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ABSTRACT: Amyloid � (A�) is a central characteristic of Alzheimer’s disease (AD). Currently, there is a
long-standing dispute regarding the role of A�-metal ion (Zn, Cu, and Fe) complexes in AD pathogenesis.
Here, we aim to decipher the connection between oxidative damage implicated in AD and A�-metal ion
complexes. For this purpose we study, using ESR, the modulation of Cu/Fe-induced H2O2 decomposition
by A�1-28 (A�28), a soluble model of A�40/42. The addition of H2O2 to 0.6 nM-360 µM A�28 solutions
containing 100 µM Cu(II)/Cu(I)/Fe(II) at pH 6.6 results in a concentration-dependent sigmoidal decay of
[ ·OH] with IC50 values of 61, 59, and 84 µM, respectively. Furthermore, A�28 reduces 90% of ·OH
production rate in the Cu(I)-H2O2 system in 5 min. Unlike soluble A�28, A�28-Cu aggregates exhibit
poor antioxidant activity. The mode of antioxidant activity of soluble A�28 is twofold. The primary (rapid)
mechanism involves metal chelation, whereas the secondary (slow) mechanism involves •OH scavenging
and oxidation of Cu(Fe)-coordinating ligands. On the basis of our findings, we propose that soluble A�
may play a protective role in the early stages of AD, but not in healthy individuals, where A�’s concentration
is nanomolar. Yet, when A�-metal ion complexes undergo aggregation, they significantly lose their
protective function and allow oxidative damage to occur.

Highly reactive OH radicals are implicated in many
pathological conditions including cancer, diabetes, Parkinson
disease, heart diseases, and aging (1–3). Harmful OH radicals
attack any component in living organisms, including proteins,
DNA, and lipids, at the rate of 109 to 1010 M-1 s-1 (4). These
deleterious species are generated from the less damaging
reactive oxygen species, superoxide radical anion and
hydrogen peroxide (5). Fe(II) or Cu(I) ions catalyze H2O2

decomposition resulting in OH radical formation (Fenton
reaction): Fe(II) + H2O2 f Fe(III) + OH · + OH- (6–8).

The decomposition of H2O2 to produce ·OH is also
induced by Cu(II) or Fe(III) ions (Haber-Weiss-like
mechanism) (9–11), shown here for Cu(II) ion (eqs
1-4) (12, 13):

Cu(II)+H2O2fCu(I)•O2H+H+ (1)

Cu(I)•O2H+H2O2fCu(I)+O2 +
•OH+H2O (2)

Cu(I)+H2O2fCu(II)+ •OH+OH- (3)

3H2O2fO2 + 2•OH+ 2H2O (4)

Hydrogen peroxide and deleterious OH radicals were
proposed to trigger neurotoxicity also in Alzheimer’s disease
(AD) (14–16).

AD brain tissue is characterized by amyloid plaques, the
major component of which is amyloid � (A�) peptide, a
39-43 amino acid residue peptide (17, 18). Amyloid
deposition is probably a critical step in the neurodegenerative
process associated with AD (19). In addition, AD brain tissue

is characterized by unusually high concentrations of zinc,
copper, and iron ions (20).

Thus, Cu(II) and Fe(III) have been found in abnormally
high concentrations in amyloid plaques (∼0.4 and 1 mM,
respectively) (21). Furthermore, A� in vitro (and in vivo)
binds these metal ions with high affinity (22, 23). Raman
microscopy studies identified both Cu and Zn bound to
histidine residues in amyloid core plaques (24). A recent
study proposed that the Cu(II) ligands of A�28, a model of
natural A�, are Asp1 and His6, His13, and His14 (23).

Excessive Cu(II) binding, and to a lesser extent Fe(III)
binding (25), of A� may have a deleterious effect on
promoting the aggregation and the redox activities of the
A� proteins (26). A� has been shown to be toxic in
vitro (27–30). High concentrations of A� incubated with
Cu(II) were neurotoxic to primary neurons (31, 32). Like-
wise, A� dissolved in Fe(III)-containing media was toxic to
neurons (33, 34). Several studies showed that the structural
transition (from random coil to �-sheet) from monomeric to
fibrillar peptide was required for toxicity (35, 36). Other
studies indicated that the presence of transition metals may
be required for both A� fibrillization and the initiation of
reactive oxygen species (ROS) generation. Thus, the reduc-
tion of metal ions by A� (31, 37) and of A�40/42 by other
cellular reductants allows A� to produce H2O2 from O2 and,
hence, act as an oxidant, as shown for cell cultures in the
presence of Cu(II) (33, 37, 38).

Specifically, A�40/42 N-terminal 14 residues, coordinate
Cu(II) or Fe(III) ions (39). Reduction of Cu(II) (or Fe(III)
(37)) ions, in A�40/42 complex, to Cu(I) results in H2O2 in
vitro formation from molecular oxygen (31). The simulta-
neous production of Cu(I) and H2O2 by A� raises the
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possibility that OH radical is being formed by Fenton
chemistry in AD brains (31).

On the other hand, a significant amount of evidence
indicates the contrary, that the formation of diffuse amyloid
plaques may be considered as a compensatory response that
reduces oxidative stress (40, 41) and that the accumulation
of A� in the AD brain may be related to the increased
oxidative challenge experienced by the brain as we age (42).

Evidence pointing at either an antioxidant or oxidant
function of A�40/42 was thoroughly reviewed by Atwood et
al. (43).

It was suggested that the strong chelating properties of
A� for Cu(II) and Zn(II) (and perhaps Fe(III)) indicate that
one of A� functions is the sequestration of these metal ions
and the removal of these potentially redox-active species
from oxidative reactions. Various studies have demonstrated
that A�40/42 exhibits neuroprotective properties when present
at physiological concentrations (nanomolar) (44). This an-
tioxidant activity is observed both intra- and extracellularly
in diffuse amyloid deposits, CSF, and plasma. Evidence that
A� has antioxidant activity is accumulating (45–49).

Atwood et al. proposed the following solution to the
apparent contradiction concerning the oxidant/antioxidant
function of A� (43): Increased generation of A� following
oxidative stress indicates a response to preserve normal
cellular function by reducing oxidative insults. However, at
some threshold level of ROS generation, efficient removal
of A�-metal complexes would be overtaken by their
disproportionably high generation, resulting in the uncontrol-
lable growth of plaques. This growth consequently may
overwhelm antioxidant defense systems incapable of han-
dling the accumulating H2O2. Thus, A�-Cu deposits are
predicted to be neurotoxic if H2O2 is produced above the
threshold level of removal. This results in a vicious cycle of
increased A� generation and ROS production leading to
neurotoxicity (50).

