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Over the past few years an enormous effort has been directed
toward the investigation of the metal-dependent mechanisms
that lead to the neuropathology of Alzheimer�s disease
(AD).[1] The self-assembled metallo-b-amyloid (Ab) peptide
fibrils are the hallmark of this disease[2] and have been
attributed to FeIII- and CuII-centered generation of H2O2

under reducing conditions. The latter, H2O2, has been
postulated to be of significant importance in connection
with neuropathy in AD.[3,4] However, an area of oversight has
been the detailed chemical processes associated with the
neuropathology of AD, besides the generally acclaimed
assault by ROS (reactive oxygen species; e.g. H2O2).

[5]

Hence, a better understanding of metal-centered redox
chemistry and the mechanism for the generation of ROS
and their fate can provide insight into potential strategies for
the prevention and treatment of AD.

Several examples of redox chemistry in biological systems
are known to be associated with di- or multinuclear “Type-3”
Cu oxidases,[6] which may be related to the redox activity of
CuIIAb.[1–4] A number of chemical model systems that target
Type-3 copper centers have successfully been demonstrated
to contain highly active isoelectronic copper–dioxygen spe-
cies (i.e. CuII

2 -m-h
1:h1-peroxo, CuII

2 -m-h
2:h2-peroxo, and CuIII

2 -
bis-m-oxo), which are responsible for copper-dependent
oxidation and hydroxylation reactions.[6–9] Despite extensive
modeling studies, peptide mimics of these enzymes have
apparently been excluded from the studies. CuIIAb seems to
fill the gap as it is a naturally occurring Cu–peptide complex
demonstrated to exhibit oxygen-associated redox chemis-
try,[1–4] although details about its oxygen binding and activa-
tion mechanisms are lacking. Herein, we present results which

bring together two distinct fields of research: Alzheimer�s
disease and Type-3 copper centers. The results elucidate that
the CuII complex (CuAb1–20) of the icosapeptidyl metal-
binding domain of Ab (DAEFR5HDSGY10EVHHN15-
KLVFF20) exhibits metal-centered redox chemistry that is
consistent with the mechanisms of the Type-3 copper
enzymes, namely, phenol monooxygenase (e.g. tyrosinase)
and catechol oxidase.

The metal-centered redox chemistry of CuAb1–20 was
probed using catechol and the more-inert phenol as sub-
strates.[10, 11] The oxidation of catechol under aerobic con-
ditions reached a plateau at low mm concentrations, and the
saturation profile fits well to pre-equilibrium kinetics
[Eqs. (1) and (2)][12] to afford the rate constant kcat=

0.154 s�1, the dissociation constant K’app= 0.35 mm (Fig-
ure 1a), and a significant second-order rate constant kcat/
K’app= 440m�1 s�1 (cat= catalytic, app= apparent). As the
formation of quinone from catechol is a two-electron
oxidative process, the reaction is expected to follow the
two-electron dinuclear reaction pathway for catechol ox-
idase,[13] wherein the binding of catechol to the active-site
dicopper(ii) center results in the reduction of the center to
yield dicopper(i) with concomitant production of o-quinone.
The reduced dicopper(i) center can bind dioxygen to afford
the active peroxo-bridged dicopper(ii) center, which can
further oxidize a subsequently bound substrate. H2O2 can also
be generated in this reaction pathway from the peroxo-
bridged dicopper(ii) center in the presence of a reducing agent
such as the substrate itself. This pathway for the production of
H2O2 under reducing conditions is consistent with previous
observations in AD studies.[3] The catechol oxidase like
mechanism has also been observed in kinetic studies of
several chemical model systems[14] and in the oxidation of
polyphenols by CuAb1–20.

[15] Note that a recent study based on
density functional theory (DFT) pointed to mixed-valence
CuII–CuI transition states,[16] which support the suggested
reduction pathway for the Cu center.

