drawn as a brown sphere. The phenylalanine of ibCO
(cyan) covers CuA totally, whereas only partial CuA shielding can be
observed for the phenylalanine of WwCO (purple). The position of the
phenylalanine side chain of jrTYR (green) leads to no shielding. The
black arrow in the inset indicates the shift from total CuA coverage
(ibCO, cyan) to no coverage (jrTYR, green).

(here defined as amino acid residues located at least 6 A away
from each copper atom) do the structures become slightly
different, with the clearest difference in the positioning of the
blocker residue (Figure 2). Phe261 in ibCO covers CuA
totally and thus seems to justify the term “blocker”, however
another structure of ibCO with the bound inhibitor phenyl-
thiourea (PTU; PDB ID: 1BUG)F! demonstrated flexibility
of the Phe261 side chain, which was shifted away from CuA
upon PTU binding. The same was reported for vvCO, where
the crystal structure of the free enzyme shows partial
shielding of CuA by Phe260 (Figure 2, inset) but a molecular
dynamic simulation study revealed phenylalanine flexibility
that allows substrate access to CuA.?" In the case of jFTYR,
CuA is already freely accessible in the resting state (Figure 2,
inset). It is not clear whether this is the result of Phe260
rotation or due to a fixed position, because every analyzed
data set (in total five) showed the same position for the side
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chain of Phe260. It can be concluded that at least for plant
polyphenol oxidases, the term “blocker” for the residue above
CuA is misleading and should be reconsidered.

Second-shell residues at the active-site entrance are thus
crucial for the difference in activity, even though there are
only few differences in residues between the plant PPOs.
However, some of these differences lead to distinct electro-
static behavior at the respective positions, for example, the
residue located above the second CuB-coordinating His
(His243 in jrTYR). jrTYR contains a small hydrophobic
leucine residue (Leu244) at this position and in contrast,
ibCO and vvCO possess long and positively charged arginine
(Arg245) and lysine (Lys244) residues, respectively, both of
which are able to stabilize acidic functionalities of substrates.
This suggests that electrostatic interactions are important
during substrate binding to both enzyme types and could
affect tyrosinase specificity.?!

In one chain of the crystallographic dimer of j¥TYR, an
interesting difference electron density in the active site was
found, which looks like the blurred density of a bound ligand
(Figure 3 A). This density seems to indicate a pathway from
the protein surface into the active site and most probably
originates from influxing solvent molecules. One part of this
density overlaps with CuA and it can be implied that
incoming substrates could follow this pathway and thus be
directed towards CuA, which was also reported in the
substrate-bound structures of hmTYR!"! [PDB IDs: 4P6R
(bound L-tyrosine), 4P6S (bound L-DOPA) and 4P6T (bound
p-tyrosol)]. Superimposition of jFTYR with the substrate-
bound structures of bmTYR overlapped very well (root mean
square deviation (rmsd)® of ca. 1.3 A, 647 matched atoms)
and revealed that the substrate orientation was compatible
with the density found in the active site of jFrTYR, thus
supporting this pathway (Figure 3B). Kinetic studies were
performed with the same substrates to support the super-
imposition analysis and the results show that all of these
phenolic compounds are readily accepted as substrates, with
significantly faster turnover for the monophenols lacking
a carboxylate moiety (Figure S2 and Table S2 in the Support-
ing Information). This could be due to the aforementioned
leucine residue (Leu244), which preferentially stabilizes
more-hydrophobic substrate moieties. In contrast, the
bmTYR structure contains an arginine residue (Arg209) at
this position and thus is able to form hydrogen bonds with
substrates possessing a carboxylic group, as shown in the
tyrosine- and L-DOPA-bound structures.™!

Furthermore, the superimposition revealed that the bulky
residue Phe260 in j*TYR is orientated in such a way that it is
able to exhibit at least weak T-shaped m—s interaction with
the aromatic ring of a substrate, thus suggesting a new role for
Phe260, which, together with the CuB-coordinating His243,
seems to build a specifically formed gate leading into the
active site that can only be passed by substrates in the correct
orientation (Figure S3 in the Supporting Information). The
aromatic rings of all of the superimposed substrates were
located between Phe260 and His243 and are stabilized by the
parallel His243 through cation—m interactions, which has also
been shown in bmTYR.' Recently, it was reported that
mutation of the Phe273 above CuA into alanine in cgAUSI (a
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Figure 3. Pathway into the active site. A) The mFo-DFc map (con-
toured at 3.0 0) of the electron density marking the pathway into the
active site is illustrated as a gray mesh. The arrow indicates the
direction of the pathway. The six copper-coordinating histidine resi-
dues, the phenylalanine residue above CuA, the second-shell Leu244,
and the thioether bridge are shown as stick models (green C, blue N,
yellow S), whereas the remaining structure is represented as a green
cartoon with 50% transparency. The two copper ions are illustrated as
brown spheres, with the bridging solvent molecule as a small red
sphere. B) Superimposition of tyrosine from the bmTYR + tyrosine
structure (PDB ID: 4P6R; shown as a stick model with cyan C, blue N,
red O) with jITYR (represented as in (A)). The copper ions from jrTYR
are shown as brown spheres and the superimposed zinc ions from
bmTYR +tyrosinase are shown as silver spheres. The superimposed
substrate is indicated to exhibit the same orientation as the path in
Figure 3A. Leu244 is located within the second shell of the active site
and it is in close proximity to the carboxylic tail of tyrosine. Substrates
possessing a hydrophobic tail instead of a carboxylic moiety are able
to interact (hydrophobically) with Leu244 and are thus stabilized (as
indicated by the kinetic data).