Therefore, to accelerate oxidation, A� must be present in
concentrations that greatly exceed those normally measured
inbiologicalfluidsortissues(i.e.,micromolarvsnanomolar)(51,52).
This finding has been reported for cerebrospinal fluid, where
A� acts as an antioxidant at 0.1-1.0 nM concentrations,
while at higher A� concentrations its antioxidant action is
abolished (49).

The apparent confusion regarding the antioxidant/prooxi-
dant properties of A�40/42 emphasizes the urgent need to
systematically explore the modulatory role of A�40/42 at
oxidative stress conditions. For this purpose, we decided to
study the modulation of ·OH generation by A� under
oxidative conditions in a cell-free system. In this way we
expected to gain fundamental knowledge on pathophysi-
ological mechanisms of AD at the molecular level.

To directly explore the modulation of OH radical produc-
tion from H2O2 by A�, we targeted removing the immense
complexity and numerous cross-interactions occurring in cells
and focusing on the “naked” A� in the simplest oxidative
system possible, namely, Cu(I)/Cu(II)/Fe(II) in the presence
of H2O2. Furthermore, we selected A�1-28 (A�28) as a soluble
model of A�40/42.

A�28 is a common soluble model for studies of A�40/42

function (23, 26, 53, 54), which can also serve as a model
for aggregated A�40/42 (55). However, unlike A�40/42, A�28

is incapable of reducing Cu(II) and Fe(III). Therefore, in our

studies we used Cu and Fe ions in their highly reactive, low
valence form (i.e., Cu(I) and Fe(II)), in addition to Cu(II)
ions.

Furthermore, as most data on A� refer only to its catalytic
activity to dismutate O2-• to H2O2, we intended to study here
the effect of A� on the metal-induced H2O2 decomposition
to OH radicals.

In addition, we wanted to test the hypothesis that high
concentrations of A� (i.e., micromolar vs nanomolar) are
toxic (51, 52) and that toxicity depends on the metal ion
type (i.e., Cu vs Fe). Moreover, we wanted to learn if
aggregation changes the modulatory function of soluble A�28.

For these purposes, we studied by ESR1 A�28 in the above
simplified oxidative systems using 5,5′-dimethyl-1-pyrroline
N-oxide (DMPO) as a spin trap. Specifically, we explored
the effect of the following parameters on A�’s modulation
of metal ion induced H2O2 decomposition: A�’s concentra-
tion, A�’s solubility, metal ion type, and time.

EXPERIMENTAL PROCEDURES

Materials. FeSO4 ·7H2O was purchased from J. T. Baker
Inc. (Phillipsburg, NJ). Copper nitrate (10 g/L) standard
solution was purchased from Merck. Tetrakis(acetonitrile)-
copper(I) hexafluorophosphate and bicinchoninic acid diso-
dium salt (BCA) were purchased from Aldrich Chemical Co.
Thioflavin-T, Congo red, DMPO, and amyloid �-protein
fragment 1-28, were purchased from Sigma Chemical Co.
Hydrogen peroxide (30% solution) was obtained from
Frutarom Ltd. (Haifa, Israel). Cu(CH3CN)4PF6 was purified
before use by dissolving the salt in acetonitrile (HPLC grade)
and filtering the undissolved Cu(II) salt by a syringe nylon
0.45 µm filter. The filtrate was deaerated with argon stream.
FeSO4 ·7H2O was recrystallized twice from water-ethanol
before use. The concentration of the Cu(I) salt was deter-
mined by UV spectroscopy by the addition of the specific
Cu(I) indicator, BCA (ε562nm ) 7700 M-1) (56). As a negative
control we have performed the following measurement:
A�28-Cu(II) solution was prepared by adding 1 mM
Cu(NO3)2 in HPLC grade water (50 µL) to 0.6 mM A�28

solution (50 µL), after mixing for 30 s. BCA (0.14 M, 3
µL) was added and HPLC grade water up to 2 mL (total
volume). This solution was analyzed during 24 h by UV
measurements. No signal was observed at 562 nm (indicative
of the presence of only Cu(I)).

Aqueous solutions were freshly prepared with HPLC grade
water (BioLab Ltd., Israel). The spin trap DMPO was purified
by mixing a spatula of activated charcoal with 1 mL of ca.
0.4 M DMPO solution for about 30 min in the dark. The
solution was then filtered, and the exact concentration of
DMPO was determined by UV spectroscopy (ε228nm ) 8000
M-1) (57). DMPO solution was deaereted with an argon
stream and stored at -18 °C for no longer than 2 weeks
after purification. All other commercial products were used
without any purification. Crude A�28 was purified by HPLC
over a Chromolith performance RP-18E column, 100 × 4.6
mm, applying a linear gradient of 13% to 45% B in 30 min
(A is 0.1% TFA in H2O and B is 3:1 acetonitrile:A). The

1 Abbreviations: ESR, electron spin resonance; DMPO, 5,5′-dimeth-
yl-1-pyrroline N-oxide; Tris, tris(hydroxymethyl)aminoethane; BCA,
bicinchoninic acid disodium salt.
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solution of the purified peptide was filtered over a PVDF
0.45 µm filter. The peptide purity was determined by 1H
NMR using a pure reference. The pure freeze-dried A�28

was dissolved in water (HPLC grade) to give 0.6-1.2 mM
stock solutions; the stock solutions were stored at -20 °C.
Due to the limited solubility of A�28 it was impossible to
obtain more concentrated solutions. The concentration of
soluble A�28 was based on UV measurements using the
extinction coefficient of tyrosine residue (ε 1280 at 280 nm)
(58). UV data were consistent with amino acid analysis.

General. OH radicals produced from H2O2 by Fe(II) or
Cu(I/II) ion catalysis were detected by ESR spectroscopy
using a Bruker ER 100d X-band spectrophotometer. ESR
settings were as follows: microwave frequency, 9.76 GHz;
modulation frequency, 100 kHz; microwave power, 6.35
mW; modulation amplitude, 1.2 G; time constant, 655.36
ms; sweep time, 83.89 s; and receiver gain, 2 × 10 (5) for
Fe(II)-H2O2 and Cu(I)-H2O2 systems or 2 × 106 for
Cu(II)-H2O2 system. After acquisition, the spectra were
processed by the Bruker WIN-EPR software version 2.11
for integrating the signals. The integration of the second
signal of the DMPO-OH spin adduct quartet is expressed
as a percentage of the control (control solutions contained
only Cu(I/II) or Fe(II)-H2O2 solutions). ESR measurements
were repeated 2-5 times on different days. Absorption data
were measured on a Shimadzu UV-vis recording spectro-
photometer, UV-2401PC.

