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ABSTRACT: We have previously reported that amyloid Aβ, the major component of senile plaques in
Alzheimer’s disease (AD), binds Cu with high affinity via histidine and tyrosine residues [Atwood, C. S.,
et al. (1998) J. Biol. Chem. 273, 12817-12826; Atwood, C. S., et al. (2000) J. Neurochem. 75, 12191233] and produces H2O2 by catalyzing the reduction of Cu(II) or Fe(III) [Huang, X., et al. (1999)
Biochemistry 38, 7609-7616; Huang, X., et al. (1999) J. Biol. Chem. 274, 37111-37116]. Incubation
with Cu induces the SDS-resistant oligomerization of Aβ [Atwood, C. S., et al. (2000) J. Neurochem. 75,
1219-1233], a feature characteristic of neurotoxic soluble Aβ extracted from the AD brain. Since residues
coordinating Cu are most vulnerable to oxidation, we investigated whether modifications of these residues
were responsible for Aβ cross-linking. SDS-resistant oligomerization of Aβ caused by incubation with
Cu was found to induce a fluorescence signal characteristic of tyrosine cross-linking. Using ESI-MS and
a dityrosine specific antibody, we confirmed that Cu(II) (at concentrations lower than that associated
with amyloid plaques) induces the generation of dityrosine-cross-linked, SDS-resistant oligomers of human,
but not rat, Aβ peptides. The addition of H2O2 strongly promoted Cu-induced dityrosine cross-linking of
Aβ1-28, Aβ1-40, and Aβ1-42, suggesting that the oxidative coupling is initiated by interaction of
H2O2 with a Cu(II) tyrosinate. The dityrosine modification is significant since it is highly resistant to
proteolysis and is known to play a role in increasing structural strength. Given the elevated concentration
of Cu in senile plaques, our results suggest that Cu interactions with Aβ could be responsible for causing
the covalent cross-linking of Aβ in these structures.

