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ABSTRACT: Autocatalytic formation of His-Cys cross-
linkage in the enzyme active site of tyrosinase from Asper-
gillus oryzae has been demonstrated to proceed by the
treatment of apoenzyme with Cu"" under aerobic conditions,
where a (u-1":57°-peroxo)dicopper(Il) species has been
suggested to be involved as a key reactive intermediate.

he variety of enzymatic functions are extended by post-

translational modifications of amino acids, generating new
cofactors in the enzyme active sites.' Notably, such modified
amino acids have been frequently found in various copper
oxidases and copper monooxygenases.” Tyrosyl-cysteine (Tyr-
Cys in galactose oxidase)® and tyrosyl-histidine (Tyr-His in
cytochrome ¢ oxidase)? cross-linkages as well as 2,4,5-trihydroxy-
phenylalanine quinone (TPQ in copper amine oxidase)® and
lysyl tyrosyl quinone (LTQ in lysyl oxidase)® cofactors have been
discovered in the copper enzymes during the past decades. In
most cases, the chemical modifications have been demonstrated
to occur via an autocatalytic pathway without assistance by any
other external proteins.”* Namely, the active-site tyrosines of
copper amine oxidase and lysyl oxidase are converted to TPQ
and LTQ_cofactors, respectively, in dioxygen- and copper-
dependent autocatalytic reactions.” The formation of Tyr-Cys in
galactose oxidase also involves an autocatalytic oxidative cou-
pling reaction just requiring a copper ion and dioxygen.® In these
cases, however, copper-active oxygen species involved in the
post-translational modification processes have yet to be fully
elucidated.

By X-ray crystallographic analysis, His-Cys cross-linkage has
been identified in the proximity of the Cuy site of the dinuclear
copper site of Octopus hemocyanin and sweet potato catechol
oxidase (type III copper proteins) as shown in Figure 10 Tyr-
osinase (Ty) is also a dinuclear copper protein widely distributed
throughout mammals, fungi, and bacteria. Comparison of the
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Figure 1. (A) Structure of 2-cysteinyl-histidine (His-Cys) cross-link-

age. (B) Three dimensional structure of the copper center of oxy-form of
Octopus hemocyanin (Protein Data Bank entry 1JS8).

amino acid sequence of molluscan hemocyanins to those of
tyrosinases revealed that the three histidines and a cysteine in
the proximity of the Cuy site are highly conserved, suggesting
the existence of a similar His-Cys cross-linkage in the active site
of certain tyrosinases.'’ In this study, we have obtained firm
experimental evidence for the autocatalytic formation of such
a His-Cys cross-linkage in Ty from Aspergillus oryzae'' and
demonstrated that a (u-1*:;7°-peroxo)dicopper(Il) species is
involved as a key intermediate for the post-translational His-Cys
formation.

First, copper quantification of a purified recombinant wild-
type Ty (WT) and a cysteine 92 to alanine (C92A) mutant was
performed by ICP-AES analysis. Their copper contents were
determined to be 0.02 and 0.01 per protein, respectively, sug-
gesting that these Tys were isolated as apo-forms. After incuba-
tion with excess CuSO, and following EDTA cleanup treatment,
the copper contents of WT and C92A increased to 1.8 and 2.0,
respectively (kinetic parameters of the enzymatic activity are
presented in Figure S1 (Supporting Information [SI])). The thus
obtained holo-WT exhibited a shoulder peak at 332 nm (& =
39 x 10> M ' ecm™ '), which is a typical met-form feature
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Figure 2. (A) UV—vis spectra of 35 #M holo-C92A (green) and apo-
C92A (dotted black) in SO mM phosphate buffer at pH 7.2 (B)
Resonance Raman spectra of holo-C92A (250 uM, black, with 16Oz;

red, with '0,; green, differential spectrum between the above two
16~_ 18
spectra (\°0—"°0).