OH Radical Production Assay. Two millimolar Cu(CH3-
CN)4PF6 in acetonitrile (5 µL) or 1 mM Cu(NO3)2 (10 µL)
or 1 mM FeSO4 (10 µL) was added to 0.06-1.4 mM A�28

stock aqueous solutions (1-30 µL). After an incubation
period of 30 s, 1 mM Tris buffer, pH 7.4, (40-75 µL) was
added to A�28-Cu/Fe ion solutions. After mixing for 2 s,
20 mM DMPO (10 µL) was quickly added followed by 0.1
M H2O2 (10 µL). Final component concentrations in 100
µL total volume: 0.1 mM FeSO4/Cu(NO3)2/Cu(CH3CN)4PF6,
0.6 nM-0.36 mM A�28, 2 mM DMPO, and 10 mM H2O2.
Final pH values of the Fe(II), Cu(I), and Cu(II) systems were
6.61 ( 0.01, 6.62 ( 0.01, and 6.60 ( 0.01, respectively.
ESR measurement was performed 150 s (for Cu(I) and Fe(II))
and 20 min (for Cu(II)) after the addition of H2O2. All final
solutions of Cu(CH3CN)4PF6 contained 5% v/v acetonitrile.

Monitoring the Kinetics of A�28-Modulated Cu/Fe H2O2

Decomposition. (A) Control samples were prepared by
adding 1 mM FeSO4 (10 µL) or 1 mM Cu(NO3)2 (10 µL),
or 2 mM Cu(CH3CN)4PF6 in acetonitrile (5 µL) to 1 mM
Tris buffer (70, 70, and 75 µL, respectively, pH 7.4). After
mixing for 2 s, 20 mM DMPO (10 µL) was added quickly
followed by 0.1 M H2O2 (10 µL). Final component concen-
trations in 100 µL total volume: 0.1 mM FeSO4/
Cu(CH3CN)4PF6, 2 mM DMPO, and 10 mM H2O2. (B)
Soluble amyloid � samples were prepared by adding 2 mM
Cu(CH3CN)4PF6 in acetonitrile (5 µL) or 1 mM Cu(NO3)2

(10 µL) or 1 mM FeSO4 (10 µL) to 0.6-1.4 mM A�28 stock
solutions (1-30 µL). After an incubation period of 30 s, 1
mM Tris buffer, pH 7.4 (40-75 µL), was added to A�-Cu/
Fe complex solutions. After mixing for 2 s, 20 mM DMPO
(10 µL) was quickly added followed by the addition of 0.1
M H2O2 (10 µL). Final component concentrations in 100
µL total volume: 0.1 mM FeSO4/Cu(NO3)2/Cu(CH3CN)4PF6,
0.024-0.36 mM A�28, 2 mM DMPO, and 10 mM H2O2.
(C) Aggregated A�28-Cu(I) sample was prepared by adding

11 mM Cu(CH3CN)4PF6 in acetonitrile (1 µL) to 0.6 mM
A�28 solutions (10 µL); after short mixing, the pH was
adjusted to 7.4 (0.025 M NaOH (2 µL)). The sample was
incubated at room temperature for 30 min to allow the
aggregates to mature. Then, 1 mM Tris buffer, pH 7.4 (67
µL), was added to A�28-Cu(I) complex solution. After
mixing for 2 s, 20 mM DMPO (10 µL) was quickly added
followed by the addition of 0.1 M H2O2 (10 µL). Final
component concentrations in 100 µL total volume: 0.1 mM
Cu(CH3CN)4PF6, 0.06 mM A�28, 2 mM DMPO, and 10 mM
H2O2. Samples were scanned in 2-5 min time intervals.
Kinetic data are presented as the amount of DMPO-OH
adduct, represented by integration of the second peak of the
DMPO-OH adduct quartet, vs time.

Characterization of A�28-Cu(I) Aggregates. A�28-Cu(I)
aggregates were prepared by adding 11 mM Cu(CH3CN)4PF6

in acetonitrile (1 µL) to 0.6 mM A�28 solution (10 µL); after
mixing for 10 s, the pH was adjusted to about 7.5 by NaOH
(0.025 M NaOH (4 µL)). Final component concentrations:
0.2 mM Cu(CH3CN)4PF6 and 0.12 mM A�28. The sample
was matured for 2 days at room temperature to obtain
aggregates. (A) TEM sample was prepared by applying 3
drops of A�28-Cu(I) aggregate suspension (see preparation
above) on a grid; water was vaporized, by allowing the grid
to stand at room temperature overnight. (B) ICP sample was
prepared by adding 11 mM Cu(CH3CN)4PF6 in acetonitrile
(10 µL) to 0.6 mM A�28 aqueous solutions (100 µL); after
mixing for 10 s, the pH was adjusted to about 7.5 by NaOH
(0.025 M NaOH (20 µL)). Final concentration of compo-
nents: 0.1 mM Cu(CH3CN)4PF6 and 0.06 mM A�28. The
sample was left overnight at room temperature to obtain
mature aggregates. Then the aggregates were diluted with
HPLC grade water to a final volume of 1 mL, followed by
filtration of the aggregates over a 13 mm 0.45 µm nylon
Restek syringe filter, taking advantage of the protein-
absorbing property of this filter (proved by the disappearance
of A�28’s peak upon HPLC analysis of the filtrate). The
filtrate was diluted to a final volume of 5 mL and assayed
by ICP. The filtrate contained 0.79 µM free Cu out of the
original 0.1 mM Cu in the ESR A�28-Cu(I) ESR sample.
(C) ICP control experiment: 0.025 M NaOH (20 µL) was
added to 11 mM Cu(CH3CN)4PF6 in acetonitrile (1 µL) and
incubated overnight. This solution was diluted to 1 mL with
HPLC grade water. The sample was filtered over a 13 mm
0.45 µm nylon Restek syringe filter. The filtrate was diluted
to 5 mL with HPLC grade water, and the sample was
subjected to ICP measurement. The Cu concentration found
by ICP was 0.14 ( 0.04 mg/L, and the calculated concentra-
tion was 0.1398 mg/L.