The amyloid lesions of AD are primarily composed of Aβ
(5, 6), a 39-43-amino acid protein that is a normally soluble
protein found in biological fluids (7-9). Although Aβ from
biological fluids migrates as an ∼4 kDa monomer on SDSPAGE (9), Aβ extracted from the AD-affected post mortem
brain specimens migrates on sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) as SDS-,
urea-, and formic acid-resistant oligomers (6, 10, 11).
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Synthetic Aβ1-40 and Aβ1-42 normally migrate as monomers on SDS-PAGE (12) but form higher-molecular mass
species upon incubation (12, 13), a process that is accelerated
by added Cu(II) (2) and exposure to oxidative systems (14,
15). The chemical nature of the modifications and the specific
neurochemical mechanism(s) responsible for these oligomerized Aβ species are unknown.
We have been studying Cu, Zn, and Fe as abundant
neurochemicals that interact with Aβ (1, 16-18). We have
found that Aβ simultaneously binds equal amounts of Cu(II)
and Zn(II) in PBS at pH 7.4 (∼1.8 atoms each), while the
highest affinity of Cu(II) for Aβ1-42 (log Kapp ) 17.2) is
much greater than that of Cu(II) for Aβ1-40 (log Kapp )
10.3) (2). The levels of these metals are all markedly higher
within AD neuropil than within age-matched control neuropil, and are even further concentrated within plaque
deposits (19). Using Raman microscopy, we recently demonstrated that senile core plaques isolated from the AD brain
are predominantly composed of Aβ protein bound to Cu(II)
and Zn(II) via histidine residues (20). These results help
explain the enrichment of these metals in plaque amyloids.
We have previously reported that Aβ reduces Cu(II) and
Fe(III) to Cu(I) and Fe(II), respectively, with the consequent
generation of H2O2 from O2 (3, 4). We further reported that
incubation of Aβ with Cu oxidation systems damages
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tyrosine and histidine residues (21), which are known to
coordinate Cu in Aβ (1, 22). We therefore hypothesized that
in the elevated Cu (∼400 µM; 19, 20) environment of the
senile plaque, there may be an increased likelihood of
oxidative damage of amino acids that coordinate Cu,
mediated by H2O2 perhaps in part generated by the redox
cycling of the same Cu. We report here that Aβ is tyrosine
cross-linked by Cu at concentrations lower than those
detected in senile plaques in ViVo (19), resulting in the
generation of oligomeric Aβ species.
EXPERIMENTAL PROCEDURES
Reagents and Aβ Peptide Preparation. N,N′-Diacetyldi(DADT)1 has been prepared on an analytical high
performance-liquid chromtography (HPLC) scale by direct
photochemical (23) or HRP- and H2O2-mediated (24) oxidative coupling of N-acetyl-L-tyrosine (AT), but production on
a preparative scale was achieved here according to modifications of established procedures. Briefly, N-acetyl-3,5-diiodoL-tyrosine (ADIT) was first prepared either by iodination of
AT with iodosuccinimide or by acetylation of 3,5-diiodo-Ltyrosine. Then ADIT was oxidatively coupled using HRP
and H2O2, providing a mixture of the desired biphenol and
an undesired spirocyclohexadienone side product which is
reduced in situ to the biphenol with NaHSO3 (25). In our
hands, the 8 mmol scale reaction gave optimal yields using
25% rather than 10% acetonitrile in pH 6 aqueous phosphate
buffer. The resulting 3,3′-diiodo-N,N′-diacetyldi-L-tyrosine
was hydrogenated to DADT in 50% methanolic acetic acid,
which gave much better yields than the aqueous methanolic
HCl used for hydrogenation of the di-CBZ compound (26).
Conversion of DADT to di-L-tyrosine (DT) was accomplished by heating a solution of DADT in a 1:1 mixture of
tetrahydrofuran and concentrated HCl at reflux for 4 h under
argon. Complete evaporation of the solvent yielded the diHCl salt of DT.
Human Aβ1-40 and Aβ1-42 were synthesized and
purified by HPLC and characterized by amino acid analysis
and mass spectroscopy by the W. M. Keck Foundation
Biotechnology Resource Laboratory (Yale University, New
Haven, CT). Both peptides were identified as a single peak
upon HPLC and exhibited no chemical modification. Rat
Aβ1-40 and human Aβ1-28 were purchased from AnaSpec
(San Jose, CA). The sequence of each peptide is shown
below.
L-tyrosine

Synthetic Aβ peptide solutions were dissolved in doubly
deionized water at a concentration of 0.5-1.0 mg/mL,
sonicated for 3 min, and then centrifuged for 20 min at
10000g, and the supernatant (stock Aβ) was used on the day
1

Abbreviations: ADIT, N-acetyl-3,5-diiodo-L-tyrosine; AT, N-acetylDADT, N,N′-diacetyldi-L-tyrosine; PBS, phosphate-buffered
saline; ROS, reactive oxygen species; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.

