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The amyloid � peptide is toxic to neurons, and it is
believed that this toxicity plays a central role in the
progression of Alzheimer’s disease. The mechanism of
this toxicity is contentious. Here we report that an A�
peptide with the sulfur atom of Met-35 oxidized to a
sulfoxide (Met(O)A�) is toxic to neuronal cells, and this
toxicity is attenuated by the metal chelator clioquinol
and completely rescued by catalase implicating the
same toxicity mechanism as reduced A�. However, un-
like the unoxidized peptide, Met(O)A� is unable to pen-
etrate lipid membranes to form ion channel-like struc-
tures, and �-sheet formation is inhibited, phenomena
that are central to some theories for A� toxicity. Our
results show that, like the unoxidized peptide, Met(O)A�
will coordinate Cu2� and reduce the oxidation state of
the metal and still produce H2O2. We hypothesize that
Met(O)A� production contributes to the elevation of sol-
uble A� seen in the brain in Alzheimer’s disease.

Genetic evidence from early onset cases of Alzheimer’s dis-
ease indicates that metabolism of the �-amyloid peptide (A�)1

is clearly linked to the disease (1). The �-amyloid cascade
theory states that excessive deposition of A� in the brain is an
important step in the pathogenesis of Alzheimer’s disease (2).
Although there is a poor correlation between the density of
deposits and the severity of the disease, a correlation is found
between the levels of soluble A� and synaptic damage and
cognitive impairment (3). There have been many reports of
synthetic A� being toxic to neuronal cells (4, 5). However the

precise mechanism(s) of action and the nature of the toxic A�
species remain to be identified (reviewed in Ref. 6).

AD is associated with extensive oxidative damage to brain
tissue (7–10). The cause of the observed oxidative stress has
been debated with a number of possible mechanisms postu-
lated. These include deficits in calcium regulation, brought
about by either the formation in cell membranes of calcium
channels (11) or modulation of an existing channel (12). An
alternative model proposes the direct production of reactive
oxygen species (ROS) by A� (9, 13). A common factor in most
proposed mechanisms of A� toxicity is the oligomerization of
A�, whether as dimers or trimers (14, 15) or larger aggregates
such as protofibrils (16) or the megadalton fully formed amy-
loid fibril (17, 18).

The generation of ROS usually requires the reaction of O2

with a redox metal ion such as Cu2� or Fe3�. When A� binds
Cu2� and Fe3� extensive redox chemical reactions take place,
reducing the oxidation state of either metal and producing
H2O2 from O2 in a catalytic manner (19–22). Both zinc and
copper are released into the synaptic cleft (300 �M for zinc, 30
�M for copper), and markedly elevated levels of copper (400 �M),
zinc (1 mM), and iron (1 mM) are found in amyloid deposits in
AD-affected brains (23, 24). The oxidative stress observed in
AD may be a consequence of the production of ROS by metal-
bound forms of A�. The observation that senile plaques isolated
from AD brains generated ROS in a manner dependent upon
copper and iron (22, 25) supports this hypothesis.

The ability of A� to coordinate and reduce copper in vitro
must result in the peptide being oxidized. Indeed, mass spec-
trometry has shown that copper complexes were able to oxy-
genate A�, with the most likely site of oxidation being the
sulfur atom of Met-35 (26). A� peptides with the sulfur of
Met-35 oxidized (hereafter referred to as Met(O)A�) have been
isolated from AD amyloid brain deposits (27, 28). In addition,
Dong et al. (29) have recently shown in a Raman spectroscopic
study of senile plaque cores isolated from diseased brains that
much of the A� in these deposits contained methionine sulfox-
ide and that copper and zinc were coordinated to the histidine
residues.

The importance of metal ions to the pathogenesis of AD is
highlighted by our observation that the amount of A� deposi-
tion in a transgenic mouse expressing amyloidogenic human
A� was substantially decreased by treating the mice with an
orally available metal chelator (clioquinol) capable of crossing
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the blood-brain barrier (30). The significance of this result has
been further highlighted by the successful conclusion of a phase
II clinical trial that showed that clioquinol inhibited cognitive
decline in moderate to severe AD patients (31). Recently, the
importance of Zn2� in plaque formation has been emphasized
by the finding that age- and female sex-related plaque forma-
tion in APP2576 transgenic mice was greatly reduced upon the
genetic ablation of the zinc transporter 3 protein, which is
required for zinc transport into synaptic vesicles (32).

An alternative, but not mutually exclusive, hypothesis to
explain A� neurotoxicity is based on A� interacting with mem-
branes and/or membrane proteins. Given that the A� peptide
contains part of the putative transmembrane domain of the
amyloid precursor protein, it is not surprising that the peptide
interacts with cell membranes and lipoproteins. Numerous re-
ports have described the effects of A� on membranes and lipid
systems and their possible roles in A� neurotoxicity (33). Our
previous studies (34, 35) indicated that the interaction between
large unilamellar vesicles (LUVs) and A� in the presence of
copper and zinc resulted in �-helical oligomeric channel-like
structures being formed.