(D) ThioflaVin-T (ThT) Assay (59, 60). A control sample,
containing ThT and Cu(I), was prepared by adding 10 mM
Cu(CH3CN)4PF6 in acetonitrile (6 µL) to ThT (3 mL, 50
µM in PBS buffer, pH 7.4). The actual sample contained
ThT (3 mL, 50 µM in PBS buffer, pH 7.4) and A� fibril
solution (fibrils were prepared by mixing 0.6 mM A�
solutions (60 µL), 10 mM Cu(CH3CN)4PF6 in acetonitrile
(6 µL), and 0.025 M NaOH solutions (12 µL) as described
above). Final component concentrations in a 3 mL sample:
50 µM ThT, 20 µM Cu(I), and 12 µM A� fibrils. The typical
A� fibril-bound dye emits at 482 nm (excitation at 450 nm).
(E) Congo Red Assay (59, 61). Two millimolar Congo red
stock solution was prepared in PBS (pH 7.4) and filtered
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three times on a cotton-plugged Pasteur pipet. Control
sample, containing Congo red and Cu(I), was prepared by
adding 10 mM Cu(CH3CN)4PF6 in acetonitrile (2 µL) to 5
µL of Congo red stock solution; PBS buffer was added to a
final sample volume of 1 mL. The actual sample contained
5 µL of Congo red stock solution and A�28 fibril solutions
(fibrils were prepared by mixing 0.6 mM A�28 stock solution
(20 µL), 10 mM Cu(CH3CN)4PF6 in acetonitrile (2 µL, and
0.025 M NaOH solution (4 µL) as described above); PBS
buffer was added to a final sample volume of 1 mL. Final
component concentrations in 1 mL sample: 10 µM Congo
red, 20 µM Cu(I), and 12 µM A�28 fibrils. The typical A�
fibril-bound dye absorbs at 490 nm.

Analysis of A�28 Peptide Composition under OxidatiVe
Conditions. Samples were prepared by adding 2 mM
Cu(CH3CN)4PF6 in acetonitrile (5 µL) or 1 mM Cu(NO3)2

(10 µL) or 1 mM FeSO4 (10 µL) to 0.6 mM A�28 solution
(10 µL). After an incubation period of 30 s, 1 mM NH4HCO3

buffer, pH 7.4 (75 or 70 or 70 µL, respectively), was added
to A�28-Cu/Fe complex solutions. After mixing for 2 s, 0.1
M H2O2 (10 µL) was quickly added. Final component
concentrations in 100 µL total volume: 0.1 mM Cu-
(CH3CN)4PF6 or Cu(NO3)2 or FeSO4, 0.06 mM A�28, and
10 mM H2O2. Control sample contains 0.1 mM
Cu(CH3CN)4PF6 or Cu(NO3)2 or FeSO4, 0.06 mM A�28,
without H2O2. Altogether there were 13 samples: (1) 0.06
mM A�28; (2) 0.06 mM A�28, 0.1 mM Cu(CH3CN)4PF6

incubated for 4 min (control); (3) 0.06 mM A�28, 0.1 mM
Cu(CH3CN)4PF6, and 10 mM H2O2 incubated for 4 min; (4)
0.06 mM A�28, 0.1 mM Cu(CH3CN)4PF6 incubated for 24 h
(control); (5) 0.06 mM A�28, 0.1 mM Cu(CH3CN)4PF6, and
10 mM H2O2 incubated for 24 h; (6) 0.06 mM A�28, 0.1
mM FeSO4 incubated for 4 min (control); (7) 0.06 mM A�28,
0.1 mM FeSO4, and 10 mM H2O2 incubated for 4 min; (8)
0.06 mM A�28, 0.1 mM FeSO4 incubated for 24 h (control);
(9) 0.06 mM A�28, 0.1 mM FeSO4, and 10 mM H2O2

incubated for 24 h; (10) 0.06 mM A�28, 0.1 mM Cu(NO3)2

incubated for 21.5 min (control); (11) 0.06 mM A�28, 0.1
mM Cu(NO3)2, and 10 mM H2O2 incubated for 21.5 min;
(12) 0.06 mM A�28, 0.1 mM Cu(NO3)2 incubated for 24 h
(control); (13) 0.06 mM A�28, 0.1 mM Cu(NO3)2, and 10
mM H2O2 incubated for 24 h. Amino Acid Analysis. Amino
acid quantity was calibrated vs hydrolysis stable amino acids
(Arg, Ala, Val). The “calibration factor” represents quantity,
in picomoles, of one hydrolytically stable amino acid.
Therefore, the “calibration factor” equals 100%. A�28

contains 1 Arg, 2 Ala, and 3 Val. The “calibration factor” is
an average of these three amino acids in picomole units:
[Arg(pmol) + (Ala(pmol)/2) + (Val(pmol)/3)]/3. Oxidative damage
to A�28 was measured by calculating the quantity of the His
residues in A�28. A�28 contains 3 His; therefore, the quantity
of His in the peptide was calculated by 100(His(pmol)/3)/
“calibration factor”.

RESULTS AND DISCUSSION

Establishing ESR Experimental Conditions. (A) Validity
of A�28 Model. Studying metal binding by the endogenous
A�40/42 is plagued by many difficulties, particularly aggrega-
tion of the peptides (62).

Owing to the propensity of A�40/42 to aggregate, shorter
peptides containing the Cu-binding portion are often studied

as models for a soluble Cu-A�40/42 complex. Such soluble
model complexes are of relevance, because it is thought that
soluble complexes of Cu-A�40 are formed prior to aggrega-
tion. A�28 can aggregate to fibrils like A�40/42 at higher
concentrations with long incubations (23).

We selected A�28 fragment as a soluble and valid model
of A�40/42, as A�28 includes both the A�40/42 hydrophilic
N-terminus (residues 1-14) involved in metal ion binding
(Asp1, His6, His13, and His14) (23) and the central
hydrophobic core (residues 15-21 and 24-28) involved in
A� aggregation (39). Indeed, A�28 produces insoluble
�-pleated sheet structures in vitro, similar to the �-pleated
sheet structures in amyloid deposits in vivo (55). (B)
Selection of Redox-ActiVe Metal Ions. A�42 was reported to
highly stabilize the Cu(I) oxidation state as shown by the
extraordinarily high positive potential of A�-Cu complex
(ca. +550-500 mV vs Ag/AgCl electrode, while naked
Cu(II) in PBS showed a Cu(II/I) reduction peak at ∼-80
mV) (31). A recent report suggested that the redox potential
of A�42-Cu complex was +80 mV vs Ag/AgCl electrode
(63). Met35 was considered to be critical for the reduction
of A�40/42-Cu(II) and production of A�40/42-Cu(I) complex
(31, 64). Yet, recent evidence provided by several groups
claimed that Met35 is not involved in Cu(II) reduction but
rather cellular reductants (63, 65, 66).