L-tyrosine;
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of the experiment. The concentrations of stock Aβ peptides
were determined by the spectrophotometric absorbance at
214 nm or by a Micro BCA protein assay (Pierce, Rockford,
IL) as previously described (1). Prior to use, all buffers and
stock solutions of metal ions were filtered though a 0.22 µm
filter (Gelan Sciences, Ann Arbor, MI) to remove particulate
matter. Metal ions were used as either the chloride salt or
the copper-glycine complex (1:2 molar ratio). All other
reagents were analytical grade or purer.
Model Studies on the Cu(II)-Mediated OxidatiVe Coupling
of N-Acetyl-L-tyrosine (AT). Various combinations of AT (0.5
mM), CuSO4 or CuCl2 (0-0.125 mM), ligand (imidazole
or ethylenediamine, up to 0.5 mM), and H2O2 (up to 10 mM)
were incubated at 25 °C for 48 h in 0.1 M phosphate buffer
(pH 7.4). In some reaction mixtures, an additive (mannitol
or ethylene glycol as OH• scavengers) or chelator [EDTA
or diethylenetriaminepentaacetic acid (DTPA)] was also
present. Consumption of AT was assessed by monitoring the
decreased absorption at 275 nm, and the yield of DADT was
estimated by the emission intensity at 410 nm with excitation
at 320 nm, relative to a standard curve constructed with
authentic DADT.
Preparation and Characterization of Aβ Exposed to Redox
Stressors. Aβ stock solutions were diluted to 5-10 µM in
PBS [50 mM phosphate and 150 mM NaCl (pH 7.4)] and
incubated with combinations of Cu(II), Fe(III), and H2O2
for 0-5 days at 37 °C. Aβ solutions were analyzed for the
presence of fluorescent compounds using an SLM-Aminco
fluorimeter (Spectronic Instruments, Milton Roy Co.). DT,
trityrosine, and pulcherosine have characteristic emission
spectra (λex ) 300 nm, λem ) 350-500 nm) that are quite
distinct from those of tyrosine and tryptophan, which do not
fluoresce at these wavelengths. There was a linear increase
in fluorescence with increasing dityrosine concentration
between 0 and 5 µM.
Immunoblot Analysis. Aliquots of each reaction mixture
(200 ng of peptide) were collected into 15-30 µL of sample
buffer (containing 4% SDS and 5% β-mercaptoethanol) and
heated to 95 °C (5 min). Samples were loaded and run on
SDS-PAGE (Tricine gels, from 10 to 20%; Novex, San
Diego, CA), transferred to PVDF membranes (Bio-Rad
Laboratories, Hercules, CA), fixed with glutaraldehyde (1%,
v/v), blocked with milk (10%, w/v), and then probed with a
monoclonal antibody against Aβ (4G8; Senetek, Maryland
Heights, MI) or dityrosine (G6 or 1C3) (27) overnight at 4
°C. The blot was then incubated with an anti-mouse HRP
conjugate (Pierce) for 2 h at room temperature, and developed with ECL reagent (1 min; Amersham, Little Chalfont,
England) or Supersignal Ultra (5 min; Pierce) by following
the manufacturer’s instructions. The chemiluminescent signal
was captured on autoradiographs (Kodak). Molecular size
markers are from Amersham (Arlington Heights, IL).
For dot blots, 5 µg of sample was loaded onto a methanolwetted PVDF membrane (Bio-Rad Laboratories) prior to
fixing and processed as described above. Preabsorption of
antibodies G6 and 1C3 was performed with DADT.
Analysis of Dityrosine by HPLC and Electrospray Ionization Mass Spectrometry (ESI-MS). Aβ stock solutions were
diluted to 10 µM in PBS (pH 7.4) and incubated with Cu(II)
(50 µM) with or without H2O2 (250 µM) for 3 days at 37