Met-35 has been reported to play a key role in the toxicity of
A�, because A� peptides with Met-35 replaced by either nor-
leucine or Cys are non-toxic and unable to induce oxidative
stress responses in cells (36). A� peptides with an oxidized
methionine have also been reported to be non-toxic (37). We
have shown that when Met-35 is either missing, as in A�1–28,
or sequestered within a lipid environment and, therefore, not
available as a co-factor, there is no metal reduction and hence
no conditions for Fenton chemistry (34). In addition to amelio-
rating the toxic behavior of A�, the oxidation of Met-35 also
alters the physical properties of the peptide. Met(O)A� is more
soluble in aqueous solution, and there is a disruption of the
local helical structure when the peptide is dissolved in sodium
dodecyl sulfate micelles (38). The oxidation of Met-35 also
affects the aggregation properties of the peptide leading to a
different oligomerization profile with the formation of trimers
and tetramers significantly attenuated (39) and inhibition of
fibril formation (40).

Given that the Met(O)A� peptide is abundant in the brains of
AD patients (27–29), we examined the peptide’s interactions
with lipid vesicles and the ability of Met(O)A� to produce
hydrogen peroxide and correlated these results with the pep-
tide’s toxicity in neuronal cell cultures. In this study we show
by solid-state NMR that when A� binds and reduces Cu2� to
Cu� the Met-35 residue becomes oxidized. Our results show
that, like the native peptide the oxidized peptide will bind
copper and produce H2O2 but the interactions of Met(O)A�
with lipids are markedly altered. Importantly, Met(O)A� is
toxic to neuronal cell cultures, via a toxicity that is rescued by
catalase and the metal chelator clioquinol. This finding has
profound implications for the mechanism(s) of A� toxicity.

EXPERIMENTAL PROCEDURES

Materials and Methods

The acidic phospholipid spin label 1-palmitoyl-2-(16-doxystearyl)-
phosphatidylserine was synthesized according to Hubbell and McCon-
nell (41). The water-soluble spin label TEMPO choline chloride was
obtained from Molecular Probes, Inc. All spin probes were checked for
purity and to ensure that their number of spins/mol were �90% of
theory (42).

Preparation of LUV

Synthetic palmitoyl phosphatidyl choline (POPC) was purchased
from Sigma, and palmitoyl phosphatidyl serine (POPS) was purchased
from Avanti Polar Lipids Inc. LUV were prepared by dissolving equal
quantities of POPS and POPC in chloroform, which was then evapo-
rated off. The lipids were then dissolved in 10 mM phosphate buffer, pH
6.8. Some glass beads were added, and the mixture was shaken for 1 h

at 37 °C. The solution was decanted from the glass beads and subjected
to five freeze-thaw cycles in liquid nitrogen and a 37 °C water bath. The
lipids were then extruded 11 times through a 0.2-�m pore filter from
Millipore, using an Avanti mini-extruder apparatus. LUV were stored
at 4 °C and used within 48 h of preparation as described by Hope et al.
(43). Peptides as a freeze-dried powder were added to the desired
concentration to a suspension of LUV in buffer, and the mixture was
vortexed under N2 for 10 min at 305 K in polypropylene tubes. One
hundred millimolar stock solutions of analytical reagent grade CuCl2
were prepared, and the desired amount was added to the LUV after the
peptide. For copper EPR measurements 99.99% pure 65Cu (Cambridge
Isotopes) was used. Metal concentrations were measured by inductively
coupled plasma mass spectrometry, and peptide concentrations were
determined by quantitative amino acid analysis. Uptake of peptide by
the LUV was estimated by density gradient centrifugation in Metriz-
amide™ (Nyegaard, Oslo, Norway)-Tris buffer (pH 7.0, 0.05 M) as de-
scribed by Cornell et al. (44) and then measuring the extinction at 210
nm of the sub-phase. The protein concentration was estimated by using
an extinction coefficient, E1 cm

1%, of 204 at 210 nm (45). It was found
that 10–15% of the added peptide was not taken up by the LUV.
Peptides not synthesized were obtained from the W. M. Keck Labora-
tory, Yale University.