(dicopper(II) resting state) (Figure S2A [SI], black line)."” An
N-terminal amino acid sequence of one of the trypsin-digested
peptides of holo-WT (Figure S3 [SI]) was identified as
GNPTGEX;VX,N, which corresponds to the residues 86—95
in the sequence of WT. The amino acids denoted as X; and X,
were not identified in the sequence analysis and could be
reasonably assigned to the sites of the modified cysteine 92
and histidine 94, respectively. This was confirmed by MALDI-
TOF/MS analysis (Figure S4 [SI]), where a signal of the His-Cys
linkage-containing peptide was observed in the peptide mass
fingerprinting of holo-WT. These results indicate that the His(94)-
Cys(92) cross-linkage formation occurs autocatalytically during
the conversion of apo-WT to holo-WT (detailed characterization
of the copper center of holo-WT is presented in ref 13).
Formation of His-Cys cross-linkage was further examined by a
free thiol (cysteine) quantification experiment (vide infra).

In contrast to holo-WT, which afforded a met-form by the
aerobic Cu" treatment, the same treatment of holo-C92A
gave a characteristic UV—visible spectrum due to the (w1
peroxo)dicopper(II) species (oxy-form) with an intense absorp-
tion band at 343 nm (e = 1.6 x 10*M ™' cm ™ ") together with an
additional weak absorption band at 582 nm (& = 8.4 x 10°M '
cm ') (Figure 2A, green line). These two bands have been
assigned to the peroxo-to-copper(1l) charge transfer (LMCT)
transitions of the (u-17%:17*-peroxo)dicopper(Il) species,'” the
formation of which was confirmed by resonance Raman mea-
surements as follows. There were three isotope-sensitive Raman
bands at 745, 554, and 1105 cm™ ' with 1602, which shifted to
706, 524, and 1048 cm ™, respectively, upon 80, substitution as
shown in Figure 2B. These three bands have been assigned to
symmetric O—O vibration and fundamental and overtone
of asymmetric Cu—O—Cu vibrations of the (u-1*:n*-
peroxo)dicopper(II) core, respectively.'* The additional intense
Raman band at 275 cm™ !, which did not show isotope shift, has
been assigned to the Cu—Cu vibration of the Cu,0, core.®
Reversible O,-binding has also been demonstrated by repeated
N, flushing (oxy-to-deoxy) and subsequent aeration (deoxy-to-
oxy) (Figure SSB [SI]) as in the case of oxy-form of holo-WT
(Figure SSA [SI])." Thus, it became clear that the oxy-form of
C92A having the (u-17":m’-peroxo)dicopper(Il) species was
generated even in the absence of a reductant such as NH,OH.
Such a different behavior in the aerobic Cu'-treatment between
WT (met-form formation) and C92A (oxy-form formation)
may suggest that the peroxo species is involved as a key
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intermediate for the formation of His-Cys cross-linkage in
WT as indicated in Scheme 1. Namely, the (u-17>:17>-peroxo)-
dicopper(II) species generated in WT is readily consumed in
the following His-Cys cross-linkage formation, but in C92A
the generated peroxo species remains unchanged because of
the lack of Cys92.

In order to identify the electron donor for the reduction of
dicopper(II) to dicopper(I), which is prerequisite for the forma-
tion of the (/A—nzzﬂz—peroxo)dicopper(II) species (Scheme 1 c—d),
the numbers of free thiols (cysteine) were determined by
colorimetric assay with Ellman’s reagents. The number of free
thiol in apo-C92A was approximately S per protein, which is
consistent with the cysteine number deduced from the amino
acid sequence of C92A (see Table S1 [SI]). On the other hand,
holo-C92A (oxy-form) showed a free thiol number of 3, which
recovered to S after TCEP [tris(2-carboxyethyl) phosphine]
reduction of the protein (regeneration of free thiols from
disulfide).'” The results clearly demonstrated that two cysteines
were used as the electron donor for the reduction of 2Cu" to
2Cd, forming a disulfide bond in C92A. On the other hand, the
free thiol number of apo-WT was 6, which is identical with the
cysteine number deduced from the amino acid sequence of WT.
The free thiol number of holo-WT (met-form) was reduced to 3,
which increased to 5 by the TCEP reduction. Thus, in this case,
one cysteine is irreversibly converted to the His-Cys thioether
bond (Scheme 1 e — f), and two remaining cysteines are
consumed as the electron donor for the reduction of 2Cu™ to
2Cu!, forming a disulfide bond (Scheme 1 ¢ — d).'*