°C. The samples (200 µL) were subjected to acid hydrolysis
in the presence of 6 N HCl under nitrogen at 110 °C for 24
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h. The hydrolysates were dried by vacuum, and were formyl
derivatized in the presence of 20 µL of 0.1% formic acid
for 2 h at 40 °C to enable the analysis of dityrosine by reverse
phase HPLC on a C18 column (see below). The chemically
synthesized dityrosine (0.6 µg), derivatized under identical
conditions, was used as a standard. Samples were separated
by HPLC on a microbore column (C18aq, 5 µm, 100 Å, 1.0
mm × 150 mm, Michrom BioResources) at 50 µL/min with
a gradient of 5 to 20% acetonitrile containing 0.1% formic
acid for 30 min. The eluates were monitored by the UV
absorbance at 280 nm, and were analyzed by on-line ESIMS. ESI-MS was performed with an ion trap LCQ mass
spectrometer (LCQDUO, Finnigan). The mass spectrometer
was equipped with an ESI needle with an ion spray voltage
set at 3000 V and with nitrogen as the sheath gas. The
capillary temperature and sheath gas pressure were set at
160 °C and 80 psi, respectively. An MS scan (m/z 1502000) was performed in the positive ion acquisition mode
to detect intact molecular ions. The formyl derivative of
dityrosine (N,N′,O-triformyldityrosine) was detected as [M
+ H]+ at m/z 445. The identification of N,N′,O-triformyldityrosine was further confirmed by collision-induced dissociation using the tandem MS/MS scan.
RESULTS
Copper Induces the Formation of SDS-Resistant Aβ
Species. Aβ1-40 represents the most commonly produced
form of Aβ (28). Immunoblot analysis of Aβ1-40 in PBS
(pH 7.4), incubated for 0 or 3 days, indicated the presence
of a small amount of dimeric (8.6 kDa) Aβ. The effects of
metal ion oxidation were tested by incubating Aβ1-40 with
or without Cu(II) (25 µM). Immunoblot analysis of samples
incubated with Cu(II) revealed an increase in highermolecular mass Aβ species within 24 h (Figure 1; 2), and
levels continued to increase with time (data not shown).
Apparent dimeric, trimeric, and tetrameric species had
relative molecular masses (Mr) of approximately 8.6, 13.0,
and 17 kDa, respectively.
Aβ1-42 is enriched in senile plaques (6, 29-31). We next
compared the ability of Cu(II) to modify Aβ1-42. Unlike
Aβ1-40 where Cu(II) induces the formation of a 8.6 kDa
species first, Aβ1-42 forms a species that migrates with an
apparent molecular mass of 13.0 kDa in the presence of
Cu(II) (2). Longer incubations (>3 days) resulted in the
appearance of an 8.6 kDa band, and apparent highermolecular mass polymeric species (>13 kDa; Figure 1A).
Since >90% of the Aβ1-42 present is instantaneously
aggregated when it is incubated with Cu(II) (2), the slow
modification of Aβ that causes SDS resistance most likely
occurs while the peptide is in an aggregated state. Incubation
with similar concentrations of Zn(II) or Fe(III) failed to
induce oligomerized Aβ species (C. S. Atwood et al., not
shown). Thus, the oligomers formed in the absence of added
Cu may result from the slow oxidation of Aβ during or after
synthesis due to trace Cu impurities which we have found
are present in the purification systems or buffers (2, 3; see
below).
Cu(I), formed by the reduction of Cu(II) stimulated by
binding to Aβ, generates H2O2 by transferring an electron
to O2 (3). To determine whether either the specific reduction
of metal ions or the specific production of reactive oxygen