Peptide Synthesis

Synthesis of Met(O)A�40—The peptide was prepared by continuous
flow Fmoc-solid phase peptide synthesis as described previously (46).
Following global cleavage and deprotection in a mixture of trifluoroace-
tic acid (TFA)/H2O/ethanedithiol/triethylsilane (94:2.5:2.5:1, v/v, 10
ml), the crude lyophilized A�40 was purified by semi-preparative RP-
HPLC. Met(O)A�40 was prepared from this by dissolving the crude
peptide (21 mg) in 0.1% aqueous TFA solution (10 ml), and 1-ml aliquots
were reacted with hydrogen peroxide (250 �l) for 10 min at room
temperature (47) after which these were immediately purified by RP-
HPLC and lyophilized. Analysis by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF MS) (MH�
found: 4345, expected 4345), and amino acid analysis showed good
correlation with expected values.

Synthesis of Met(O)A�42—Met(O)A�42 was synthesized as described
above with the exception that Met-35 was incorporated as the N�-Fmoc-
Met sulfoxide form. Following cleavage and side chain deprotection, the
crude peptide was purified by RP-HPLC and characterized by MALDI-
TOF MS (MH� found: 4530.4, expected 4530.1). Amino acid analysis
also showed good correlation with expected values.

Peptide Characterization—RP-HPLC was performed on a Waters
(Milford) instrument controlled by Millennium software equipped with
photo-diode array detection. The solvent system used throughout this
study was Buffer A (0.1% aqueous solution, TFA) and Buffer B (0.1%
TFA/CH3CN). Semi-preparative RP-HPLC was performed using a Vy-
dac polymer reversed phase column (10 � 250 mm, 8 �m, 300 Å)
(Hesperia), at a flow rate of 4 ml/min using a 10–60% linear gradient of
CH3CN over 30 min. For MALDI-TOF MS analysis, samples were
mixed with �-cyano-4-hydroxycinnamic acid as matrix and examined
using a Bruker BIFLEX instrument (Bremen, Germany) in linear mode
at 19.5 kV or reflector mode at 19.5, 20 kV gradient reflector. Quanti-
tative amino acid analysis was performed on Fmoc-derivatized hydro-
lysates carried out on a GBC automatic analyzer (Melbourne, Austra-
lia) equipped with an ODS HYPERSIL reversed phase column
(Runcorn, United Kingdom) and an LC 1250 fluorescence detector.

Synthesis of t-Butoxycarbonyl-13C-Met(O)-OH—2-t-Butylcarbonylox-
imino-2-phenylacetonitrile (BocON; 1.8 g, 7.3 mmol) was added to a
stirred solution of 13C-labeled glycine (0.5 g, 6.7 mmol) (Cambridge
Isotope Laboratories, Inc., Andover, MA) and triethylamine (1.4 ml, 10
mmol) in a 1:1 mixture of dioxin and water (8 ml). After stirring for 2 h
at room temperature water (10 ml) and ethyl acetate (13 ml) were
added, and the aqueous phase was extracted twice with additional ethyl
acetate. The organic layer was then acidified with 5% citric acid, and
the precipitate was washed with water and dried. (yield 85%, melting
point 86.5–87.5 °C).

A suspension of 13C-labeled methionine (1 g, 6.7 mmol) (Cambridge
Isotope Laboratories, Inc.) was stirred in water (3.3 ml), and hydrogen
peroxide (0.7 ml of 30% solution) was added slowly with cooling. After
1 h at room temperature absolute ethanol was added, and the crystals
were filtered and air-dried (yield 80%, melting point 252–254 °C). 13C-
Met(O) was then reacted as above to give t-butoxycarbonyl-13C-Met(O)
in 70% yield.

Synthesis of A�39 with 13C Labels at C� of Gly-9, Gly-25, and Gly-33
and C� of Met-35—13C Gly-9, Gly-25, Gly-33, and 13C Met-35-A�39 was
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synthesized on solid phase in an automated manner using a model 430A
peptide synthesizer (Applied Biosystems Japan, Inc.) using a conven-
tional t-butoxycarbonyl strategy and peptidylglycine �-amidating mo-
nooxygenase resin. 13C amino acids were loaded into the appropriate
cartridges, and the synthesis was performed using a method described
previously (48).

Solid-state NMR

Solid-state NMR experiments were conducted on a Varian Inova 300
spectrometer (Palo Alto, CA), operating at 75 MHz for 13C. Acquisition
and processing of data was performed using Varian software. The
acquisition parameters used for 13C cross-polarization (CP) magic angle
spinning (MAS) NMR (49) were as follows: proton �/2 pulse 4 �s, recycle
delay 1 s, contact time 1 ms, sweep width 30 kHz, 4096 transients, and
MAS speed �7000 Hz and were processed using 50-Hz line broadening.
Chemical shifts were referenced to 0 ppm for an external tetramethyl-
silane sample

Spectra were obtained on 13C-labeled A�39. To ascertain the effect of
adding copper to A� peptides the following protocol was used: 5 mg of
the reduced form of A�39 was dissolved in a small amount of TFA
followed by addition of 1 ml of H2O and then a small amount of dimethyl
sulfoxide. 52 �l (1mmol) of 50 mM Cu(Gly)2 solution was then added to
the A�39 peptide and left at room temperature for 3 days. Spectra were
acquired on the precipitate that was collected by centrifugation, washed
three times with MilliQ water, and lyophilized overnight.

