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We have measured the x-ray absorption near edge
structure (XANES) spectra of the enzyme tyrosinase
from the mushroom Agaricus bisporus in solution in the
oxy and deoxy forms. The spectra, obtained under the
same conditions as the analogous forms of mollusc he-
mocyanin (Hc), show that the oxidation state of copper
changes from Cu(ll) (oxy form) to Cu(l) (deoxy form),
and the copper active site(s) of A. bisporus tyrosinase in
solution undergoes the same main conformational
changes as Hc.

We have applied the multiple scattering theory to sim-
ulate the XANES spectra of various alternative geome-
tries of the copper site, accounting for the residual dif-
ferences between Hc and tyrosinase. While oxy-Hc is
reasonably fitted only by the pseudo-square-pyramidal
geometry reported by its crystallographic data, oxyty-
rosinase can be fitted, starting from the Hc coordinates,
either by distortions toward a pseudo-tetrahedral geom-
etry, with inequivalent copper sites, or by an apically
distorted square-pyramidal geometry (with an elonga-
tion of the apical distance of no more than 0.2 A).

Tyrosinase is a metalloenzyme found throughout the plant
and animal kingdom (Robb, 1984; Lerch, 1983) that contains a
coupled dinuclear copper active site that catalyzes the meta-
bolic conversion of monophenols to o-diphenols and diphenols
to o-quinones. Huge differences mark the properties and com-
partmentalization of the enzyme throughout the phylogenetic
scale. In higher animals, it is confined mainly to skin (Jimbow
et al., 1976), although it may also occur in interior tissues, such
as parts of the brain, in which its biological function is un-
known. There has been no report of crystallographic data as far
as we are aware. An x-ray absorption spectroscopy work (Wool-
ery et al., 1984b) has reported the Cu-Cu active site structure of
Neurospora crassa oxytyrosinase, whereas no x-ray absorption
data have been reported on deoxytyrosinase before this work.

A close structural relationship between the active site of
tyrosinase and that of hemocyanin (Hc)* is supported by the
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primary structure homologies (Hearing and Jimenez, 1989)
and by EPR and optical spectroscopies (Himmelwright et al.,
1980; Pate et al., 1989). Hc is an oxygen transport protein found
in the hemolymph of several species of Mollusca and Arthrop-
oda (Ellerton et al., 1983; Salvato and Beltramini, 1990). The
crystal structure of arthropod Panulirus interruptus Hc has
been solved to 3.2-A resolution (Gaykema et al., 1984; Linzen et
al., 1985; Volbeda and Hol, 1986) and refined (Volbeda and Hol,
1989). The structure of the subunit Il of mollusc Limulus
polyphemus oxy-Hc depicted by crystallography (Magnus and
Ton-That, 1992) and EXAFS (Feiters, 1990) includes two 5-co-
ordinated, square-pyramidal Cu(ll) ions, each bound to the
protein by three histidylimidazole nitrogen atoms and to a
dioxygen molecule. The Cu—Cu distance is ~3.5 A. In the deoxy
form, the coordination number is reduced to 3, and each Cu(l)
ion is bound to two imidazole nitrogens at 1.9 A and to a third
imidazole nitrogen at 2.7 A in an approximately Cs,, symmetry
around the Cu-Cu axis (Gaykema et al., 1984). Tyrosinase is
suggested to be the ancestor protein of Hc because of its occur-
rence in very primitive organisms.

EPR and optical spectroscopies cannot probe the structure of
deoxy-Hc and deoxytyrosinase. This fact is easily explained by
the presence of two Cu(l) ions with a 3d*° electron configura-
tion; hence, they are EPR-silent and exhibit uninformative
UV-visible spectra. Although the oxy forms of Hc and tyrosin-
ase exhibit some properties of 3d® Cu(ll) ions (Salvato and
Beltramini, 1990), they too are EPR-silent. This fact has been
explained by the antiferromagnetic coupling mediated by the
bound dioxygen molecule (Solomon et al., 1976; Dooley et al.,
1978). These works do not rule out the possibility of more than
one bridging ligand; however, clear evidence that bound dioxy-
gen ligand is the only bridging ligand in Hc has been reported
(Magnus and Ton-That, 1992). Inequivalence of the two copper
centers in Neurospora met-azide-tyrosinase explains the differ-
ences between the azide to Cu(ll) charge-transfer spectra of
tyrosinase and Hc (Pate et al., 1989).