We previously determined the CuII/Ab1–20 stoichiometry
as 1:1 for oxidative activity with three Ne-coordinated
imidazole histidine rings as metal-binding ligands.[15] As
activity is an excellent probe for determining stoichiometry,
gradual replacement of CuII centers in CuAb1–20 with redox-
inactive ZnII centers can serve as a practical method for
addressing the nature of the active metal center by virtually
“silencing” the active sites through dilution with ZnII. A
quadratic correlation between the activity and the extent of
ZnII dilution should be observed for simple 1:1 metal binding
if there is no cooperativity and/or interactions between the
CuII centers at the active site with different Ab strands.
Conversely, a sigmoidal activity profile was observed as a
function of the mole fraction of CuII in Ab1–20 toward the
oxidation of the catechol derivative 3,5-di-tert-butyl catechol
(DTC, kcat= 0.411 s�1 and K’app= 0.781 mm) which can be
fitted well to the Hill equation [Eq. (3)][17] with a Hill
coefficient of q= 2.40 and r2= 0.99 (Figure 2a, solid line).
The data clearly cannot be fitted well to a quadratic equation
for 1:1 noncooperative binding mode (r2= 0.91; dashed line,
Figure 2a). These results imply the possible presence of a
cooperative dinuclear active CuII center during the catalytic
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oxidation of catechol by CuAb1–20, consistent with the
catalytic cycle of catechol oxidase.[13]

The presence of the reactive oxygen species H2O2 (25 mm)
significantly enhances the turnover and catalytic efficiency of
CuAb1–20 toward catechol oxidation, yielding kcat= 0.531 s�1

and K’app= 0.342 mm, and a significant second-order rate
constant kcat/K’= 1.51 E 103m�1 s�1 from the Hanes plot
[Eq. (4) and Figure 1e][18,19] for a random two-substrate
reaction, in which the binding of the two substrates H2O2

and catechol are independent of each other. Note, the second-
order rate constant for catechol oxidation is only about

20 times lower than that for catechol oxidase extracted from
gypsywort.[20] This pathway is consistent with the so-called
peroxide shunt in the action of catechol oxidase in the
presence of H2O2 for which a CuII

2 -m-h
2:h2-peroxo intermedi-

ate is proposed to be the active species.[6] The oxidation of
catechol to form o-quinone in the absence and presence of
H2O2 exhibits remarkable rate accelerations (3.25 E 105 and
1.12 E 106 fold, respectively) in terms of the first-order rate
constant kcat relative to that for aerobic autooxidation of
catechol in the absence of CuAb1–20 (ko= 4.74 E 10�7 s�1).

Owing to their inertness, metal-centered hydroxylation of
phenol and its derivatives, particularly polychlorophenols,
poses some challenging tasks in chemical synthesis and
environmental detoxification and remediation[21] and may
provide further insight into the action of those metalloen-
zymes for the monooxygenation of arenes.[8,22] Besides the
oxidation of catechol described above, phenol was hydroxy-
lated and oxidized by CuAb1–20 in the presence of a saturating
amount of H2O2 (> 50.0 mm). The formation of o-quinone
exhibited rate and dissociation constants of kcat= 0.213 s�1

and K’app= 1.31 mm, respectively, and kcat/K’= 457m�1 s�1

from the Hanes plot (Figure 1a and d). This result represents
a remarkable 4.6 E 106-fold rate acceleration for the hydrox-
ylation/oxidation of phenol to form o-quinone in terms of kcat

relative to that for aerobic autooxidation of phenol (k0= 4.6 E
10�8 s�1). This reaction is expected to take place according to a
dinuclear mechanism similar to the hydroxylation and
oxidation of tyrosine by the dicopper enzyme tyrosinase, in
which the active center is believed to contain dinuclear m-
h2:h2-peroxo-CuII

2 species on the basis of spectroscopic
studies.[8,16]

Cooperativity of H2O2 in the oxidation of both catechol
and phenol in terms of kcat is observed upon titration of H2O2

and is reflected in the sigmoidal activity profile with respect to
the concentration of H2O2 (Figure 1b). The data from the
oxidation of catechol and phenol by H2O2 fit well to the Hill

Figure 1. a) Saturation profile for the oxidation of phenol (&), deuter-
ated phenol (&), and catechol (*) in the absence of H2O2. b) The
effect of the concentration of H2O2 on the first-order rate constant kcat
toward the oxidation of phenol (&) and catechol (*). c) The production
of o-quinone from phenol in the absence of H2O2 is monitored by the
increase in the absorption as a result of the formation of its adduct
with 3-methyl-2-benzothiazolinone hydrazone (MBTH). d,e) Hanes
plot analysis of kinetic data from parts (a) and (b), with [H2O2]=0, 5,
10, 20, and 30 mm from top to bottom.

