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Determination of oxidation state is essential to
interpretation of the spectroscopy and chemistry of
metal ions. We will describe the use of X-ray absorp-
tion edges to quantitatively determine the percent
of Cu(l) in samples of mixed Cu(I)/Cu(Il) composi-
tion, and specific applications of this technique to
characterization of copper oxidation states in various
derivatives of the multicopper oxidases laccase and
ceruloplasmin.

It has long been recognized that the energy and
the shape of an X-ray absorption edge are correlated,
respectively, with the effective charge on the absorb-
ing atom and with the geometry of the absorbing site.
Cu complexes, in particular, have X-ray absorption
edges which change dramatically with metal
oxidation state. Cuprous complexes show an intense
transition at approximately 8984 eV which is absent
for complexes in the +2 oxidation state. In addition,
the peak absorbance for Cu(l) complexes is less
intense than for Cu(II) complexes. The different edge
shapes for Cu(l) and Cu(II) have previously been
used as a qualitative indicator of the presence of
Cu(l) in a variety of metalloproteins [1—4], and in
particular, in a study of the multicopper oxidase,
Rhus vernicifera laccase [5] .

Laccase, which contains four copper ions at its
active site, is the least complicated of the multi-
copper oxidases and is the current focus of our
binuclear copper research. While study of the coupl-
ed binuclear site in this enzyme is complicated by the
presence of blue and normal copper centers, a
reversible procedure exists for T2 copper removal to
yield type 2 depleted laccase (T2D) [6], wherein the
binuclear site is only complicated by the additional
blue copper site. Much controversy has ensued over
the chemical and spectroscopic properties of the
prepared T2D laccase [7]. Our preliminary X-ray
absorption edge studies [5] indicated that T2D con-
tained approximately 70% cuprous copper, while
H,0, treated (met) T2D and native laccase con-
tained essentially no Cu(l). Together with EPR
evidence that the T1 copper remains oxidized in
T2D laccase, these edge studies demonstrated that
T2D laccase contains a reduced T3 site which can
be reoxidized by peroxide.
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We will present evidence that the properly nor-
malized difference between two Cu X-ray absorp-
tion edges, under certain circumstances, can also be
used to quantitatively determine the Cu(I) concen-
tration in a sample [8]. We have studied an exten-
sive series of Cu model complexes in order to deter-
mine the limitation of the difference-edge technique.
We have then used this technique to quantitatively
determine the Cu(I) concentration in native and T2D
laccase as well as their ferricyanide, nitrite, and
hydrogen peroxide treated forms. Preliminary results
on ceruloplasmin will also be presented.

An Extended X-ray Absorption Fine Structure
(EXAFS) study of met and met-N3 T2D laccase is
also discussed. The EXAFS data are analysed to
determine the average environment of the three
Cu atoms in the T2D laccase derivatives, and also
compared with the EXAFS data for plastocyanin,
which is an appropriate model for the blue copper
site in laccase [9].
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Ceruloplasmin (Cp) is a plasma copper oxidase
containing several copper ions. Among them five
are essential to enzymatic activity and are classified
into three types [1]: two cupric ions are of type I
(I, and I [2]) or ‘blue’, one cupric ion of type II
or ‘non blue’ and two cupric ions of type III which
are not EPR detectable.

In this communication we report evidence sug-
gesting the presence of two extra cupric ions that can
bind chelating agents such as diethyldithiocarbamate
(DTC).

The addition of DTC to Cp (pH 5.5) yields an
absorption at 445 nm in the Cp spectrum. When
increasing equivalents of DTC are reacted with the
protein no further spectral changes are appreciable
at DTC/Cp > 4 and the absorptivity at 445 nm
indicates the chelation of two Cu(Il) forming two
Cu(DTC),. The absorption at 610 nm is not
modified and the circular dichroism (CD) spectrum
exhibits only a slight decrease. On the other hand
the band at 445 nm due to the DTC > Cu?* charge
transfer transition is not optically active indicating
that the Cu(DTC), complex is not coordinated to
the protein. Addition of an inhibitor, such as N3,
to a Cp—DTC solution gives rise to the absorption
at 380 nm and to the CD spectrum characteristic
of N3 bound to type II Cu(Il). Moreover, the
Cp—DTC solution exhibits the same enzymatic
activity as Cp free of DTC.

From these results we can infer that the five cupric
ions necessary to the enzymatic activity of Cp are not
modified by the addition of DTC which instead
chelates two extra cupric ions hereafter labeled X
and Y.

Both X and Y Cu(II) can be removed from Cp,
by centrifugation, after addition of DTC, if this is
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performed within ten minutes following the addition
of DTC. On the other hand, when Cp is incubated for
several hours with DTC a very slight precipitate
appears and the solution recovers the blue color of
native Cp. If DTC is then added to the supernatant
the absorption at 445 nm due to both DTC-bound
X and Y reappears. These results suggest that as
time elapses the Cu(DTC), complexes dissociate and
that X and Y Cu(II) reenter the protein.
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Bovine serum amine oxidase (BSAO) is a type Il
copper-containing protein. The enzyme has a molec-
ular weight of 190 000 daltons and 2 gram atoms of
copper per mol protein which is composed of two
electrophoretically  equivalent  subunits. Native
BSAO exhibits a yellowish pink color by virtue of
a broad band around 476 nm (e = 3800) [!].
Replacement of Co(IT) [2], Ni(II) and Zn(II) for the
inherent Cu(I) which is coordinated by two cis-
arranged imidazole nitrogens and two oxygens [3]
revealed that the pink color comes from the organic
prosthetic group. Electronic, CD and ESR spectra
of native and metal substituted BSAO treated with
phenylhydrazine suggested that the unknown pros-
thetic group is located very close to the copper(Il)
ion, but probably is not directly coordinated to the
metal ion. The presence of a metal ion affects sensi-
tively the electronic state of the prosthetic group
whose role is considered to bind a substrate and
catalyze the subsequent deamination. At the follow-
ing step, two electrons are passed from the reduced
chromophore to molecular oxygen probably through
the copper ion. Combined cooperation of the
chromophore and copper(II) ion during the whole
enzymatic process corresponds to the catalytic role
of a flavin group. We are now working on the pros-
thetic group to clarify its structure and properties