Synchrotron radiation provides an intense continuum source
that has allowed the development of x-ray absorption spectros-
copy of metalloproteins in solution. Structural and electronic
information on the metal active site can be obtained by analysis
of the x-ray absorption near edge structure (XANES) and of
EXAFS. EXAFS spectroscopy is an extremely powerful tech-
nique that gives precise information on shell averaged dis-
tances and coordination numbers, but is insensitive to the
overall symmetry and bond angles. XANES spectroscopy is
complementary to EXAFS because it is particularly sensitive to
the valence state of the absorbing metal and to the symmetry
and bond angles around it (Bianconi et al., 1988). It has been
successfully used for structural studies on a wide range of
biological compounds, e.g. hemoproteins (Bianconi et al., 1985;
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Pin et al., 1994; Della Longa et al., 1995a). XANES spectros-
copy applied to several arthropod and mollusc hemocyanins
has clearly related the spectral changes going from deoxy-Hc to
oxy-Hc (Brown et al., 1980; Larrabee and Spiro, 1980; Co et al.,
1981; Co and Hodgson, 1981; Woolery et al., 1984b; Volbeda
and Hol, 1989; Blackburn et al., 1989; Feiters, 1990) to a
change in the oxidation state of copper. We have extended the
XANES analysis to probe the structure of the dinuclear copper
site in deoxy- and oxytyrosinases. The structural model of the
oxytyrosinase (and oxy-Hc) has been depicted in the context of
the multiple scattering (MS) approach (Durham, 1988).

MATERIALS AND METHODS

Tyrosinase (A. bisporus, Sigma T7755; EC 1.14.18.1, monophe-
nol,dihydroxyphenylalanine:oxygen oxidoreductase) was suspended
with 1 ml of 1 mm sodium phosphate buffer, pH 6.8, and applied to a
Sephadex G-25 column (1.6 cm, inner diameter, X 25.5 cm), and a flux
of buffer at 800 ul/min was applied. The eluate was monitored at 280
nm, and tyrosinase activity was measured according to the methods
described by Miranda et al. (1988), recording the A,,5 due to dopa-
chrome formation. The enzyme solution was then dried under vacuum in
the presence of silica gel. Each molecule of Agaricus tyrosinase contains
four active-site coppers/120,000 Da; therefore, it is an extremely diluted
system. Deoxytyrosinase was prepared under nitrogen atmosphere by
dissolving the dried (resting) form of the enzyme immediately before
measurement in 0.10 m sodium phosphate buffer containing a moderate
excess (10 mwm) of dithionite, pH 6.8, to a final concentration of ~8 mwm
copper. Oxytyrosinase was obtained by dissolving the same quantity of
the resting form in 10 mm H,O, solution, pH 6.8, by blowing pure
oxygen in the sample tube. A partially reduced form was obtained from
the resting form by dissolving the enzyme in 5 mm H,O, solution, pH
6.8: the formal [H,0,]/[copper] ratio calculated for this sample is 0.63.

The CuK edge x-ray fluorescence spectra were collected at the LURE
synchrotron facility. A Si(111) channel-cut single crystal was used as
monochromator; the energy resolution at the CuK edge was ~2 eV, and
energy shifts of resolved absorption peaks of 0.5 eV could be detected.
Harmonic contamination was rejected by using a total reflection mirror
after the monochromator. Each spectrum represents a total 1/1, (I; =
fluorescence counts and I, = photon incident flux measured by a pro-
portional counter) signal averaging of 16 s/point, collected at low tem-
perature by using a 13-element energy-resolving germanium detector
from Canberra Industries (Cramer et al., 1988), which we mounted at
the beam-line station. The CuK, fluorescence line was collected with an
energy resolution of 200 eV. The samples were run as solution at liquid
nitrogen temperature (77 K). For a total jump at the edge of ~0.015, the
noise level of the spectra was 6 X 10~° before and 1.2 X 10~* after the
edge. Data amplitudes and errors in Table | are normalized to the total
jump. Calibration of the energy scale was achieved by measuring,
contemporary to the fluorescence signal, the intensity transmitted from
a metal copper foil placed after the sample. In all figures, the zero on the
energy scale is fixed at the first inflection point of the absorption
threshold of metal copper (at 8979 eV).