FIGURE 1: Copper-induced oligomerization of human, but not rat,
Aβ peptides. (A) Human Aβ1-40 or Aβ1-42 (5 µM) was brought
to 150 mM NaCl and 66 mM phosphate (pH 7.4) with or without
Cu(II) (25 µM) and H2O2 (250 µM). (B) Rat Aβ1-40 was brought
to 150 mM NaCl and 66 mM phosphate (pH 7.4) with or without
Cu(II) or Fe(III) (25 µM). Samples were incubated at 37 °C for 1
day, and aliquots were analyzed by immunoblots (4G8 antibody).
Results are representative of three experiments.

species (ROS) was required for the generation of highmolecular mass Aβ species, we investigated whether the
presence or absence of H2O2 could modulate the Cu-induced
oligomerization of Aβ (Figure 1A). The level of oligomerization of Aβ1-40/42 in the presence of H2O2 alone was
equivalent to background levels (data not shown). However,
the addition of H2O2 in the presence of Cu(II) induced a
marked increase in the level of higher-molecular mass species
for both peptides (Figure 1A; >18 kDa), accompanied by a
decrease in the levels of monomeric Aβ. Two distinct highermolecular mass species of Aβ were generated under these
conditions. The levels of apparent dimeric (8.6 kDa) and
trimeric (13 kDa) bands of Aβ, present otherwise at only
low levels in the presence of Cu(II) alone, were increased
with added H2O2, and an apparent tetrameric species (17
kDa) was now present as well. Under these harsher oxidative
conditions [Cu(II) and H2O2], apparent higher-molecular
mass Aβ species (>17 kDa) were now also observed (Figure
1A), perhaps recruiting intermediate 8.6-17 kDa species.
To test whether metal ions could induce similar SDS
resistance of rat Aβ1-40, which contains three amino acid
substitutions [Arg5Gly, Tyr10Phe, and His13Arg (32)], rat
Aβ1-40 was incubated with Cu(II) and Fe(III) (Figure 1B).
In contrast to the effects of Cu(II) upon human Aβ1-40
and Aβ1-42 (Figure 1A), neither metal ion induced modifications of rat Aβ after 3 days as detected by immunoblot
analysis. The aggregation of rat Aβ1-40 by Cu(II) (1) and
the reduction of Cu(II) by rat Aβ1-40 are both markedly
attenuated compared to that of human Aβ (3). Taken
together, these results suggest that the generation of highermolecular mass Aβ species is dependent upon the specific
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FIGURE 3: Cu(II) induces dityrosine immunoreactivity of Aβ.
Synthetic Aβ1-40 and Aβ1-42 (5 µM in PBS, pH 7.4) were
incubated (37 °C, 1 day) with or without Cu(II) (25 µM) and H2O2
(250 µM). Aliquots were analyzed by immunoblots (1C3 antibody)
and immunosorbed with 10 µM purified N,N′-diacetyldi-L-tyrosine
(DADT) (bottom panel).
FIGURE 2: Aβ develops fluorescence following Cu-catalyzed
oxidation. Aβ1-40 and Aβ1-28 (10 µM) were incubated in PBS
(pH 7.4) with or without Cu(II) (25 µM) and H2O2 (250 µM) at 37
°C, and the fluorescent spectra (λex ) 300 nm, λem ) 350-500
nm) of each sample were recorded after 1 day. Results are
representative of three experiments.
Table 1: Cu-Catalyzed Oxidation of Rat Aβ Does Not Promote
Fluorescence Indicative of Tyrosine Cross-Linkinga

human Aβ1-40
human Aβ1-42
rat Aβ1-40

no addition

with Cu(II)

with Cu(II)
and H2O2

0.052 ( 0.006
0.062 ( 0.007
0.056 ( 0.006

0.080 ( 0.005
0.104 ( 0.013
0.048 ( 0.008

0.844 ( 0.027
0.506 ( 0.040
0.043 ( 0.011

a
Human Aβ1-40, human Aβ1-42, and rat Aβ1-40 (10 µM) were
incubated in PBS (pH 7.4) with or without Cu(II) (50 µM) and H2O2
(250 µM) at 37 °C, and the fluorescent spectra (λex ) 300 nm, λem )
400 nm) of each sample were recorded after 3 days. Results are means
( the standard deviation of the mean (n ) 3).

binding of Cu(II) by human Aβ, and the subsequent action
of H2O2 arising, in the in Vitro experiments, from reduction
of bound Cu(II) to Cu(I) and reduction of O2 by the latter.
Cu-Induced SDS-Resistant Aβ Oligomers Are TyrosineCross-Linked. Our data indicate that Aβ oligomerization is
stimulated by the generation of ROS. Since rat Aβ1-40
peptide was resilient to polymerization in the presence of
Cu (Figure 1B), it was likely that the Arg (position 5), Tyr
(position 10), and His (position 13) residues were involved
in Cu-induced cross-linking reactions of Aβ. Since oxidative
attack can promote the formation of a tyrosyl radical and
the formation of dityrosine, we tested whether the copperinduced oligomerization of Aβ was due to tyrosine crosslinking. To do this, we assessed samples containing Aβ with
or without Cu and H2O2 for the characteristic fluorescence
spectra of dityrosine. Analysis of Aβ1-40 (and Aβ1-28)
incubated with Cu(II) for 1 day indicated an increase in the
characteristic fluorescence for tyrosine cross-links, a signal
that was markedly enhanced by addition of H2O2 (Figure
2). A similar fluorescence pattern was observed for Aβ142 incubated under similar conditions (Table 1). Fluorescent
peaks also were detected when these samples were excited
at 350 nm (λex), suggestive of other conjugated cross-linked
species (not shown). We are currently pursuing this observation.
Since rat Aβ did not form SDS-resistant oligomers, we
tested rat Aβ1-40 for dityrosine fluorescence to confirm
that Cu oxidation did not form dityrosine-like fluorescence