plant PPO involved in aurone biosynthesis) results in
significant loss of diphenolase activity, which strongly sup-
ports the proposed importance of this residue for substrate
orientation and binding at the active site.”!

A binding mechanism is proposed in which the substrate is
pre-orientated at the active-site entrance by second-shell
residues through electrostatic and hydrophobic interactions.
At the same time, the substrate is deprotonated by a well-
conserved water molecule, which is stabilized by Glu235 and
Asn240 (Figure S4 in the Supporting Information).!'! After-
wards it is finally orientated by His243 and Phe260 and
approaches CuA in a slightly shifted manner so that the o-
position of the substrate phenol ring is directed to the copper-
bridging oxo ligands (assuming enzyme being in the oxy
form). The hydroxylation reaction could then be assisted by
further solvent molecules serving as proton donors and
acceptors to facilitate the reaction. Subsequently, the diphe-
nolic intermediate undergoes oxidation to give the final o-
quinone. This “substrate-guiding residues” mediated mecha-
nism does not need much substrate rotation and needs no
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rearrangement of the active site, since the substrate is already
introduced in the correct orientation for both reactions.

In summary, the first plant tyrosinase structure has been
presented and reveals that the presence of a bulky residue
above CuA and flexibility around the CuA site are not
responsible for the lack of monophenolase activity in plant
PPOs, as assumed previously. These findings are in accord-
ance with recent developments in this field, which shed
doubts upon the “classic” role of the bulky residue. Therefore,
it is suggested that the electrostatic environment, conforma-
tion, and type of second-shell residues at the active-site
entrance could be the key for mono-/diphenolase specificity.

Experimental Section

The active enzyme was isolated, purified and subsequently crystal-
lized as described previously.”? Descriptions of the methods, the
data collection statistics (Table S1) and relevant references for the
structure elucidation by X-ray crystallography may be found in the
Supporting Information.

Acknowledgements

The research was funded by the Austrian Science Fund
(FWF): P25217-N28. The authors highly acknowledge Dr.
Saravanan Panneerselvam from the Deutsche Elektronen-
Synchrotron (DESY) in Hamburg for assistance during data
collection (Proposal number: 1-20130227 EC).

Keywords: enzyme catalysis - metalloenzymes -
oxidoreductases - structure elucidation - tyrosinase

How to cite: Angew. Chem. Int. Ed. 2015, 54, 14677-14680
Angew. Chem. 2015, 127, 1488914893

[1] M. Kanteev, M. Goldfeder, A. Fishman, Protein Sci. 2015, 9,
1360-13609.

[2] J. N. Rodriguez-Lépez, J. Tudela, R. Varén, F. Garcia-Carmona,
F. Garcia-Céanovas, J. Biol. Chem. 1992, 267, 3801 —3810.

[3] C. A.Ramsden, P. A. Riley, Bioorg. Med. Chem. 2014, 22, 2388 -
2395.

[4] S. Araji, T. A. Grammer, R. Gertzen, S.D. Anderson, M.
Mikulic-Petkovsek, R. Veberic, M. L. Phu, A. Solar, C. A.
Leslie, A. M. Dandekar, et al., Plant Physiol. 2014, 164, 1191 —
1203.

[5] T. Klabunde, C. Eicken, J. C. Sacchettini, B. Krebs, Nat. Struct.
Biol. 1998, 5, 1084 —1090.

[6] Y. Matoba, T. Kumagai, A. Yamamoto, H. Yoshitsu, M.
Sugiyama, J. Biol. Chem. 2006, 281, 8981 —8990.

[7] E. Zekiri, C. Molitor, S. G. Mauracher, C. Michael, R. L. Mayer,
C. Gerner, A. Rompel, Phytochemistry 2014, 101, 5-15.

[8] M. A. Escobar, A. Shilling, P. Higgins, S.L. Uratsu, A. M.
Dandekar, J. Am. Soc. Hortic. Sci. 2008, 133, 852—858.