We checked for protein damage due to x-ray absorption by measuring
the optical spectra of the oxy, partially oxy, and deoxy forms before and
after x-ray exposure. The absorption ratios at 345:280 nm have been
measured to quantitate the oxy form in our preparations (Jolley et al.,
1974) even if H,0, was in excess. The absorption ratios of oxytyrosinase
obtained by recording the spectra with a Cary 2000 spectrophotometer
at 25 °C were 0.112 (A;,5 = 0.18:A,5, = 1.60) before and 0.117 (A5 =
0.21:A,5, = 1.79) after x-ray exposure; thus, virtually no detectable
damage to the protein occurred. Moreover, we tested the enzyme activ-
ity with its substrate (L-3,4-dihydroxyphenylalanine); no very signifi-
cant loss of tyrosinase activity occurred as measured at A, by record-
ing the dopachrome formation rate. The activity measured was 11.9
nmol of dopachrome produced per mg of protein/min.

We have used the MS approach (Durham et al., 1982) to simulate the
XANES spectra by using the G4XANES package (Della Longa et al.,
1995b). We started from the atomic coordinates of 19 atoms around the
central copper ion, following the structural model of oxy-Hc. The copper
atom has approximately a square-pyramidal coordination geometry.
The oxygen molecule in native Hc (Magnus and Ton-That, 1992) and in
an oxygenated dinuclear copper model compound (Kitajima et al., 1989)
is bound as a wn?n? peroxo-dinuclear copper complex. The absorbing
copper ion is in the center of the trapezoid formed by two histidylimi-
dazole nitrogens and the two oxygens of O,, bound at a distance of 1.95
A (according to EXAFS) (Feiters, 1990) with an O—O bond length of 1.4

Tyrosinase Copper Site Structure by XANES

A. The two imidazole rings are oriented parallel to this plane. A third
histidylimidazole nitrogen is bound at 1.95 A, with the imidazole plane
perpendicular to this plane (see Fig. 3). The MS program of the
G4XANES package calculates z-polarized and xy-polarized transitions
from an initial 1s metal core level to occupied and unoccupied final
states with p symmetry delocalized all over the cluster. With the apical
imidazole nitrogen on the z axis, the effects of apical distortions (i.e. a
Cu-N bond elongation) can be easily put in evidence.

To fit the theoretical calculations and the experiments, we calculated
the nonpolarized spectrum by a 1:2 weighted sum of the z- and xy-
polarized spectra. Then, the spectrum was cut at the estimated energy
of the highest occupied p states (Fermi level). Then, a broadening
lorentian function was convoluted to the spectrum to take into account
the photoelectron lifetime and instrumental resolution. The theoretical
energies are referred to the muffin-tin potential V,,;, defined as the
interstitial constant potential between the various muffin-tin spheres.
We obtained the best alignment to the experimental one by subtracting
12.5 eV from the theoretical energy scale (see Table I11).

The goodness of fit of the calculated versus experimental data is
reported in Equation 1 by using a fit index parameter F calculated as
follows:

n

>y - yep

(Eq. 1)

where n is the number of experimental points (n = 125), ¢*® is the
experimental error (¢°® = 8 X 10~3), and yi" and y&*® are the calculated
and measured absorption data, respectively.