Figure 2. Oxidative activity of CuAb1–20 toward the oxidation of a) DTC
and b) phenol in the absence of H2O2 as a function of the mole
fraction of CuII at a constant total concentration of CuII and ZnII at
pH 7.0 and 25 8C. The solid lines show the fit to the Hill equation, and
the dotted lines are the fits to a quadratic binding pattern with a
metal/ligand ratio of 1:1.
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equation [Eq. (3)], yielding Hill coefficients of q= 2.23 and
1.78, respectively. Moreover, fitting of the rates to a random
two-substrate reaction mechanism yields corrected K’ values
of 2.07 and 2.10 for phenol and catechol, respectively, and a
cooperativity index based on the ratio K’app/K’ of 1.70 for
H2O2 in both phenol and catechol oxidation reactions. These
values suggest a small cooperativity of H2O2 and the
independent binding of H2O2 and phenol or catechol to the
active center.

Of particular interest is the observation of a scarcely
reported process, namely, aerobic CuII-centered hydroxyl-
ation and oxidation of phenol in the absence of H2O2.

[23] The
production of o-quinone from phenol catalyzed by CuAb1–20

follows pre-equilibrium kinetics, yielding kcat= 3.90 E 10�3 s�1

and K’app= 1.23 mm (Figure 1a) that represent an 8.67 E 104-
fold first-order rate acceleration with respect to aerobic
autooxidation of phenol. The kcat value is lower than that for
catechol oxidation and indicates that the hydroxylation step
here must be the rate-limiting step. Otherwise, these two
reactions would have similar kcat values attributed to the
oxidation of a bound catechol upon hydroxylation of a bound
phenol. Moreover, the use of deuterated phenol as substrate
reveals a significant kinetic isotope effect (KIE); kcat values of
1.12 E 10�3 and 0.0442 s�1 are obtained in the absence and
presence, respectively, of H2O2 (100 mm) and represent KIE
values of 3.46 and 4.77, respectively. The results indicate that
hydroxylation and cleavage of the o-C�H bond of phenol is
the rate-limiting step, which is followed by a faster step to
form o-quinone. The different KIE values for the hydroxyl-
ation of phenol in the presence and absence of H2O2 suggest
that the rate-determining step in these two cases may be
different and/or possibly involve additional pathways. The
K’app values are not significantly different between phenol and
deuterated phenol (1.31 and 1.23 mm for the latter in the
presence and absence of H2O2, respectively) which suggests
that kcat does not significantly contribute to the magnitude of
K’app and that the two substrates may have a similar binding
mode. The mechanistic reasoning for the conversion of
phenol to o-quinone may be attributed to the fact that the
CuII/CuI redox equilibrium can be achieved upon phenol
binding, followed by electron transfer to afford a CuI–phenol
radical, which is thought to be stabilized through resonance
structures with delocalization of the free radical at the ortho
and para positions[23a] (Figure 3, step a). This intermediate is

then attacked by dioxygen and followed by electron transfer
to possibly form a CuII superoxide center which may be
further stabilized by a dinuclear center (step b). It was
proposed previously that the free radical was attached
directly by triplet dioxygen[23a] which, however, is not sym-
metrically favorable. Coupling of the superoxide radical to
the bound phenol radical at an ortho position is then expected
to be a favorable step (step c), which is followed by transfer of
electrons and an oxygen atom to afford the final quinone
product (step d). Involvement of a dinuclear center for the
catalysis is possible as discussed below.

As the hydroxylation and oxidation of phenol is a multi-
electron-transfer process, the involvement of two metal
centers is suspected. The activity profile for phenol oxidation
is similar to that for the ZnII dilution experiment for catechol
oxidation. The data can be fitted equally well to the Hill
equation [Eq. (3)] to afford q= 1.80 (r2= 0.98) and a quad-
ratic equation for single-metal binding (r2= 0.98), consistent
with either a mononuclear oxidation[23] or a cooperative
mechanism involving a dinuclear center,[16] or a combination
of both pathways.