In our cell-free experiments, no reducing agents were
present. Therefore, to simulate the reactive metal ions at A�40/

42, suspected in inducing OH radical formation (37), we
studied here Cu(I)- and Fe(II)-A�28 complexes. In addition
to Cu(I) and Fe(II) ions, we studied Cu(II), which also
induces H2O2 decomposition and OH radical production [eqs
1-4] (12). Bush et al. found that Fe(III) is also reduced by
A�42/40 (37), however to a significantly lesser amount than
Cu(II) reduction under the same conditions (31). Therefore,
we have not studied Fe(III) ions here. (C) Selection of ESR
Measurement Conditions. ESR was our method of choice
for monitoring the effect of A�28 on the production of ·OH
from Cu/Fe-induced H2O2 decomposition. For this purpose,
we applied DMPO as a spin trap. The compatibility of
DMPO for monitoring radical formation due to Cu(II)-
induced hydroperoxide decomposition has been previously
demonstrated (67, 68). (D) Metal Ion Concentration. Free
Cu(II) ions do not exist in the cytosol (69). In amyloid, Cu
concentration was measured at ∼0.5 mM (21). Therefore,
in our studies we used Cu(I/II) concentrations of the same
order of magnitude (0.1 mM). For comparison, we studied
the Fe(II)-H2O2 system also at 0.1 mM Fe(II). (E) A�
Concentration. Previously, it was claimed that, to accelerate
oxidation, A� must be present in concentrations greatly
exceeding those normally measured in biological fluids or
tissues (i.e., micromolar vs nanomolar) (51, 52). To test this
hypothesis, we studied A� at nanomolar to micromolar
concentrations (1 nM-600 µM). (F) Buffer and pH. ESR
samples were prepared in 1 mM Tris buffer, pH 7.4. This
was our buffer of choice as it had an excellent buffer capacity
even at high A� concentrations. At 1 mM Tris concentration,
there was a minimal scavenging effect of the buffer (70).
pH values of Cu(I)- or Cu(II)-H2O2 systems were 6.62 (
0.01 and 6.60 ( 0.01, respectively. No cuprous oxide was
obtained at pH 6.62 due to the presence of acetonitrile as a
stabilizing ligand (5% v/v). We studied the production of
OH radicals relative (as % of control) to a reference
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containing Tris buffer, H2O2 and Cu(I), and 5% v/v aceto-
nitrile. Likewise, no cupric oxide was obtained at pH 6.60
due to the stabilizing effect of the Tris buffer (71). It is
noteworthy that, in the presence of metal ion (Fe/Cu)
chelators and buffers, the nucleophilic addition of water to
DMPO is effectively suppressed (72). (G) DMPO Concen-
tration. The concentration of the spin trap was optimized
for the measurement of radical production at both Cu(I)-,
Cu(II)-,and Fe(II)-H2O2 systems. In Cu(I)-, Cu(II)-, and
Fe(II)-induced H2O2 decomposition reactions, DMPO was
added at a concentration ranging from 1 to 30 mM, and the
DMPO-OH adduct peak area was plotted vs DMPO
concentration (data not shown). For solutions containing
Cu(I), the adduct peak area was linearly dependent on the
DMPO concentration up to 15 mM DMPO and then
remained almost constant at higher DMPO concentrations.
Similarly, in solutions containing Fe(II), the adduct peak area
was linearly dependent on a DMPO concentration up to 20
mM DMPO and then remained almost constant at higher
DMPO concentrations. For Cu(II)-induced H2O2 decomposi-
tion, a linear dependence on [DMPO] was also observed,
but at g25 mM DMPO, degradation of the DMPO-OH
adduct was observed. Therefore, for the clear detection of
DMPO-OH signals, on the one hand, and the prevention
of DMPO-OH degradation, on the other hand, we used 2
mM DMPO for all ESR measurements.

A�28 Is a Potent Antioxidant. To study the modulatory
function of A�28 at OH radical producing systems, we added
0.1 mM Fe(II), Cu(II), or Cu(I) to A�28 solutions at the
concentration range of 0.6 nM-0.36 mM. Upon the addition
of the DMPO spin trap followed by H2O2, the concentration
of formed OH radicals in these systems (as a percent of
control) was evaluated by ESR measurements (Figure 1).

A sigmoidal A� concentration-dependent inhibition of OH
radical production was observed. Specifically, at 0.6
nM-0.036 mM A� no significant reduction was observed,
while a decrease of [ ·OH] was measured at [A�] > 0.036
mM. A�28 inhibited Cu(I)- and Cu(II)-induced H2O2 decom-

position, respectively, with the same IC50 value (0.061 and
0.059 mM for Cu(II) and Cu(I), respectively) (Table 1). This
is consistent with a report by Faller et al. published during
the submission of our manuscript (65).

To evaluate the antioxidant potency of A�28, we compared
it to potent biological antioxidants we have previously
identified (73, 74). These antioxidants are Fe/Cu chelators
which are based on a nucleotide scaffold. For instance, at
the Cu(I)/Cu(II)/Fe(II)-H2O2 systems, ADP exhibited the
following IC50 values: 0.13, 0.26, and 0.14 mM, respectively
(Table 1), indicating that A�28 is a better biological antioxidant.

Chelation Vs ScaVenging Mechanism. A�28 can bind
specifically 2 equiv of Cu (53), and the two Cu(II)-binding
sites do not couple. EPR at pH 7.4 showed that Cu is bound
in a square-planar geometry and has a mixed coordination
of 3N/1O and 4N (the major component is 3N/1O). Asp1
was proposed to coordinate via either the terminal amine or
the side-chain carboxylate. The 4N form is dominant at high
pH (pH 9), while 3N/1O is dominant at pH 6.5 (23). Atwood
et al. proposed that there is a very high affinity Cu(II)-binding
site on A�42 (log Kapp ) 17.2) that mediates peptide
precipitation. A�40 has a lower affinity to Cu(II) (ca. log Kapp

10.3) (22). A recent isothermal calorimetry study showed
that there are two Cu(II)-binding sites in A�28 with an
apparent Kd of 10-7 M-1 and 10-5 M-1, respectively (23).
We found that at A�:Cu(II) 1:1 ratio there is a 50% reduction
of [ ·OH], whereas at a ca. 2.5:1 ratio there is almost
complete inhibition of radical formation (Figure 1). This
observation together with the tight A�28-Cu binding suggests
that inhibition of metal ion-induced H2O2 decomposition by
A�28 may be due to metal ion chelation.

In a 2:1 complex, where two A�28 peptides coordinate with
one Cu(II) ion, an octahedral geometry around the Cu(II)
ion may be possible via coordination with three His residues
(e.g., His6, -13, and -14) of each A� unit. In such a geometry,
the Cu(II)-coordination sphere is full, and therefore, the
coordination of H2O2 to Cu(II) (or Fe(II)) and, subsequently,
electron transfer reactions are prevented, resulting in inhibi-
tion of OH radical formation.