For known crystal structures, a good match between calculations and
experiments is found for the energy position of the peaks, while a poorer
agreement on their intensity is expected. The errors in applying XANES
simulations to biological compounds arise from different factors. (i) The
first factor is the basic approximations in using the one-electron theory
and the spherically averaged atomic potentials. (ii) A XANES simula-
tion with a quantitative determination of the structural parameters
would require the combination of molecular dynamics and MS calcula-
tions in the fitting procedure, which is far off the actual computational
limits. In practice, the spectra are simulated by using structural models
with a reduced number of free parameters; hence, the quantitative
XANES results are model-dependent. Here, in particular, the assump-
tion that Hc and tyrosinase have very similar copper site structures is
essential to the XANES conclusions, which are consequent, but not
exclusive. (iii) Moreover, it is possible that different conformational
substates at the metal site exist, as shown for the iron site in myoglobin
(Parak et al., 1987; Hong et al., 1990). In such a case, the XANES
spectra probe the metal site structure averaged over the protein ensem-
ble, being close to a particular conformation only if it has a high
probability. The overall systematic errors are therefore in practice
much larger than those implicit in the relatively high sensitivity of
XANES calculations in reproducing structural changes (e.g. bond
length variations of 0.01 A). The estimated total error including sys-
tematic errors (Palladino et al., 1993) for the determination of absolute
distances in our compounds is 0.1 A. Although these limitations must
be considered when attempting to derive information about the inter-
atomic distances and geometry, it is clear that the structural origin of
changes in the spectral features can be analyzed and understood. For
example, it has been shown how XANES probes the intermediate states
of carboxymyoglobin after ligand photodissociation at low temperature
(Della Longa et al., 1994).

RESULTS AND DISCUSSION

In Fig. 1 (upper panel), the CuK edge XANES of A. bisporus
tyrosinase under different oxidation conditions is shown: deoxy
(lower curve), oxy (upper curve), and partially reduced (center
curve). In the lower panel, their derivative spectra in the same
order are reported. In the only previous XANES investigation
on N. crassa tyrosinase (Woolery et al., 1984), the authors
showed the spectra of the oxy form, the met-aquo form, and
met-mimosine form; hence, this is the first XANES report on
deoxytyrosinase. The discussion will refer to peaks A, B, C, and
D at 4, 8, 14, and 18 eV and to their related peaks, «, 8, vy, and
8, in the derivative spectra at 1.5, 6.5, 11.5, and 15.5 eV,
respectively, respectively (Fig. 1 and Table 1). Going from the
oxy to the deoxy form, the main changes take place at the rising

6702 ‘9z |1dy uo 18nb Aq /610°0g["mmwy/:dny wioly pepeojumoq


http://www.jbc.org/

Tyrosinase Copper Site Structure by XANES

edge region (giving peak A in the deoxy form at ~4 eV) and at
the main peak D (which lowers from 1.27 to 1.18 going from the
oxy to the deoxy form). These changes are similar to those
observed in Hc (Brown et al., 1980); the data clearly show the
oxidation state of copper in tyrosinase to be Cu(ll) in oxytyrosi-
nase and Cu(l) in deoxytyrosinase (see below).

Deoxytyrosinase—The XANES spectra of several Cu(l) and
covalent Cu(ll) complexes have been reported (Kau et al.,
1987). It has been shown that for 2- and 3-coordinated Cu(l)
complexes, the normalized intensity (1) of the XANES spectrum
at peak A at 4 eV is I(A) = 0.88 = 0.30, with the lower values
pertaining to 3-coordinated Cu(l) complexes. Values of I(A) less
than 0.15 are typical of Cu(ll) complexes, but values up to 0.4
are observed for the most covalent Cu(ll) complexes. The nor-
malized intensity of our deoxytyrosinase at 4 eV (peak A) is 1(A)
= 0.45 * 0.005. As the authors of the previous work pointed
out, the numerical results depend on the energy resolution of
the spectra and the fitting procedures of data normalization.
However, our data confirm that Cu(l) in deoxytyrosinase is
3-coordinated, resembling the coordination geometry of Cu(l)
in deoxy-Hc.

Oxytyrosinase—In Fig. 2 (upper panel), we have compared
the XANES derivative spectra of powdered Cu(ll)-(imidazole),
H,O and solution samples of oxytyrosinase and oxy-Hc (this
last spectrum is extracted from that reported by Della Longa et
al. (1993)). In Cu(ll)-(imidazole);-H,O, each copper atom is
bound to three imidazole nitrogens, two oxygens of SO3~ ions,
and one water oxygen in a tetragonally distorted octahedral
site with four ligands at an averaged distance of 2.0 A and two
ligands at ~2.45 A (Fransson and Lundberg, 1974). A little

CuK-XANES

XANES derivative

Jaagl
-20-10 0 10 20 30 40 50 60
E-E'(eV)

FiG. 1. Upper panel, CuK edge XANES spectra of A. bisporus tyro-
sinase under different oxidation conditions. Shown are the deoxy form
(lower curve), the oxy form (upper curve), and a partially reduced form
(center curve) obtained from the resting form by dissolving the enzyme
in 5 mm H,0, solution, pH 6.7. Lower panel, XANES derivative spectra
of the same samples.