EPR Spectroscopy

Continuous-wave X-band EPR spectra were obtained using a Bruker
ECS106 spectrometer equipped with a temperature controller and flow-
through cryostat. 65Cu2� spectra were collected at 110 K from samples
contained in 4-mm inner diameter “Suprasil” quartz EPR tubes (Wil-
mad). To eliminate the possibility that any line broadening observed in
the spectra might be because of freezing-induced localized concentra-
tions of sample 10% glycerol was added to aqueous peptide buffer
solutions. Labeled lipid samples (25 �l) were contained in 0.8-mm inner
diameter quartz capillaries (Wilmad) and handled as described by
Gordon and Curtain (42) to ensure reproducibility. Other details, in-
cluding the use of the non-membrane penetrant spin label Tempo
choline chloride as an internal reference, have been given in Curtain
et al. (34).

CD Spectroscopy

CD spectra of peptides in the LUV were obtained using a CD spec-
tropolarimeter model 62DS (AVIV, Lakewood, NJ). Peptide concentra-
tions were determined using the molar extinction of the UV absorption
from the tyrosine residue. The CD spectrum was obtained for each
solution both neat and after a 1:4 dilution with MilliQ® water. CD
spectra were obtained using a 1 mm-path length quartz cell, acquired at
297 K in 0.5-nm steps over a 185- to 250-nm wavelength range.

Hydrogen Peroxide (H2O2) Assay

H2O2 production by A� peptides was measured using a fluorimetric
assay. 5 mM of the fluorescent probe 2�,7�-dichlorofluorescein diacetate
(DCF) (Sigma) in argon-purged Me2SO was deacetylated with 0.025 M

NaOH (BDH) for 30 min, diluted to 1 mM with Dulbecco’s phosphate-
buffered saline (PBS) (Sigma), and neutralized to pH 7.5. A� peptides
(100 �M) preincubated with Cu(Gly)2

2� (BDH) in a 1:2 molar ratio were
incubated in 96-well plates at 37 °C for 1 h with 5 �M dopamine (Sigma),
100 �M DCF, and 100 mM horseradish peroxidase (Sigma) in a final
volume of 250 �l with PBS. Known standards of H2O2 were used to
quantitate the signal. Fluorescence was measured in a Wallac Victor2
fluorimeter at 485-nm excitation and 535-nm emission. The mean and
standard deviations of triplicate samples were calculated and
compared.

Neuronal Cell Assay

A�42 and Met(O)A�42 peptide stocks were prepared by initially
weighing out peptide and determining a theoretical 200 �M concentra-
tion by weight, dissolving the peptide in 20 mM NaOH, then rapidly
diluting out in water and 10� PBS in a ratio of 2:7:1. All A� peptide
solutions were sonicated in a water bath for 5 min and centrifuged for
5 min at high speed, and the was supernatant used for the toxicity
experiments. The final concentration of the peptides were further quan-
tified according to procedures outlined by Huang et al. (19). Briefly, the
absorbance value at A214 was measured using a UV spectrophotometer
for the A� preparations, and the protein concentration was determined
from BCA standard curves. This method of A� preparation was found to

be associated with increased solubility of the peptides. Clioquinol was
purchased from Sigma.

Primary Neuronal Cultures

Cortical neuronal cultures were prepared as described previously
(22) with some modifications. Briefly, embryonic day 14 BL6Jx129sv
mouse cortices were removed, dissected free of meninges, and dissoci-
ated in 0.025% (w/v) trypsin. Dissociated cells were plated in poly-L-
lysine-coated sterile 48-well culture plates at a density of 125,000
cells/cm2 in plating medium (minimum Eagle’s medium/10% fetal calf
serum/5% horse serum). Cultures were maintained at 37 °C in 5% CO2

for 2 h before the plating medium was replaced with Neurobasal growth
medium containing B27 supplements. This method resulted in cultures
highly enriched for neurons. After 5–6 days in culture, the medium was
replaced with fresh Neurobasal medium supplemented with B27 lack-
ing antioxidants for treatment. For the treatment of neuronal cultures,
fresh soluble A� stock solutions were diluted to a final concentration of
6 �M in Neurobasal medium. Inhibition of neurotoxicity was challenged
by using a specific hydrogen peroxide antagonist, catalase (2000 unit/
ml), or by using a copper/zinc chelator, clioquinol (1 �M). The mixtures
were then added to neuronal cultures for 4 days, and cell viability was
then assayed.