The complete reduction of ·OH concentration at the
Fe(II)-H2O2 system occurs at a 2.5:1 A�28:Fe(II) ratio (as
for Cu(II)). However, a 50% reduction of [ ·OH] at the
Fe(II)-H2O2 system occurs at about a 1.5:1 ratio, as
compared to a ca. 1:1 ratio in the Cu-H2O2 systems. This
difference possibly reflects the lower affinity of Fe(II) to A�28

as compared to that of Cu(II) (22, 31, 37).
Although A�28 is an efficient metal ion chelator, we cannot

exclude a scavenging mechanism where the antioxidant

FIGURE 1: Modulation of the Cu(I)/Cu(II)/Fe(II)-induced H2O2
decomposition by A�28 peptide. The reaction was performed in 1
mM Tris buffer, containing 0.1 mM FeSO4 or Cu(CH3CN)4PF6 or
Cu(NO3)2, 10 mM H2O2, 2 mM DMPO, pH 6.61, 6.62, and 6.60,
respectively, and 0-0.36 mM A�28 peptide. The final
Cu(I)-A�28-H2O2 solution contained 5% v/v acetonitrile. The
amount of DMPO-OH adduct is given as the percentage of control,
which contains Cu(CH3CN)4PF6 or FeSO4 or Cu(NO3)2, H2O2, and
DMPO. Curves are an average of 2-5 experiments.

Table 1: Inhibition of Metal Ion-Induced OH Radical Production by
Soluble A�28 or ADPa

IC50 (mM)

metal ion A�28
b ADP

Cu(I) 0.048 ( 0.010 (pH 7.04) 0.13 ( 0.03 (73)
0.059 ( 0.003 (pH 6.62)

Cu(II) 0.050 ( 0.004 (pH 6.67) 0.26 ( 0.05 (73)
0.061 ( 0.0005 (pH 6.60)

Fe(II) 0.084 ( 0.006 (pH 6.61) 0.14 ( 0.02 (74)
a IC50 values represent the compound’s concentration that inhibits

50% of the OH radical production. b IC50 values were obtained from
fitting the A�28 data to a four-parameter sigmoid curve, with errors
being taken as the deviation from the average value.
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activity of A� could occur due to OH radical scavenging by
A�’s CH moieties.

Indeed, the large numbers of oxidative markers that have
been identified in the AD brain indicate that oxygen radical
damagemayplayarole in theetiologyof thedisease(20,75,76).
Atwood et al. provided further evidence that Cu (but not
Fe) coordination promotes histidine modification of A� in
vivo (77). These authors replicated the decrease in the content
of histidine residues in vitro by incubating synthetic A� with
H2O2 and Cu(II) (but not Fe(III)). Incubation of A�40 with
Cu(II)-H2O2 for 1 day promoted increased loss of His
residues (-79%). Since A� can reduce Cu(II), producing
Cu(I) and H2O2 (and consequently ·OH), the oxidative
modifications were proposed to result from OH radical
scavenging by His residues.

Oxidative modification by H2O2 of the histidine in the
active site of Cu,Zn-SOD resulted in the formation of
2-oxohistidine (78, 79). Likewise, Atwood et al. reported
that the metal-dependent redox activity leads to carbonylation
of A� (22, 77).

Specifically, OH radicals are formed from H2O2 in the
vicinity of the redox-active metal ion, which is in turn
coordinated by His residues and Asp residues (23). Due to
the extremely short life of OH radicals, it may be expected
that the oxidative damage will be most pronounced in the
vicinity of the redox-active metal ion. If indeed the scaveng-
ing mechanism is dominant, several oxidation reactions may
occur. For instance, the imidazole moiety of His residues
may be oxidized to 2-imidazolidinone (77), Asp1 may be
oxidized to R-oxo acid, and the peptide backbone might
undergo cleavages at the metal ion coordination site (80, 81).

Specific cleavages of peptide bonds can be mediated by
Fe(II) or Cu(II) chelates in the presence of H2O2 and
ascorbate (82). Peptide bonds close to the bound Fe(II)/Cu(II)
ion are cleaved by locally generated hydroxyl radicals, via
an oxidative cleavage mechanism or via hydrolytic cleavage
mechanism (80, 81). We found that Cu(II) was a more
efficient cleaving reagent as compared to Fe(II) in cleavage
of peptide bonds in NTPDase1 (Y. Richter and B. Fischer,
unpublished results).

If the dominant antioxidative mechanism is metal ion
chelation (i.e., prevention of ·OH formation), then we expect
the above-mentioned oxidative modifications of A�28 to be
minor. To test this hypothesis, we incubated A�28 with and
without H2O2 and Cu(I), Cu(II), or Fe(II) and monitored any
changes in the amino acid composition of the peptide-Cu(I)/
Fe(II) complex after 4 min (ESR measurement time) or 24 h,
and for 21.5 min (ESR measurement time) or 24 h for Cu(II),
at pH 7.4. A�28 samples in Cu/Fe-H2O2 were evaluated by
an amino acid analyzer as compared to A�28 samples
containing Cu/Fe ions in the absence of H2O2. The latter
controls are required as Cu/Fe ions create an oxidative
environment by inducing the formation of H2O2 from
atmospheric oxygen.

The quantity of histidine found in each sample is presented
as a percentage of the calibration factor. The calibration
factor represents 100% amino acid quantity for a given
sample. In the sample containing only the peptide, A�28, the
quantity of histidine was 101%; namely, histidine was intact.

Minute degradation of histidine was observed in A�28 in
the presence of metal ions without the addition of H2O2.
Specifically, upon the addition of Cu(I) or Fe(II) to A�28

94.93% and 84.36% His, respectively, remained intact after
4 min incubation. A similar result was obtained for a sample
containing A�28 and Cu(II) where 98% His remained
unchanged after 21.5 min incubation.

The addition of H2O2 to the samples, under the same
conditions, resulted in 74.26% or 81.57% intact His for
Cu(I)- or Fe(II)-containing samples, respectively, after a 4
min incubation period. 62.99% His was determined after
incubation of A�28 and Cu(II) with H2O2 for 21.5 min.
Namely, at ESR measurement conditions, the actual radical
production inhibitor, A�28, acts mainly as a metal ion
chelator.

Incubation of A�28 with Cu(I)/Fe(II)/Cu(II) for 24 h
resulted in 89.84%/79.85%/96% His residues, respectively,
for the H2O2-free sample, consistent with literature (77).
However, for samples containing H2O2 which were incubated
for 24 h, only 49.22%/62.74%/23% His remained for Cu(I)/
Fe(II)/Cu(II)-H2O2, respectively. On prolonged incubation,
we observed a more significant His oxidation (due to radical
scavenging), as compared to oxidation at ESR conditions.
Oxidation of A�28 in the Cu(I)/Cu(II)-H2O2 system was
larger than in the Fe(II)-H2O2 system. These results may
be attributed to the greater affinity of Cu vs Fe to A�.