To monitor substrate binding, a “slow” substrate, 4,5-
dichlorocatechol (DCC), which is approximately 200 times
slower than catechol in terms of kcat, was titrated into a
solution of CuAb1–20 (0.2 mm) in the presence or absence of
H2O2 (100 mm) and monitored by UV/Vis spectroscopy at
25 8C at pH 7.0 (Figure 4). Similar spectra were obtained

through the course of the titration, indicating that H2O2 was
not involved in the binding of DCC to CuIIAb under the
experimental conditions. The absorption at 437 nm increased
upon addition of DCC to (CuIIAb)2 and reached saturation at
more than 1.2 equivalents of DCC, and the data were fitted to
a single-substrate binding model to yield a dissociation
constant of 0.24 mm. The result provides direct evidence for
catechol binding to a dicopper(ii) center, consistent with the

Figure 3. Proposed mechanism for aerobic hydroxylation and oxidation
of phenol in the absence of H2O2, with the binding of phenol and
reduction of the metal center as the key step (a). The binding of
dioxygen and formation of superoxide (b) is proposed to be assisted
by a dinuclear center. See text for details.

Figure 4. Titration of DCC to CuAb (0.2 mm) in the presence of H2O2

(100 mm) in HEPES buffer (100 mm) at pH 7.0 monitored by UV/Vis
spectroscopy. Analogous spectra were obtained in the absence of
H2O2. The inset shows the change in absorbance at l=437 nm as a
function of the number of equivalents of DCC added with respect to
(CuIIAb)2, consistent with the formation of a 1:1 DCC–(CuIIAb)2
adduct.
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observations with a chemical model[24] and the mechanism
proposed above.

In conclusion, we have established the catalytic activities
of CuAb1–20 toward the relatively inactive species (according
to their k0 values) catechol and phenol in the presence and
absence of H2O2 in aqueous solutions at near-physiological
conditions. The reaction patterns are consistent with the
mechanisms carried out by Type-3 copper centers as observed
with catechol oxidase and tyrosinase and their dinuclear
model systems.[8, 22] So far these results are unique in metal-
centered redox chemistry related to Alzheimer�s disease and
are expected to offer further insight into the neuropathology
of this disease, as it is suspected to be linked with, besides
many other factors, the oxidation of mono- and diphenol-
containing neurotransmitters such as dopamine, epinephrine,
norepinephrine, and serotonin.[25, 26] Furthermore, the associ-
ation of this highly reactive Cu–oxygen chemistry with
Alzheimer�s disease can better define the role of metallo-b-
amyloids in the neuropathology of this disease and possibly
lead to different treatment strategies toward this disease.

Received: March 19, 2005
Published online: July 29, 2005

.Keywords: b-amyloids · Alzheimer’s disease · copper ·
oxidoreductases · peptides · redox chemistry

[1] A. I. Bush, Trends Neurosci. 2003, 26, 207 – 214.
[2] B. Tseng, M. Kitazawa, F. M. LaFerla,Curr. Alzheimer Res. 2004,

1, 231 – 239.
[3] X. Huang, C. S. Atwood, M. A. Hartshorn, G. Multhaup, L. E.

Goldstein, R. C. Scarpa, M. P. Cuajungco, D. N. Gray, J. Lim,
R. D. Moir, R. E. Tanzi, A. I. Bush,Biochemistry 1999, 38, 7609 –
7616.

[4] C. Opazo, X. Huang, R. A. Cherny, R. D. Moir, A. E. Roher,
A. R. White, R. Cappai, C. L. Masters, R. E. Tanzi, N. C.
Inestrosa, A. I. Bush, J. Biol. Chem. 2002, 277, 40302 – 40308.

[5] K. G. Manton, S. Volovik, A. Kulminski, Curr. Alzheimer Res.
2004, 1, 277 – 293.

[6] T. E. Machonkin, U. M. Sundaram, E. I. Solomon, Chem. Rev.
1996, 96, 2563 – 2605.

[7] W. B. Tolman, L. Que, Jr., Angew. Chem. 2002, 114, 1160 – 1185;
Angew. Chem. Int. Ed. 2002, 41, 1114 – 1137.

[8] a) E. A. Lewis, W. B. Tolman, Chem. Rev. 2004, 104, 1047 – 1076;
b) W. B. Tolman, Acc. Chem. Res. 1997, 30, 227 – 237.

[9] L. M. Mirica, X. Ottenwaelder, D. P. Stack, Chem. Rev. 2004,
104, 1013 – 1045.

[10] Phenol hydroxylation/oxidation and catechol oxidation were
performed as previously reported[11] with minor changes to suit
the current studies. The same molar concentrations of phenol or
catechol and 3-methyl-2-benzothiazolinone hydrazone (MBTH,
an indicator of o-quinone) were mixed in HEPES buffer
(100 mm) at pH 7.00 in the presence of CuAb1–20 at 5.0 mm
(phenol hydroxylation/oxidation) or 0.50 mm (catechol oxida-
tion). The red adduct of the o-quinone product was monitored at
500 nm (e= 32,500m�1 cm�1; see Figure 1c). The autooxidation
of phenol and catechol were determined under the same
conditions in the absence of CuAb1–20. The 1–20 fragment of
Ab was synthesized at the Peptide Center of the University of
South Florida. The identity of the peptide was confirmed with a
Bruker MALDI-TOF mass spectrometer.