Cell Viability Assays

Cell survival was monitored by phase contrast microscopy, and cell
viability was quantitated using the MTS assay as described previously.
Briefly, the medium was replaced with fresh Neurobasal medium sup-
plemented with B27 lacking antioxidants, and 25 �l of MTS (Promega)
was added to each well and incubated for 4 h at 37 °C in 5% CO2. The
color change of each well was determined by measuring the absorbance
at 490 nm using a Wallac Victor Multireader, and background readings
of MTS incubated in cell-free medium were subtracted from each value
before calculations. The data were normalized and calculated as a
percentage of untreated vehicle control values.

Immunoprecipitation of Cell Culture Media and
Analysis by MALDI-TOF MS

Cell culture conditioned media were removed after 4 days of treat-
ment and analyzed by immunoprecipitation for A� peptides. For immu-
noprecipitation, 200 �l of conditioned media were added to 12.5 �l of
prewashed, antibody-coated (monoclonal antibody W02, 3 �g of mAb
WO2/107 beads) magnetic microparticles (DynaBeads M-280; Dynal
Biotech Pty Ltd., Victoria, Australia). Samples were incubated under
rotation for 16 h at 4 °C. Beads were washed two times with PBS/0.1%
bovine serum albumin. Peptides were eluted from the dynabeads by the
addition of 5 �l of 50% acetonitrile/0.1% TFA. 1 �l was then added to 1
�l of matrix (saturated sinapinic acid in 50% acetonitrile/0.1% TFA),
and the sample/matrix was allowed to dry at room temperature for �30
min. An Applied Biosystems Voyager-DE STR MALDI-TOF mass spec-
trometer was used to determine the mass values of the isolated peptides
and compared with the original synthetic peptide stocks.

RESULTS

Solid-state NMR Confirms A� Plus Cu2� Oxidizes the Sulfur
of Met-35—When Cu2� was added to A� essentially all the
peptide precipitates and very little peptide remains in solution
as has been reported previously (50, 51). Subsequently, to
confirm that Met-35 is being oxidized following copper treat-
ment a 13C CP MAS spectrum of the unoxidized form of the
A�39 peptide was obtained (Fig. 1a). The spectrum shows two
C resonances, one from the C� of Met-35 at 16 ppm and another
at 44 ppm from the C�s Gly-9, Gly-25, and Gly-33 residues. The
chemical shift position of 44 ppm is consistent with reported
values for C� resonances of glycine in polypeptides obtained
under MAS conditions (52). In Fig. 1b, the 13C CP MAS spec-
trum of A� plus Cu2� shows a change in chemical shift of the
Met-35 C� peak from 16 to �40 ppm, which is consistent with
the sulfur of Met-35 of A�39 peptide being oxidized to the
sulfoxide.

Oxidation of the Sulfur of Met-35 Alters A� Lipid Interac-
tions—To determine whether the interaction between A� and
copper in a lipid environment is altered by Met-35 oxidation a
series of EPR spectra of 1-palmitoyl-2-(16-doxystearyl)phos-
phatidylserine in POPS/POPC LUV in 0.05 M phosphate buffer,
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pH 6.0, were obtained after adding increasing mole fractions of
A� coordinated with 0.3 M Cu2�/M (Fig. 2). All the spectra were
recorded at 300 K. It can be seen that the unoxidized A�42 in
the presence of Cu2� gives the motionally restricted lipid com-
ponent (marked with an arrow in Fig. 2a) that is characteristic
of systems with a rigid peptide segment inserted into the bi-
layer. In contrast, the Met(O)A� does not give rise to this
phenomena indicating that the peptide has not penetrated into
the core of the lipid bilayer (Fig. 2b). However, most of the
peptide (�90%) was still bound to the LUV as determined by
density gradient centrifugation in Metrizamide T Tris buffer.

In Fig. 3 the Cu2� EPR spectra of the Cu2�/A� and Cu2�/
Met(O)A� complexes at pH 6.0 are compared. The spectra are

characteristic of type 2 square planar coordination of the Cu2�

(53) and are identical, indicating that the oxidation of Met-35
does not alter the copper coordination site of A�. Both samples
were allowed to stand at 295 K for a series of time intervals
(0–24 h) and then taken down to 110 K, and their spectra were
recorded. The amount of Cu2� visible in the spectra was deter-
mined by double integration and plotted in Fig. 4. This shows
that the reduction of Cu2� to the EPR silent Cu� is much
slower with the oxidized peptide, confirming earlier observa-
tions (34) that the Met-35 residue in A� plays an important
part in the redox behavior of the peptide in solution.