[9] M. Sendovski, M. Kanteev, V. S. Ben-Yosef, N. Adir, A. Fishman,
J. Mol. Biol. 2011, 405, 227 -237.

[10] W.T. Ismaya, H. J. Rozeboom, A. Weijn, J. J. Mes, F. Fusetti,
H. J. Wichers, B. W. Dijkstra, Biochemistry 2011, 50, 5477 — 5486.

[11] N. Fujieda, S. Yabuta, T. Ikeda, T. Oyama, N. Muraki, G. Kurisu,
S. Itoh, J. Biol. Chem. 2013, 288, 22128 -22140.

[12] S. G. Mauracher, C. Molitor, R. Al-Oweini, U. Kortz, A.
Rompel, Acta Crystallogr. Sect. D 2014, 70, 2301 -2315.

[13] V.M. Virador, J. P. R. Grajeda, A. Blanco-Labra, E. Mendiola-
Olaya, G. M. Smith, A. Moreno, J. R. Whitaker, J. Agric. Food
Chem. 2010, 58, 1189-1201.

[14] N.J. Robinson, D. R. Winge, Annu. Rev. Biochem. 2010, 79, 537 -
562.

[15] C. Olivares, J. C. Garcia-Borrén, F. Solano, Biochemistry 2002,
41, 679-686.

[16] C. Gerdemann, C. Eicken, B. Krebs, Acc. Chem. Res. 2002, 35,
183-191.

[17] H. Decker, T. Schweikardt, F. Tuczek, Angew. Chem. Int. Ed.
2000, 45, 4546—4550; Angew. Chem. 2006, 118, 4658 —4663.

[18] M. Goldfeder, M. Kanteev, N. Adir, A. Fishman, Biochim.
Biophys. Acta Proteins Proteomics 2013, 1834, 629 —-633.

[19] M. Goldfeder, M. Kanteev, S. Isaschar-Ovdat, N. Adir, A.
Fishman, Nat. Commun. 2014, 5, 4505.

[20] P. Fronk, H. Hartmann, M. Bauer, E. Solem, E. Jaenicke, S.
Tenzer, H. Decker, Food Chem. 2015, 183, 49 -57.

[21] C. Molitor, S.G. Mauracher, S. Pargan, R.L. Mayer, H.
Halbwirth, A. Rompel, Planta 2015, 242, 519-537.

[22] C.Kaintz, R. L. Mayer, F. Jirsa, H. Halbwirth, A. Rompel, FEBS
Lett. 2015, 589, 789-797.

[23] F. Zekiri, A. Bijelic, C. Molitor, A. Rompel, Acta Crystallogr.
Sect. F 2014, 70, 832—-834.

Received: July 28, 2015
Revised: September 8, 2015
Published online: October 16, 2015

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2015, 54, 1467714680


http://dx.doi.org/10.1016/j.bmc.2014.02.048
http://dx.doi.org/10.1016/j.bmc.2014.02.048
http://dx.doi.org/10.1104/pp.113.228593
http://dx.doi.org/10.1104/pp.113.228593
http://dx.doi.org/10.1038/4193
http://dx.doi.org/10.1038/4193
http://dx.doi.org/10.1074/jbc.M509785200
http://dx.doi.org/10.1016/j.phytochem.2014.02.010
http://dx.doi.org/10.1016/j.jmb.2010.10.048
http://dx.doi.org/10.1021/bi200395t
http://dx.doi.org/10.1074/jbc.M113.477612
http://dx.doi.org/10.1107/S1399004714013777
http://dx.doi.org/10.1021/jf902939q
http://dx.doi.org/10.1021/jf902939q
http://dx.doi.org/10.1146/annurev-biochem-030409-143539
http://dx.doi.org/10.1146/annurev-biochem-030409-143539
http://dx.doi.org/10.1021/bi011535n
http://dx.doi.org/10.1021/bi011535n
http://dx.doi.org/10.1021/ar990019a
http://dx.doi.org/10.1021/ar990019a
http://dx.doi.org/10.1002/anie.200601255
http://dx.doi.org/10.1002/anie.200601255
http://dx.doi.org/10.1002/ange.200601255
http://dx.doi.org/10.1016/j.bbapap.2012.12.021
http://dx.doi.org/10.1016/j.bbapap.2012.12.021
http://dx.doi.org/10.1016/j.foodchem.2015.03.016
http://dx.doi.org/10.1007/s00425-015-2261-0
http://dx.doi.org/10.1016/j.febslet.2015.02.009
http://dx.doi.org/10.1016/j.febslet.2015.02.009
http://dx.doi.org/10.1107/S2053230X1400884X
http://dx.doi.org/10.1107/S2053230X1400884X
http://www.angewandte.org