Apparentl, the primary antioxidant activity of A� is mainly
due to metal ion chelation. This chelation provides a partially
full or full coordination sphere, thereby inhibiting electron
transfer from the metal ion to H2O2 and reducing the amount
of OH radicals formed. In addition to the rapid metal
chelation mechanism, a secondary scavenging mechanism
operates in a time-dependent manner. Small amounts of OH
radicals are trapped by Cu(I)/Fe(II)-coordinating His moi-
eties, resulting in the oxidation of these His residues.

For Cu(II), the scavenging mechanism seems to be an
important mode of A�28 antioxidant activity, as compared
to Cu(I) and Fe(II). Indeed, we observed a difference in the
time-dependent formation of OH radicals in Cu(II)- vs
Cu(I)- and Fe(II)-H2O2 systems (Figure 3 vs Figure 2).

Modulation of OH Radical Formation by A�28 Is Time-
Dependent. We next studied the time-dependent modulation
of ·OH production by A�28 (Figures 2 and 3). At the Cu(I)-
and Fe(II)-H2O2 systems, where OH radicals are instanta-
neously produced via Fenton chemistry, we observed only
the exponential decay of the DMPO-OH adduct (Figure 2).
For instance, at 0.06 mM A�28 in the Fe(II)-H2O2 system,
the DMPO-OH adduct concentration completely diminished
after 20 min (Figure 2B). The same time-dependent expo-
nential decay of the DMPO-OH adduct concentration was
observed for both the control solutions (metal ion/H2O2) and
solutions containing A�28 (at 0.024-0.36 mM concentration
range). The first measured time point for A�28-metal
ion-H2O2 solutions (4 min after H2O2 addition) indicated a
reduced DMPO-OH adduct concentration, as compared to
control, due to metal ion chelation by A�28. Reduction of
the DMPO-OH concentration as a function of time, as
compared to control, is due to scavenging mechanisms.

At the Cu(II)-H2O2 system, we observed a time-dependent
increase in OH radical production (Figure 3). This time-
dependent change of the DMPO-OH concentration appeared
also in the presence of A�28, although 0.06 mM A�28 reduced
[ ·OH] by 50% as compared to control. This finding is
consistent with the results of Faller et al. (65, 83) Previously,
we have attempted the quantification of OH radicals in the
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Cu(II)-H2O2 system (data not shown) and found less than
1 turnover radical production. We have noticed a complex
kinetics which is the result of at least two simultaneous
kinetic processes: formation of DMPO-OH adduct by the
Haber-Weiss-like reaction and decomposition of DMPO-OH
adduct.

Modulation of ·OH Formation by A�28 Aggregates. (A)
Formation of A�28-Cu(I) Aggregates. A previous report
suggested that there is no difference between the binding
mode of Cu to either soluble A�28 or fibrils, as detected by
EPR (84). This observation may imply that there may not
be any difference in the functionality of either soluble or
aggregated A�28.

To test this hypothesis, we also studied the modulatory
function of aggregated A�28 at oxidative systems.

Aggregation of A�28 was reported to occur at the physi-
ologically irrelevant 1:10 peptide:Cu(II) molar ratio only after
1 h of incubation (pH 7.3) (85).

We attempted to produce 1:1 A�28:Cu(I) aggregates at a
physiological pH. For this purpose, we produced aggregates

of A�28:Cu(I) complexes by slowly increasing the pH of this
solution from 5 to 7.5, followed by incubation for 30 min at
room temperature (see Experimental Procedures).

To characterize the A�28-Cu(I) aggregate and to find
whether free Cu(I)/A�28 is available in the ESR sample, we
filtered the A�28-Cu(I) aggregate from a simulated ESR
sample and analyzed the filtrate by ICP measurement.

We found that, in the ESR sample, practically all Cu(I)
was coordinated to A�28. Only negligible amounts of free
Cu(I) (0.007% of starting Cu(I)) were detected. As a control
showing that Cu (in the absence of A�28 aggregates) can
quantitatively pass the filter, we incubated overnight
Cu(CH3CN)4PF6 under the conditions of the above A�28:
Cu(I) aggregate ICP sample (see Experimental Procedures).
ICP data showed that all Cu in the above solution passed
through the filter (100% of starting Cu(I) were detected by
ICP).

(B) Characterization of A�28:Cu(I) 1:1 Aggregates. An
amyloid fibril is characterized by several criteria including
electron microscopy demonstration of fine nonbranching
fibers and the presence of a characteristic �-sheet structure.

A�28-Cu(I) aggregates were characterized by TEM mea-
surements. TEM images showed rod-like aggregates (length,
182.11 ( 8.57 nM; diameter, 14.56 ( 0.94 nM) (Figure 4A).
In most cases, the rods further stacked to form clusters
(length, 449.59 ( 38.97 nM; diameter, 73.6 ( 2.32 nM)
(Figure 4B). These results are consistent with previously
reported data for A�40/42 protofibrils (86, 87).

We confirmed that A�28-Cu(I) aggregation was due to
�-sheet H-bonding between parallel strands using Congo red
and thioflavin-T (ThT) dyes. These dyes stain specifically
amyloid fibrils with a �-sheet secondary structure, and the
intensity of the dye signal (detected by fluorescence or UV
spectroscopy) is enhanced upon binding the �-sheet fi-
brils (59–61). The enhancement of both ThT and Congo red
signals in the presence of A�28-Cu(I) aggregates proved that
the latter has a typical �-sheet fibril structure (Figure 5). A
slight shift of the absorption wavelength of Congo red
A�28-Cu(I) relative to Congo red was observed at 491 vs
487 nm, respectively (not shown). The small shift with

FIGURE 2: Time-dependent curves for the amount of DMPO-OH
adduct generated in (A) Cu(I)-induced H2O2 decomposition and
(B) Fe(II)-induced H2O2 decomposition. Reactions were performed
by the addition of 10 mM H2O2 to solutions containing 0.1 mM
Cu(CH3CN)4PF6 or FeSO4, 2 mM DMPO, and 1 mM Tris buffer
(pH 7.04 for Cu(I) or 6.61 for Fe(II)) in the presence of 0-0.36
mM A�28. The zero time point was H2O2 addition time as described
in Experimental Procedures. The final Cu(I) system solution
contained 5% v/v acetonitrile.

FIGURE 3: Modulation of the Cu(II)-induced H2O2 decomposition
by A�28. The reaction was performed by the addition of 10 mM
H2O2 to a solution containing 0.1 mM Cu(NO3)2, 2 mM DMPO,
in 1 mM Tris buffer, pH 6.76, and 0.06 mM A�28. The amount of
DMPO-OH adduct is given as the percentage of control, which
contains Cu(NO3)2, H2O2, and DMPO.
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Congo red is likely due to the fact that Congo red reacts
well with mature fibrils but not with premature fibrils.