[11] S. G. Srivatsan, P. Nigamb, M. S. Raob, S. Verma, Appl. Catal. A
2001, 209, 327 – 334.

[12] Rates were determined on a Varian CARY50 spectrophoto-
meter equipped with a temperature controller. The rate law for
pre-equilibrium kinetics [Eq. (1)], as followed by CuIIAb, is
shown in Equation (2), in which kcat and K’app are the first-order
rate constant and apparent dissociation constant, respectively, S
is the substrate, P is the product, and vbg is the autooxidation rate.

CuIIAb+S
k1

k�1

�! �AbCuII–S kcat�!CuIIAb+P (1)

v= vbg+
kcat ½CuAb�½S�
K0appþ½S� (2)

[13] A. Rompel, H. Fischer, D. Meiwes, K. BNldt-Karentzopoulos, R.
Dillinger, F. Tuczek, H. Witzel, B. Krebs, J. Biol. Inorg. Chem.
1999, 4, 56 – 63.

[14] a) C. T. Yang, M. Vetrichelvan, X. Yang, B. Moubaraki, K. S.
Murray, J. J. Vittal,Dalton Trans. 2004, 113 – 121; b) A. Granata,
E. Monzani, L. Casella, J. Biol. Inorg. Chem. 2004, 9, 903 – 913;
c) R. Than, A. A. Feldmann, B. Krebs, Coord. Chem. Rev. 1999,
182, 211 – 241.

[15] G. F. Z. da Silva, W. T. Tay, L.-J. Ming, J. Biol. Chem. 2005, 280,
16601 – 16609.

[16] P. E. M. Siegbahn, J. Biol. Inorg. Chem. 2003, 8, 567 – 576.
[17] The Hill equation can serve as a general model for cooperativity

as reflected by the Hill coefficient q, which deviates from unity in
the presence of cooperativity [Eq. (3); Kx is the intrinsic
dissociation constant].

v0
vmax

=
½CuAb�q

Kxþ½CuAb�q (3)

[18] In case of two-substrate catalysis, such as phenol hydroxylation/
oxidation and catechol oxidation in the presence of H2O2, both
substrates can interact with the metal center independently. The
data are fitted to the Hanes plot [Eq. (4)] to yield true values of
substrate dissociation constants K’.[19]

½S�
v0

=
ð1þK0a=½H2O2 �Þ

vmax
[S]+

K0

vmax

�
1+

Ki

½H2O2 �

�
(4)

[19] V. Leskovac, Comprehensive Enzyme Kinetics, Kluwer, Boston,
2002, p. 119.

[20] A. Rompel, H. Fischer, D. Meiwes, K. BuOldt-Karentzopoulos,
A. Magrini, C. Eicken, C. Gerdemann, B. Krebs, FEBS Lett.
1999, 445, 103 – 110.

[21] M. Maumy, P. Capdevielle, J. Mol. Catal. A 1996, 113, 159 – 166.
[22] K. D. Karlin, S. Kaderli, A. D. ZuberbNhler, Acc. Chem. Res.

1997, 30, 139 – 147.
[23] a) K.-Q. Ling, Y. Lee, D. Macikenas, J. D. Protasiewicz, L. M.

Sayre, J. Org. Chem. 2003, 68, 1358 – 1366; b) S. R. Starck, J.-Z.
Deng, S. M. Hecht, Biochemistry 2000, 39, 2413 – 2419.

[24] S. Torelli, C. Belle, S. Hamman, J. P. Pierre, Inorg. Chem. 2002,
41, 3983 – 3989.

[25] H. Umegaki, N. Tamaya, T. Shinkai, A. Iguchi,Exp. Gerontology
2000, 35, 1373 – 1382.

[26] W. Fu, H. Luo, S. Parthasarathy, M. P. Mattson, Neurobiol. Dis.
1998, 5, 229 – 243.

Zuschriften

5640 www.angewandte.de 	 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2005, 117, 5637 –5640

http://www.angewandte.de