21027

pre-peak P is present at 8980 eV (the zero energy in the figures)
in the spectrum of oxy-Hc in Fig. 2. The peak is assigned to a 1s
— 3d dipole forbidden transition; hence, it should mark the
presence of the 3d° electronic configuration Cu(l1) at the copper
site(s). The intensity at 8980 eV in tyrosinase is comparable
with that of oxy-hc and with that of Neurospora oxytyrosinase
reported by Woolery et al. (1984a). The main mechanisms in-
fluencing the intensity of the pre-peak are copper valence and
centrosymmetric character of the environment around the cop-
per atom. Spectroscopically, the energy position of the CuK
edge is a generally accepted probe of the copper valence state.
The spectrum that we measured for oxytyrosinase is well
aligned in energy to the Cu(ll)-imidazole complex; hence, the
difference in the pre-peak intensity between Hc and tyrosinase,
if any, is attributed to different average symmetry around the
Cu(ll) atom. In the lower panel, their derivative spectra are
shown. The derivative spectra enhance the differences between
tyrosinase and Hc. The spectra of Hc and tyrosinase resemble
that of Cu(ll)-imidazole complexes, but the tyrosinase spec-
trum looks broader than Hc, suggesting a higher structural
disorder around the copper atom than in Hc, as already re-
ported for N. crassa tyrosinase (Woolery et al., 1984a). The &
and a peaks, prominent in Hc, are strongly convoluted with the
B and vy peaks in tyrosinase; moreover, there is a different ratio
between the B and y peaks. This difference should involve
changes in the first shell coordination geometry. The present
study has two goals: 1) the interpretation of the XANES peaks
of oxy-Hc (and oxytyrosinase) via the MS approach and 2) the
selection of a structural model for the first coordination shell of
copper that allows us to interpret the spectral differences be-
tween Hc and tyrosinase in quantitative terms.

XANES Simulation of Oxy-Hc—The simulation of the
XANES spectra of oxy-Hc and oxytyrosinase was performed in
the context of the electron MS theory. A key factor in the
XANES simulations is the size of the scattering cluster. Our
scattering cluster includes the three histidylimidazole rings
around the copper site. In Fig. 3, the atoms representing the
1-shell (Cu-O,-Ng), 2-shell (Cu-O,-N3-Cg), and 3-shell (Cu-O,-
(imidazole);) clusters for which the CuK XANES spectrum was
simulated are sketched. In Fig. 4, the MS calculations of the
1-shell (upper panel) and 3-shell (lower panel) clusters are
shown. Additional atoms included in the cluster (e.g. imidazole
carbons and nitrogens from the neighboring copper site) do not
change the spectrum any more. In particular, the 3-shell cal-
culation was made both in the presence and absence of a second
copper atom at a distance of 3.5 A without observing any
significant variation of the features. Similar to the case of
cobalt-substituted Hc (Della Longa et al., 1993), the calculated
contribution of the scattering signal from a distant copper atom
(well probed by EXAFS) is negligible in the XANES region with
respect to the strong MS signal from the imidazole rings; hence,
the XANES spectra are expected to contain significant infor-
mation on each copper site symmetry rather than on the long
Cu-Cu distance.