To further elucidate the formation process of His-Cys cross-
linkage, kinetic studies were Herformed. When apo-C92A was
treated with 2 equiv of Cu under aerobic conditions, the
absorption bands at 343 and 582 nm due to the peroxo species
increased in 2 h (Figure S6A [SI], Scheme la — e). The time
course of the increase of A3 obeyed the first-order rate law
(Figure S6B [SI]), suggestinﬁ a unimolecular reaction, and the
first-order rate constant (ko ) was determined to be 4.9 x 10~ *
s~ ! by the ordinary first-order plot (the inset of Figure S6B [SI]).
On the other hand, the same treatment of apo-WT gave
absorption bands at 388 and 502 nm (intermediate A) within a
few seconds (Figure 34, inset, Scheme 1a — b). This absorption
band gradually disappeared, and a shoulder peak at 332 nm due
to the met-form appeared in 2 h (Figure 3A) with an isosbestic
point at 383 nm (Scheme 1b — f). The time course of the
increase of Aszj, also obeyed the first-order rate law (Figure S7
[S1]), and the first-order rate constant (k") was determined as
4.6 x 10 *s™! (the inset of Figure S7 [SI]). The good agreement

1181 dx.doi.org/10.1021/ja108280w |J. Am. Chem. Soc. 2011, 133, 11801183



Journal of the American Chemical Society

COMMUNICATION

300 400 500 600 700 8OO 280 300 320 240
Wavelength / nm Maanetic Field, B/ mT

Figure 3. (A) UV—vis spectral chanﬁe observed during the reconstitu-
tion of apo-WT (110 #M) with Cu" in 50 mM phosphate buffer (pH
7.2) at 20 °C (dotted black: apo-WT). (Inset) UV—vis spectrum of
intermediate A in SO mM phosphate buffer (pH 7.2) at room tempera-
ture (dotted black: apo-WT). (B) ESR spectra of intermediate A (red,
175 uM) and holo-WT (blue, 175 «uM) in 50 mM phosphate buffer (pH
7.2) at 77 K. gjand g, are axial g parameters for Cu", and g is the g value
due to an organic radical species.

between ke, (formation rate of the oxy-form in C92A) and kyp,”
(conversion rate of intermediate A to the met-form of WT)
indicates that both processes involve the same rate-deter-
mining step that may be the reduction of dicopper(II) to dicopper-
(1) by the cysteines (Scheme 1c — d)."

Then, in order to get information about intermediate A, a
titration of apo-WT by Cu'" ions was performed. The intensity of
the absorption band at 502 nm due to an intermediate A increased
with increasing the concentration of Cu" up to about 1 echuiv of
Ty, while this band decreased by further addition of Cu" ions
(Figure S9 [SI]), suggesting that intermediate A might be a
mononuclear copper(II) complex (Scheme 1b). The absorption
spectrum of intermediate A was similar to those of the cysteinate
type 2 copper centers of thiol-ligated copper-substituted carbonic
anhydrase™ and superoxide dismutase mutant™' (tetragonal pyr-
amidal geometry, N3S1 donor sets). Thus, the intermediate A may
be trapped near the Cu, site, where deprotonated Cys92 also
coordinated to Cu"". If so, the absorption band at 502 nm could be
assigned to the cysteinate to Cu' charge-transfer transition. The
intermediate A exhibited a typical axial ESR spectrum of mono-
nuclear Cu" with a tetragonal geometry (g = 2.14 (A = 16 mT)
and g; =2.03), although a minor signal at g, = 2.02 derived from an
amino acid free radical (<3%) was observed at 77 K (Figure 3B,
red line). Holo-WT (met-form) was almost ESR silent (Figure 3B,
blue line), suggesting that the dicopper center is antiferromagne-
tically coupled as previously reported.">

In summary, we have demonstrated for the first time that the
His-Cys cross-linkage formation proceeds autocatalytically in the
type III copper protein tyrosinase without the aid of any other
external catalysts. Comparison of the behavior in the aerobic Cu"
treatment between WT and C92A mutant has suggested that the
(u-17>:17>-peroxo)dicopper(II) species is involved as a key reac-
tive intermediate for the His-Cys formation. Mechanistic details
of the oxidative coupling reaction between His94 and Cys92 are
now under investigation.