CD spectroscopy was used to determine whether the oxidized
Met-35 altered the secondary structure of the peptide in a lipid
environment (Fig. 5). The Met(O)A� in a LUV environment is
random coil, and there is no conformational change when Cu2�

is added. This is consistent with the metal failing to promote
peptide insertion into the membrane. In contrast, the unoxi-
dized peptide showed a �-sheet structure on the surface that
converted to an �-helical structure upon addition of Cu2� or
Zn2�, as reported previously (34).

Hydrogen Peroxide Generation by Met(O)A� Plus Cu2�—The
ability of A� peptides incubated with Cu2� to generate H2O2

has been reported previously (20, 22, 54). The A� and Met(O)A�

peptides were tested for their ability to generate H2O2 in the
presence of Cu2� and a reducing substrate dopamine using a
fluorimetric assay with a DCF probe. The results shown in Fig.
6 indicate that Met(O)A� produced a similar amount of H2O2

as the A�. Therefore, Met-35 is not required for A�-mediated
H2O2 production. As a negative control the rat A� was also
assayed for its ability to generate H2O2, as has been reported
previously (20), H2O2 production is inhibited.

Neuronal Cell Assay—The neurotoxicity of the Met(O)A�

peptide was tested to determine whether, like the unoxidized
peptide, this peptide is toxic to neuronal cells. The results
depicted in Fig. 7 show that Met(O)A� had a similar degree of
toxicity on neuronal cultures to that of the unoxidized A�.
Importantly, the toxicity of Met(O)A� and A� was completely
rescued by the selective H2O2 scavenging enzyme, catalase

FIG. 1. 13C CP MAS spectrum of the reduced form of A�39, with
the C� of Gly9, Gly25, and Gly33 and C� of Met-35 13C-labeled (a)
and oxidized form of A�1–39 following the addition of one equiv-
alent of Cu(Gly)2

2� (b).

FIG. 2. a, EPR spectra of 1-palmitoyl-2-
(16-doxystearyl)phosphatidylserine in
POPS/POPC LUV. Control spectrum is of
vesicles without peptide added. Numbers
at the right-hand end of other spectra in-
dicate mole fraction of A�, unoxidized me-
thionine, added/mole lipid. A 0.3 M Cu2�/M
was added to the peptide immediately be-
fore it was added to the LUV. All samples
were adjusted to pH 6.0. Spectra were
recorded at 300 K. Instrument conditions
were as follows: microwave frequency
9.7679 GHz, modulation frequency 100
KHz, modulation amplitude 3.2 Gauss,
microwave power 6 mW, sweep time
400 s, and time constant 0.5 s. Scan width
was 100 Gauss, mid-field 3,300 Gauss.
The arrow marks the motionally re-
stricted lipid component. b, shown is spec-
tra taken under identical conditions ex-
cept that Met(O)A� was added to the
system.
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(109 � 6 and 95 � 4%, respectively, p � 0.05). Hence, the toxicity
of A� and Met(O)A� could be attributed to catalytic H2O2

production. In addition, the metal chelator clioquinol is able to
attenuate the toxicity of both unoxidized A� and Met(O)A�,
a result that highlights the importance metal ions play in
the production of the H2O2, as has been observed previously
(20, 22).

To confirm that the oxidized methionine was not reduced by
the culturing conditions, conditioned medium was collected at
the end of 4 days of treatment and subjected to immunopre-
cipitation, and the eluted peptide was analyzed by mass spec-

trometry. The spectra showed that the peptide mass profile of
Met(O)A� was unchanged following the treatment of the cells
(data not shown).

DISCUSSION

Oxidative damage has been identified as a possible cause of
the neurodegeneration associated with Alzheimer’s disease. A�
can react with Cu2� to generate H2O2 with a reduction of the
metal to Cu� (19, 22). Our solid-state NMR experiments (Fig.
1) show that reduction of the metal is coupled with the oxida-
tion of Met-35 to give the sulfoxide. One consequence of the
redox chemical reactions associated with oxidative damage is
the oxidative modification of proteins with methionine, one of
the most readily oxidized amino acids. Of the various forms of
A� peptide species isolated from AD brains, peptides with
Met(O) constitute a major component estimated to comprise
between 10 and 50% of total brain A� (27–29).