In Table 11, the polarization dependence and the assignment

TaBLE |
Energy position of the XANES peaks of oxy- and deoxytyrosinases

Absorption Derivative
Peak E I Peak E I
Deoxy Oxy Deoxy Oxy
eV £ 0.5 normal units = 0.005 eV + 0.5 normal units = 0.003

A 4 0.45 0.2 « 15 0.095 0.024
B 8 0.67 0.56 B 6.5 0.049 0.083
C 14 1.08 1.10 Y 115 0.079 0.097
D 18 1.17 1.27 o 15.5 0.030 0.051
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Cu(Imid),

Cu K-XANES

XANES derivative

T

\ e
\\\/” Cu(Imid)3 ]

i PN i I 1 3
-10 0 10 20 30 40 50 60
E-E (¢
FiG. 2. Comparison between XANES derivative spectra of Hc
(extracted from Della Longa et al. (1993), A. bisporus tyrosinase,
and [Cu-(imidazole),-H,0]S0O,.

z 1-shell

2-shells

3-shells

imid

Fic. 3. Structure of the cluster of 19 atoms with one copper
atom in the center, the three histidylimidazoles, and a second
copper atom at 3.5 A. The Cu-Cu axis is the x axis of the calculations,
and the apical Cu—N_(His) bond is on the z axis. The calculations were
performed as a function of the cluster size; atoms are grouped in three
shells. imid, imidazole.

of the peaks are summarized. Peaks A and B (z-polarized) and
peak C (xy-polarized) arise just from 1-shell scattering. In
contrast, peak D (xy-polarized) originates only by including the
entire imidazole rings in the copper site. In Fig. 4 (lower panel),
the final nonpolarized spectrum of oxytyrosinase, obtained af-
ter applying the Fermi cut and the broadening factors (see
“Materials and Methods”), is also shown (solid line). All the
experimental features of oxy-Hc are reproduced. Peak A corre-
sponds to quasi-atomic copper ep, states. It is absent in the
experimental spectrum of Cu-(imidazole), but is not negligible
in oxytyrosinase and is present in oxy-Hc. It disappears after
including a sixth ligand in a centrosymmetric fashion; hence, it
should be an indicator of a 5-fold square-pyramidal coordina-
tion. Peak B is assigned also to an ep, state, and peak C to an
€p,, state. Peak D appears only after including the third shell;
hence, it pertains to copper-imidazole delocalized ep,, states.
Interpretation of the Differences between Tyrosinase and

Tyrosinase Copper Site Structure by XANES

s .
éJ L ]
= ]
2 ]
=} al
= ]
= ]
= ]
<~ 4
g E// xy 7
N ST DN I DS I I
R
S 3-shell
n &
< g
» @
L)
& L
=
=
%
~
- F
= E// xy
T D T DR R

0 10 20 30 40 50 60 70
E-VMT (V)

FiG. 4. Upper panel, calculated polarized E//z (dotted curve) and E//xy
(dashed curve) CuK edge XANES spectra for the atomic clusters in Fig.
3 for the first shell; lower panel, calculated polarized E//z (dotted curve)
and E//xy (dashed curve) CuK edge XANES spectra for the atomic
clusters in Fig. 3 for three shells. The absorption coefficient has been
normalized to the value of the atomic absorption coefficient («,..) for the
central copper ion at high energy (>60 eV). The zero on the energy scale
of the calculated spectra is at the average interstitial potential V1. The
MS simulation of the XANES spectrum of oxy-Hc (or oxytyrosinase) is
also shown (solid curve). First, the nonpolarized calculated spectrum is
obtained as a 1:2 weighted sum of the polarized E//z and E//xy spectra.
Then, the low part of the spectrum including the highest occupied states
with p symmetry, not contributing to the experimental one, are cut off.
Last, inelastic effects on the scattering process are included by using a
energy broadening function. The final solid curve simulates the exper-
imental XANES spectrum.

TaBLE 11
Interpretation of the peaks of oxytyrosinase

Peak Polarization Contributing shell(s) Assignment
A z 1 €p,
B z 1(3) €p,
c Xy 1(3) €Dy
D Xy 3 €p,, (Cu-imidazole delocalized)