(C) Modulation of OH Radical Production by Aggregated
A�28-Cu(I). To study the modulatory function of aggre-
gated A�28-Cu(I) complex, we added DMPO to the 0.06
mM A�28-Cu(I) aggregate suspension in 1 mM Tris buffer,
pH 7.4. We then added H2O2 and monitored its time-
dependent antioxidant activity, as compared to control (0 mM
A�28) and 0.06 mM soluble A�28 (Figure 6).

The aggregated A�28-Cu(I) complex reduced OH radical
formation as compared to control during the first 10 min,
however, far less effectively as compared to soluble A�28.
As there are practically no free Cu(I) ions in the ESR sample
of aggregated A�28-Cu(I) (ICP detection mentioned above),
we hypothesize that unlike soluble A�28, in the aggregated
state, Cu(I) ions may have free coordination sites. This may
result in higher OH radical production, as compared to
soluble A�28-Cu(I) complex.

CONCLUSIONS

We found that A�28, a soluble A�40/42 model, functioned
as a potent antioxidant at micromolar concentrations, in cell-
free oxidative systems, involving Cu(I)/Fe(II)/Cu(II)-induced
OH radical formation.

The formation of A�-Cu/Fe aggregates significantly
reduces A�’s antioxidant ability. The smaller inhibition of
·OH production in A�28-Cu aggregate, as compared to the
soluble A�28-Cu complex, is probably due to a less efficient

metal ion chelation and scavenging mechanisms in A�28-Cu
aggregate. Less efficient chelation is possibly related to the
�-sheet arrangement of A� in aggregates. The �-sheet
arrangement does not allow for regular Cu chelation by all

FIGURE 4: TEM images of the A�28-Cu(I) aggregates: (A) 200
nm rods; (B) 500 nm bundles. The aggregates were prepared by
incubating 0.2 mM Cu(CH3CN)4PF6 in acetonitrile and 0.12 mM
A�28 in water; the solution pH was adjusted to 7.5 by 0.025 M
NaOH. The final sample contained 5% v/v acetonitrile.

FIGURE 5: A�28-Cu(I) fibril dye-binding assays. (A) Emission
spectra at 482 nm of 50 µM Thioflavin T and 20 µM
Cu(CH3CN)4PF6 in PBS (final pH 7.4) in the absence or presence
of A�28 fibrils. (B) Absorbance spectra of 10 µM Congo red (CR)
and 20 µM Cu(CH3CN)4PF6 in PBS (pH 7.4) in the absence or
presence of A�28 fibrils. The fibrils were prepared by incubating
20 µM Cu(CH3CN)4PF6 and 12 µM A�28; the pH was adjusted to
about 7.5 by (0.025 M) NaOH. The final samples in both (A) and
(B) contained 5% v/v acetonitrile.

FIGURE 6: Time-dependent curves for the amount of DMPO-OH
adduct generated in Cu(I)-induced H2O2 decomposition. Reactions
were performed in 1 mM Tris buffer, by 0.06 mM Cu(CH3CN)4PF6,
10 mM H2O2, and 2 mM DMPO, in the presence of 0.06 mM
soluble (pH 7.04) or aggregated A�28 (pH 7.5). The final samples
contained 5% v/v acetonitrile. The zero time point was H2O2
addition as described in Experimental Procedures.

A�28-Cu/Fe as Antioxidants Biochemistry, Vol. 47, No. 30, 2008 7803



three His residues (His6, -13, -14) and therefore allows an
electron transfer from Cu to H2O2 to occur more efficiently.
This efficient transfer results in higher ·OH production,
compared to soluble A�28-Cu(Fe) complex.

The mode of antioxidant activity of soluble A�28 is
twofold. The primary (rapid) mechanism involves metal
chelation and inhibition of electron transfer from Cu/Fe to
H2O2. The secondary (slow) mechanism involves OH radical
scavenging and oxidation of Cu(Fe)-coordinating ligands (His
residues). Namely, A�28 functions as an antioxidant, yet it
is partially oxidized itself. This phenomenon is especially
severe in the presence of Cu(II). However, as under physi-
ological conditions Cu(II) is reduced to Cu(I) (by A�40/42

Met35 or cellular reductants), the oxidation of A�28 (and
possibly A�40/42) by Cu(I)-H2O2 is much slower.

Possible Physiological Implications of Our Findings. The
modulation of oxidative conditions (e.g., H2O2-Cu) by A�40/

42 presumably occurs primarily in A�’s metal ion coordinat-
ing region (His6, His13, His14), included in A�28. Yet, A�40/

42’s Met35, proposed to play a role in the modulation of
cellular oxidation by reducing Cu(II) to Cu(I), is lacking in
A�28. To overcome the absence of Met35 in A�28 and cellular
reductants, we directly studied the A�28-Cu(I) complex. In
this way we believe we have mimicked A�40/42 modulation
of oxidative conditions.

It is assumed that endogenous A�40/42 reduces molecular
oxygen to ·OH (O2 f O2

-• f H2O2 f ·OH) (37). In the
present study, we have focused on only part of the reduction
pathway, namely, the reduction of H2O2 to ·OH. Yet, as ·OH
is the most deleterious ROS, and as we closely mimicked
A�40/42-metal ion complexes by A�28-Cu(I)/Fe(II) com-
plexes, we believe we can point to several implications of
our findings to physiological systems.

In a healthy brain, Cu and A�’s concentrations are
estimated as 70 µM (21, 22) and low nanomolar concentra-
tion range (43, 88), respectively. At these Cu and A�
concentrations, we do not expect any protective effect of
A� based on our findings showing no inhibition of H2O2

decomposition induced by 100 µM Cu(I)/(II), at nanomolar
A� concentrations. Yet, in an AD brain Cu (ca. 400
µM 21, 22) and A�’s (43) concentrations are significantly
elevated. Earlier reports described neurotoxic activity of A�
at micromolar concentration (51, 52). As soluble A�28

inhibited ·OH production with IC50 of 59 and 84 µM, at
100 µM Cu(I) and Fe(II), we believe that A� may play a
protective role in the early stages of AD, but not in healthy
individuals, where A�’s concentrations are nanomolar. Yet,
as A�-metal ion complexes undergo aggregation, they
significantly lose their protective function and allow oxidative
damage to occur.

We believe that the data presented here provide a solution
to the long-standing dispute on A�’s role in health and
disease.

Our results prompted us to study the effect of A�40 on
the modulation of Cu/Fe-induced H2O2 decomposition in a
cell-free system, under the experimental conditions described
above. These results will be published in due course.
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