B ASSOCIATED CONTENT

© Ssupporting Information. Experimental details for addi-
tional spectroscopic and kinetic data. This material is available
free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
shinobu@mls.eng.osaka-u.ac.jp

B ACKNOWLEDGMENT

This work was financially supported in part by Grant-in-Aid
for Scientific Research (B) (No. 20350082), for Scientific Research
on Priority Areas (Nos. 20036044, 20037057, and 22105007) for
S.I, Grant-in-Aid for Young Scientists (B) (No. 20038784) for
N.F. from MEXT, Japan. This work was also supported by the
Asahi Glass foundation and the Mitsubishi foundation and
KOSEF/MEST through WCU project: R31-2008-000-10010-0.

B REFERENCES

(1) (a) Okeley, N. M; van der Donk, W. A. Chem. Biol. 2000, 7,
R159-R171. (b) Davidson, V. L. Biochemistry 2007, 46, $283-5292.

(2) (a) Halcrow, M. A. Angew. Chem,, Int. Ed. 2001, 40, 346-349.
(b) Klinman, J. P.; Mu, D. Annu. Rev. Biochem. 1994, 63, 299-344.

(3) Ito, N.; Phillips, S. E. V.; Stevens, C.; Ogel, Z. B.; McPherson,
M. J.; Keen, J. N.; Yadav, K. D. S.; Knowles, P. F. Nature 1991, 350,
87-90.

(4) (a) Yoshikawa, S.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R;;
Yamashita, E.; Inoue, N.; Yao, M.; Fei, M. J.; Libeu, C. P.; Mizushima, T';
Yamaguchi, H.; Tomizaki, T.; Tsukihara, T. Science 1998, 280, 1723
1729. (b) Ostermeier, C.; Harrenga, A.; Ermler, U.; Michel, H. Proc.
Natl. Acad. Sci. US.A. 1997, 94, 10547-10553.

(S) Janes, S. M.; Mu, D.; Wemmer, D.; Smith, A. J.; Kaur, S.; Maltby,
D.; Burlingame, A. L.; Klinman, J. P. Science 1990, 248, 981-987.

(6) Wang, S. X.; Mure, M.; Medzihradszky, K. F.; Burlingame, A. L.;
Brown, D. E.; Dooley, D. M,; Smith, A. J.; Kagan, H. M,; Klinman, J. P.
Science 1996, 273, 1078-1084.

(7) (a) Kim, M; Okajima, T.; Kishishita, S.; Yoshimura, M,;
Kawamori, A.; Tanizawa, K;; Yamaguchi, H. Nat. Struct. Biol. 2002, 9,
591-596. (b) Schwartz, B.; Dove, J. E.; Klinman, J. P. Biochemistry 2000,
39, 3699-3707. (c) Bollinger, J. A;; Brown, D. E.,; Dooley, D. M.
Biochemistry 2005, 44, 11708-11714.

(8) (a) Rogers, M. S.; Baron, A. J.; McPherson, M. J.; Knowles, P. F.;
Dooley, D. M. J. Am. Chem. Soc. 2000, 122, 990-991. (b) Firbank, S. J;
Rogers, M. S.; Wilmot, C. M.; Dooley, D. M.; Halcrow, M. A.; Knowles,
P. E; McPherson, M. J,; Phillips, S. E. V. Proc. Natl. Acad. Sci. U.S.A.
2001, 98, 12932-12937. (c) Whittaker, M. M.; Whittaker, J. W.
J. Biol. Chem. 2003, 278, 22090-22101. (d) Rogers, M. S.; Hurtado-
Guerrero, R.; Firbank, S. J.; Halcrow, M. A,; Dooley, D. M,; Phillips,
S.E.V,; Knowles, P. F.; McPherson, M. J. Biochemistry 2008, 47, 10428
10439.

(9) (a) Cuff, M. E.; Miller, K. L; van Holde, K. E.; Hendrickson,
W. A. J. Mol. Biol. 1998, 278, 855-870. (b) Klabunde, T.; Eicken, C.;
Sacchettini, J. C.; Krebs, B. Nat. Struct. Biol. 1998, S, 1084-1090.

(10) (a) Halaouli, S.; Asther, M; Sigoillot, J. C; Hamdi, M,
Lomascolo, A. J. Appl. Microbiol. 2006, 100, 219-232. (b) Lerch, K.
J. Biol. Chem. 1982, 257, 6414-6419.