Hc—To interpret the residual spectral differences between Hc
and tyrosinase, we have searched for the structural models
actually proposed for tyrosinase, alternative to the structure of
oxy-Hc (see the Introduction). Extended Huckel theory calcu-
lations have been carried out, and conformational minima were
found for different structures of the 5-coordinated copper in
oxytyrosinase (Eisenstein et al., 1992), accounting for the dif-
ferent biological functions between tyrosinase and Hc beyond
the generally accepted thesis of a different accessibility to the
active site. In Fig. 5, some alternative structures of the copper
site in oxytyrosinase (labeled a, b, ¢, d, and e) are sketched.
Structure b is the standard model of oxy-Hc already mentioned
and constitutes the basic set of coordinates. In structures a, b,
and e, the first shell ligands are the same distance from copper
(1.95 A), and the models differ only in the coordination sym-
metry. In structure a, the three histidyl residues are arranged
in a pseudo-C;,, symmetry around the Cu-Cu axis, as in de-
oxy-Hc (i.e. their bonds form angles of 109°). In structure e, the
arrangement of the histidines is the same as in Hc, but the
oxygen atom is oriented parallel to the z axis (the pyramid
axis). Structures ¢ and d are the same as b and a, respectively,
but the axial histidine has been moved to a Cu—N distance of
2.4 A

Also in Fig. 5, the theoretical XANES spectra of structures a,
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MS calculated XANES
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Fic. 5. MS simulation of the XANES spectrum of different al-
ternative structures of the copper-imidazole complex: struc-
tures a, b, ¢, d, and e (solid curves) as indicated on the right. The
experimental spectra of tyrosinase (dotted curves) are superimposed on
each calculation.

TasLE I
Values of the fit index parameter for structure fitting of oxy-Hc and
oxytyrosinase (n = 125; o,,, = 8 X 107%)
Structure Oxy-Hc Oxy-Tyr®
a 151 1.43
b 1.23 151
c 2.77 1.75
d 2.30 1.61
e 1.42 1.94
a+b 1.25 (2 + 98%) 1.42 (67 + 33%)

a Oxy-Tyr, oxytyrosinase.

b, ¢, d, and e are shown (solid curves), and the same experi-
mental spectrum of tyrosinase is superimposed on each calcu-
lation (dashed curves). In Table 111, the fit index parameter F,
calculated for both Hc and tyrosinase, is reported. In the case of
Hc in solution, only the standard Hc structure b fits the exper-
imental data reasonably well (F = 1.23), whereas structures
with long apical distances (structures ¢ and d; F = 2.77 and
2.30, respectively) are rejected. Also in structures a and d,
where the tetrahedral character of the transition metal coordi-
nation increases due to the decreasing of colinearity of MS
pathways, extended spectral changes are expected (Bianconi et
al., 1988; Della Longa et al., 1993) and are actually observed in
the calculations (F = 1.51 and 1.42, respectively), so the repro-
duction of the experimental spectrum is worse. The fitting does
not improve by using a linear combination of more than one
structure (a + b in Table IlIl, F = 1.25, with a negligible
percentage of structure a); hence, the only conclusion is that Hc
has equivalent pyramidal copper sites with a short apical dis-
tance (as probed by EXAFS) and the dioxygen parallel to the
pyramid base.

As shown in Fig. 5, the same procedure applied to tyrosinase
leads to different results. While structuresc, d, and e (F = 1.75,
1.61, and 1.94, respectively) can be excluded on the basis of the
high value of the fit index parameter, structures a and b (F =
1.43 and 1.51, respectively) are nearly equivalent. By linearly
combining structures a and b, we obtain a meaningful percent-
age of both structures (67% structure a and 33% structure b),
with a small improvement of the fit (F = 1.42). An improve-
ment of the fit is also found for a little apical distortion. Fig. 6
shows in detail the simulated effect of the apical distortion on
the XANES derivative « and B peaks. The distance d(Cu—
Nimia), vVaries from 1.9 to 2.7 A. The MS calculation reproduces
the derivative features «, B, v, 8, €, and ¢ up to 60 eV. As a
result of the MS calculations, the g peak at ~6.5 eV, related to
shoulder B at the absorption threshold, varies between the
values of 11.5 and 1.5 eV, corresponding to distances of 1.9 and
2.7 A. 1t overlaps with the o and vy peaks, resulting in a
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XANES derivative
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Fic. 6. MS XANES simulation (derivative spectra) of the apical
distortion of structure b. The apical distance d(Cu-N_(His)) is as
follows (dashed curves): curve a, 1.90 A; curve b, 1.95 A; curve ¢, 2.05 A;
curved, 2.2 A; curve e, 2.3 A; curve f, 2.4 A; curve g, 2.5 A; and curve h,
2.7 A. The B peak red-shifts, causing the change in the line shape of the
two main peaks, « and y. The experimental derivative spectrum of
oxy-Hc (solid curve) is superimposed on curve b; the experimental
derivative spectrum of oxytyrosinase (solid curve) is superimposed on
curve d.

variation of the relative intensity ratio between the two main
peaks, which in short we still name « and v.