Oxidation of methionine residues, which converts a hydro-
phobic residue into a more hydrophilic one, can markedly alter
the properties of a protein. For example, conformational tran-
sitions from a �-helix to �-sheet structure can occur (55). In the
case of A�, the oxidation of Met-35 has been shown to alter the
aggregation profile of the peptide such that the formation of A�
trimers and tetramers is attenuated (39) and fibril formation is
inhibited (40). Our results are consistent with Met(O)A� mark-
edly altering the structural properties of A�. Met(O)A� is pre-
dominately random coil in the presence of a lipid bilayer,
whereas the unoxidized peptide adopts a �-sheet structure in
this environment (34, 35). Moreover, the addition of Cu2� or
Zn2� to A� will drive the insertion of the unoxidized peptide
into the membrane as an oligomeric complex that adopts a
channel-like �-helical structure in doing so. However, the ad-
dition of metal ions to Met(O)A� does not result in such a
structural transition, and �-helical channel-like structures are
not observed (Fig. 2). Significantly, the oxidation of the sulfur
of Met-35 does not change the metal binding properties of the
peptide (Fig. 3). This is consistent with the structural transi-
tions of A� being associated with the hydrophobic C terminus
that also promotes higher order oligomerization. The inhibition
of �-sheet formation on the surface of the LUV following oxi-
dation of Met-35 suggests that these �-sheet structures are the
result of sequestering the Met residue into a hydrophobic en-
vironment. Met(O), with a more hydrophilic character, is not
suited to this hydrophobic environment, and the formation of

FIG. 3. EPR spectra taken at 110 K of Cu2�-A� at pH 6.0 (a) and
Met(O)A� at the same pH (b). The Cu2� to peptide ratio is 0.3 mol to
1 mol. Instrument settings were as follows: microwave frequency 9.7660
GHz, modulation frequency 100 KHz, modulation amplitude 1.0 Gauss,
microwave power 2 mW, sweep time 83.886 s, time constant 10.240 ms.
Spectra were averaged over 16 sweeps.

FIG. 4. Time course of reduction of Cu2�. Proportion of Cu2� was
obtained by double-integrating the EPR spectra of the peptide-Cu2�

complexes that had been recorded after the samples had been held at
295 K. a, A� (�); b, Met(O)A� (f).

FIG. 5. a, CD spectra of Met(O)A�42 in the presence of negatively charged LUV. The spectrum is indicative of a peptide undergoing
conformational exchange, unlike the reduced peptide that adopts a �-sheet structure under similar conditions (34). Following addition of Cu2� (b),
there is no change in the secondary structure of the peptide. Spectra were recorded at 298 K, pH 6.9.
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higher order �-sheet oligomers is inhibited. Similarly, oxida-
tion inhibits the metal-mediated transition of A� to �-helical
oligomeric channel-like structures despite not changing the
metal binding site (Fig. 5). This is probably because of the more
hydrophilic sulfoxide interfering with the hydrophobic interac-
tions at either the peptide/peptide interface or at the interface
between the peptide and the hydrocarbon lipid chains at the
core of the lipid bilayer.

A critical role for Met-35 in the pathogenic activity of A� has
been suggested with this residue being reported to be necessary
for promoting neurotoxicity, aggregation, and the generation of
ROS (36, 37, 56, 57). However, given that metal binding occurs
near the N terminus of A�, one would not expect oxidation of
Met-35 to have a large effect on the metal binding ability. This
is supported by the recent results of Dong et al. (29), who used
Raman spectroscopy to show the presence of copper bound to
the histidine residues of Met(O)A� in diseased human tissue.
This was confirmed by our EPR spectra (Fig. 3) showing that
the coordination sphere about the copper was unaffected by
Met(O). When A� binds Cu2� and reduces it to Cu�, Met-35 is
oxidized to the sulfoxide (Fig. 1), so it was surprising that there
was still significant reduction of the copper, albeit slower, when
Cu2� was added to Met(O)A� (Fig. 4). Interestingly when
Huang et al. (20) originally reported that A� reduces copper,
they observed a fast (almost instantaneous) followed by a slow
phase over 24 h for the reduction of Cu2� to Cu�. Our results
suggest that the fast stage occurs when Met-35 is initially
oxidized to Met(O)35 with the subsequent slow step because of

the further slow oxidation of the sulfoxide to a sulfone. The
further oxidation of the sulfoxide to a sulfone highlights the
strong oxidizing potential of the A�/copper complex. It has been
reported previously (19) that the reduction of Cu2� to Cu� in
the presence of A� has a formal reduction potential that is
highly positive (approximate to �550 mV versus Ag/AgCl) sug-
gesting that the Cu�/A� complex is very stable. Therefore, the
stability of this Cu� adduct could drive the further oxidation of
the Met sulfoxide to a sulfone. This may also explain why
Met(O)A� is able to generate as much peroxide as the reduced
form of the peptide in the presence of Cu2� (Fig. 6). In the
presence of an exogenous reductant, such as dopamine, the
Met(O)A� will readily reduce Cu2� to Cu� and produce H2O2.
Our results demonstrate that, like the reduced peptide, Me-
t(O)A� is able to produce large quantities of H2O2 in the pres-
ence of a reducing substrate that is highly abundant in brain.
The strong oxidizing potential of A�/Cu2�, coupled with the
high affinity of A� for copper (51) and the rapid and complete
reduction of Cu2� to Cu� by A� (34), explains why the reduced
form of the peptide was not observed (Fig. 1) after this reaction.