in the absence of tyrosine. In contrast to human Aβ, no
increase was observed in the fluorescence signal of rat Aβ140 after incubation with H2O2 and Cu (Table 1), suggesting
that the fluorescent signal was specific for tyrosine oxidation
products of Aβ.
To estimate the percentage of dityrosine generated in these
reactions, we generated a dityrosine standard curve (y )
1.6574x + 0.0005, where y is in fluorescence units and x is
the micromolar concentration of dityrosine; r2 ) 0.998; λex
) 300 nm, λem ) 400 nm). The dityrosine content of Aβ140 increased by 0.25% after treatment with Cu(II) and 4.00%
after treatment with Cu(II) and H2O2 for 3 days. The
dityrosine content of Aβ1-28 increased by 0.16% after
treatment with Cu(II) and 3.38% after treatment with Cu(II)
and H2O2 for 3 days.
To verify that the fluorescent signal detected in these
reactions was in fact due to tyrosine cross-linking of Aβ,
we probed dot blots of these samples with the dityrosine
specific antibody 1C3 (Figure 3). A signal for dityrosine was
observed when Aβ1-40 or Aβ1-42 was incubated with both
Cu(II) and H2O2. Unlike Aβ1-40, Aβ1-42 incubated with
Cu for 1 day contained detectable dityrosine immunoreactivity, which was only faintly detectable in Aβ1-42 incubated alone. As noted above, the low background level of
dityrosine observed with Aβ1-42 alone likely results from
trace contamination of Cu in Aβ and buffers (3, 12, 13).
The specificity of antibody binding to dityrosine was
confirmed by preabsorbing the antibody with DADT (10
µM), and resulted in the loss of all dityrosine signals.
To analyze the cross-linking pattern of the oligomeric Aβ
species that formed, we ran these samples on an immunoblot.
This analysis revealed an increase in the level of dimeric
Aβ species (Mr ) 8.6 kDa) when Aβ1-40 was incubated
with Cu(II), and increases in dimeric (Mr ) 8.6 kDa), trimeric
(Mr ) 13 kDa), and higher oligomeric species when Aβ140 was incubated with Cu(II) and H2O2 [panels A (darker
exposure) and B (lighter exposure) of Figure 4]. No tyrosinecross-linked species were detected when Aβ1-40 was
incubated alone. As for Aβ1-40, Cu(II)-dependent increases
in the levels of oligomerized species also were observed for
Aβ1-42 (Figure 4A). However, in addition to dimeric Aβ142 species, trimeric and tetrameric Aβ1-42 species (Mr )
13 and 17 kDa, respectively) also were detected (Figure 4A).
H2O2 promoted the generation of higher-molecular mass
species of Aβ1-42 in the presence of Cu(II); however, there
was a decrease in signal intensity compared with Aβ1-40
incubated under similar conditions (see also Figure 3).