This simple model accounts for the experimental difference
in the intensity ratio r = I(a)/I(y) in Hc and tyrosinase. An
approximately linear behavior of the r(d) function between 1.95
and 2.3 A is found. By using linear regression, the experimen-
tal values found in Hc (r = 1.65) and tyrosinase (r = 1.21)
match the calculated ones for the apical distances d,;.(Cu-N,)
= 1.99 and dy, (Cu—N;n,ig) = 2.18, with F = 1.40. In spite of the
good theoretical sensitivity of the function r(d) in the approxi-
mately linear region (the linear regression gives d = 0.36r +
2.5, 8d/d = 0.36 &r/r, and hence 8d = 0.05 A), the error assigned
to d is 0.1 A (see “Materials and Methods” for discussion of the
systematic errors), giving at last the measures d,.(Cu-N,) =
2.0 = 0.1 A (in accord with the EXAFS results) and d+y(Cu-
Nimia) = 2.2 = 0.1 A. However, the value Ad between the two
apical distances does not involve systematic errors, and its
value is Adye 1y (CU-Njpig) = 0.2 + 0.1 A,

The red shift of peak B in the XANES spectrum (and of the
B peak in the derivative spectrum) is deduced by a theoretical
point of view as a MS generalization of the rule (Natoli, 1983)
already applied to predict the energy position of the main
XANES peak in diatomic hydrocarbon compounds (Hitchcock et
al., 1984): (E — E,)Y?*d = constant, where d is the bond length,
E is the peak energy, and E, is the muffin-tin potential V,, or
a certain fixed deep energy level. Unfortunately, the XANES
theory applied here is not so “exact” as to claim that this is the
measure of the apical distortion at the copper site. Moreover,
the apical distortion is not the unique structural mechanism
explaining the spectrum of oxytyrosinase. In spite of it, we have
exploited in detail this model because it should contribute to
solve the distance of the apical histidine in oxy-Hc, where the
reported x-ray diffraction and EXAFS data are in disagree-
ment. For example, in L. polyphemus oxy-Hc, the EXAFS data
measure d,,.(Cu-N_) = 1.95 + 0.05 A, while the x-ray diffrac-
tion data give d,,.(Cu-N_) = ~2.4 A. From this work, the ratio
r measured by XANES could probe apical distortions of the
square-pyramidal copper site geometry. There is no need to
underline this because the apical histidine movement is cer-
tainly involved in the mechanism of Hc (and probably tyrosin-
ase) ligand association; a spectroscopic probe to such a param-
eter can furnish a key step toward a deeper understanding of
the ligand binding dynamics of these dinuclear copper proteins.

Conclusions—In conclusion, we have shown that A. bisporus
tyrosinase undergoes the same valence and conformational
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changes as mollusc Hc in the oxygen binding process. In par-
ticular, (i) deoxytyrosinase has a 3-coordinated Cu(l) site(s) like
mollusc Hc. (ii) Oxytyrosinase is reasonably fitted by a 5-coor-
dinated square-pyramidal Cu(ll) site(s), with equatorial dis-
tances probably equal to 1.95 A and either an apical distortion
of <0.2 A or distortions toward a pseudo-tetrahedral geometry,
with inequivalent copper sites. (iii) Tyrosinase has a higher
structural disorder than Hc. The broadness of the XANES
features suggests the presence of numerous conformational
substates at the copper site in tyrosinase, unlike Hc. (iv) The
XANES simulations suggest that the degree of apical distortion
in Hc and tyrosinase could be probed by comparing the inten-
sity ratio between the two main XANES derivative peaks with
MS calculations.
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