(11) Obata, H,; Ishida, H.; Hata, Y.; Kawato, A.; Abe, Y.; Akao, T.;
Akita, O.; Ichishima, E. J. Biosci. Bioeng. 2004, 97, 400-40S.

(12) Solomon, E. I; Sundaram, U. M.; Machonkin, T. E. Chem. Rev.
1996, 96, 2563-2605.

(13) When hydroxylamine (NH,OH) was added to a holo-WT
(met-form) solution under aerobic conditions, a characteristic spectrum
of oxy-Ty exhibiting an intense absorption band at 347 nm (& = 1.5 X
10*M "em ') and a weak band at 589 nm (£ =7.9 x 10°M ' em ')
due to the (ﬂ-nz:nz-peroxo)dicopper(H) species was obtained (Figure
S2A [SI], green line). The formation of oxy-Ty was also confirmed by
the resonance Raman spectra shown in Figure S2B (SI) (749, 540, 1080,
and 273 cm™ ! with °0,; 710, 514, 1025, and 273 cm ™' with *0,) and
by reversible O,-binding (Figure SSA [SI]).

1182 dx.doi.org/10.1021/ja108280w |J. Am. Chem. Soc. 2011, 133, 11801183



Journal of the American Chemical Society COMMUNICATION

(14) Ling, J. S.; Nestor, L. P.; Czernuszewicz, R. S.; Spiro, T. G.;
Fraczkiewicz, R;; Sharma, K. D.; Loehr, T. M.; Sanders-Loehr, J. . Am.
Chem. Soc. 1994, 116, 7682-7691.

(15) (a) Henson, M. J.; Mahadevan, V.; Stack, T. D. P.; Solomon,
E. L Inorg. Chem. 2001, 40, S068-5069. (b) Baldwin, M. J.; Root, D. E.;
Pate, J. E; Fujisawa, K; Kitajima, N.; Solomon, E. L. J. Am. Chem. Soc.
1992, 114, 10421-10431.

(16) Jolley, R. L.; Mason, H. S.; Evans, L. H. Biochem. Biophys. Res.
Commun. 1972, 46, 878-884.

(17) Burns, J. A; Butler, J. C.; Moran, J.; Whitesides, G. M. J. Org.
Cherm. 1991, 56, 2648-2650.

(18) In the crystal structures of Octopus hemocyanin (PDB code:
1JS8, Cys2549-Cys2559) and sweet potato catechol oxidase (PDB code:
1BT3, Cys27-Cys89), which have also His-Cys cross-linkage, there is a
disulfide bond near the copper center (within 10 A distance).

(19) The absorption bands at 388 and 502 nm due to intermediate A
appeared within a few seconds when apo-WT was treated with two equiv
of Cu" under anaerobic conditions (Figure S8A [SI] red line). These
absorption bands gradually disappeared in about 2 h (kep’: 2.4 x 10~*
s~ ', Figure S8B (SI) to provide a featureless spectrum as shown in
Figure S8A (SI) (green line), suggesting the reduction of dicopper(II) to
dicopper(I) under anaerobic conditions (Scheme 1 ¢ — d). The
similarity of kops> with kep,' and kep,” indicates that the reduction step
from dicopper(II) to dicopper(I) is rate limiting in the overall reaction.
In fact, aeration of WT reconstituted with 2 equiv of copper(I)
significantly accelerated the formation of met-WT (more than 100-fold
acceleration, see Figure S8 [SI]).

(20) Morpurgo, L.; Finazziagro, A.; Rotilio, G.; Mondov, B. Eur.
J. Biochem. 1976, 64, 453-457.

(21) (a) Ly, Y; Lacroix, L. B.; Lowery, M. D.; Solomon, E. I;
Bender, C. J; Peisach, J.; Roe, J. A.; Gralla, E. B.; Valentine, J. S. J. Am.
Chem. Soc. 1993, 115, 5907-5918. (b) Lu, Y.; Gralla, E. B; Roe, J. A;
Valentine, J. S. J. Am. Chem. Soc. 1992, 114, 3560-3562.

1183 dx.doi.org/10.1021/ja108280w |J. Am. Chem. Soc. 2011, 133, 11801183