In biological systems it would be expected that Met(O)A�

would still bind and reduce copper and therefore have the
capability to produce H2O2, resulting in conditions that favor
Fenton chemistry and subsequent hydroxyl radical formation.
This is supported by Met(O)A� being toxic to neuronal cells and
this toxicity being rescued by catalase and attenuated by the
metal chelator clioquinol (Fig. 7). Importantly, copper-bound
Met(O)A� exists in AD brains (29).

The ability of clioquinol to inhibit the toxicity of both A� and
Met(O)A� is highly significant in the light of recent findings
showing that clioquinol is capable of markedly inhibiting A�

deposition in a transgenic mouse expressing amyloidogenic
human A� with a corresponding increase in general health and
body weight parameters (30). Furthermore, in a small phase II
human clinical trial clioquinol was able to inhibit cognitive
decline in moderate to severe AD patients (31).

It has previously been reported that Met(O)A� is non-toxic to
cells after 24 h (37). In contrast we show that a longer incuba-
tion period of 96 h results in a significant level of toxicity
similar to unoxidized A�. Likewise, it was reported that Me-
t(O)A� was unable to reduce Cu2� to Cu�, but again the assay
only had a 1-h incubation period (37). We found that at 1 h
�10% of the available Cu2� was reduced in agreement with
these findings. However our data (Fig. 4) show that reduction
of Cu2� to Cu� still does occur albeit more slowly. In our hands
Met(O)A� was able to generate 2 �M H2O2 (Fig. 6). This result
is consistent with the reported EPR spin trapping data by
Varadarajan et al. (37) and suggests Met(O)A� was able to
generate radicals, which would explain the damage to mito-
chondrial function that they also observed. The reduction in
mitochondrial function is recognized as an early step in the

FIG. 6. Plot of H2O2 production by A� peptides (100 �M) in the
presence two equivalents of Cu2� and the dopamine substrate,
as determined by DCF assay. Met(O)A� produces similar quantities
of H2O2 in the presence of Cu2� as the reduced peptide. H2O2 standards
were used to quantitate the signal. By way of comparison the H2O2
production by rat A� peptide is included as a negative control.

FIG. 7. A� and Met(O)A� toxicity in
primary cell culture. Primary cortical
neurons were grown at low density
(125,000 cells/cm2) for 5 days and exposed
to 6 �M A� for an additional 4 days. No
differences in cell viability (measured by
MTS assay) was observed between A� or
Met(O)A� (filled bars) following treat-
ment of the cultures. The addition of 1 �M

clioquinol (open bars) or 2000 units/ml
catalase (gray bars) inhibited the toxicity
of both A�42 and Met(O)A�42; *, p �
0.001 versus vehicle; #, p � 0.05 versus
peptide alone; ##, p � 0.001 versus pep-
tide alone. At least three samples were
done per group. Each sample was done in
triplicate.
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apoptotic pathway and suggests that the toxicity of Met(O)A�
observed by us would also have been observed by Varadarajan
et al. (37) if they had used a longer incubation period.

Our results suggest that both A� and Met(O)A� toxicity
occurs via the same mechanism of metal-dependent H2O2 for-
mation. Among the proposed mechanisms of A� toxicity are
fibril formation, ion channel formation, membrane depolariza-
tion, and specific receptor-mediated events. Many of these
mechanisms are dependent on A� aggregation. It should be
noted that there are two methods of inducing aggregation of
A�, metal-induced cross-linking, which gives rise to amorphous
aggregates, and fibril formation, usually induced by aging the
A� solutions or lowering the pH (58). Oxidation of the methio-
nine inhibits fibril aggregation and not the metal-mediated
aggregation. The results presented here and elsewhere argue
against fibrils as a toxic species as the oxidation of the sulfur of
methionine will modify the A� aggregation profile and inhibit
fibril formation. These changes in peptide structure also alter
the peptide interactions with membranes and inhibit mem-
brane penetration. Yet these changes do not affect the toxicity
of the peptide.

The synaptic damage and cognitive impairment associated
with AD correlates with the soluble forms of A�, not the depos-
ited forms (3). Intriguingly, Met(O)A� has been found in AD
brains in high concentrations, and this peptide is highly solu-
ble, is less likely to be lipid-associated, and is toxic. Further-
more, there is a decrease in the enzyme methionine sulfoxide
reductase, which protects against oxidative modifications to
methionine residues in AD brains (59), leading to the possibil-
ity of elevated Met(O)A� generation. The release of Met(O)A�
from membranes could allow the peptide to drift into the syn-
aptic cavity where it could coordinate synaptic Zn2� and Cu2�

released upon neurotransmission. This could promote the tox-
icity of the peptide, as well as its precipitation into amyloid, an
event thought to commence at the synapse (60).
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