564 Biochemistry, Vol. 43, No. 2, 2004

FIGURE 4: Cu(II) induces dityrosine cross-linked, SDS-resistant Aβ
oligomerization. Aβ samples described in Figure 3 were analyzed
with Western blots (1C3 antibody). (A) A darker exposure illustrates
the oligomeric species of Aβ1-42 formed in the presence of Cu.
Exposure of Aβ1-42 to Cu and H2O2 under these conditions
sufficiently altered the peptide so that the level of antibody detection
was significantly decreased compared with that of Aβ1-40. (B) A
lighter exposure illustrates the formation of dimeric and trimeric
Aβ1-40 species in the presence of Cu and H2O2. Results are
representative of three experiments.

To confirm that Cu(II)-induced cross-linking of Aβ was
via tyrosine residues, Aβ1-40 (10 µM) was incubated with
Cu(II) (50 µM) in PBS (pH 7.4) for 3 days at 37 °C followed
by acid hydrolysis and formyl derivatization. HPLC analysis
of hydrolyzed and formylated samples indicated a peak at
∼17 min, identical to that for the formyl-derivatized dityrosine standard (Figure 5A,B). This peak was subsequently
identified using ESI-MS in both samples as N,N′,O-triformyldityrosine (Figure 5C,D) at m/z 444.8 ([M + H]+).
These results therefore indicate that Cu(II) induces the
formation of dityrosine between Aβ molecules.
Mechanism of Dityrosine Formation. The mechanism of
metal-mediated oxidative coupling of tyrosine to give DT
was recently shown to be affected by H2O2 and Cu(II), with
no dependence on the concentration of dissolved O2 (33).
These workers showed that whereas other metal-catalyzed
oxidation systems that induce Fenton chemistry could
transform tyrosine into oxygenated forms containing reactive
carbonyl groups (presumably quinones), these systems were
ineffective in producing dityrosine (33), apparently excluding
HO• as the effective oxidant in dityrosine formation.
Consistent with the published results, the Cu-mediated
oxidative coupling of AT to give DADT was here confirmed
to strictly require H2O2 in that the use of ascorbic acid and
O2 was ineffective whether a ligand (imidazole or ethylenediamine, to mimic peptide-bound Cu) was employed. The
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maximal absolute yield of DADT generated in 24 h at 25
°C was 1.5-2.0% under conditions where only 5-30% of
the AT was consumed. Interestingly, in the presence of
imidazole, the omission of Cu(II) from the incubations
inhibited (by ∼25%) but did not eliminate DADT formation.
On the other hand, inclusion of as little as 1 µM DTPA in
these cases completely eliminated DADT formation, suggesting that traces of transition metal present in the reagents
are sufficient to mediate oxidative AT coupling, thus showing
that the role of the metal is catalytic. Since this means that
the factor limiting the yield of DADT was not conversion
of the metal to inactive forms (assays also showed that the
H2O2 was not consumed), we suspected that the reaction
might just be slow. Indeed, the level of production of DADT
was shown to increase steadily over 140 h at 25 °C (Figure
6), where the inclusion of ethylenediamine, and to a lesser
extent imidazole, stimulated DADT formation relative to an
environment with no added ligand, consistent with the
improved redox activity of coordinated Cu. In these cases,
the additional presence of ethylene glycol (15 mM) improved
the yield in every case (Figure 6), apparently by suppressing
the consumption of starting AT (data not shown) that is
diverted to other oxidation products. Since ethylene glycol
is known to quench HO• radicals, the observed effect not
only further supports the noninvolvement of HO• in DT
formation but also suggests that HO• is responsible for the
oxidative side reactions that decrease the yield of dityrosine.
Substantial work on the chemistry of metal-catalyzed
oxidative coupling of phenols (e.g., ref 34) has revealed that
reactions proceed through the initial formation of metal
phenolate complexes. In our experiments in the absence of
added ligands, the addition of Cu(II) to the pH 7.4 buffer
resulted in immediate precipitation unless AT was also
present, strongly suggesting the formation of soluble Cu(II)tyrosinate complexes which lead to product DADT under
the influence of H2O2.
DISCUSSION
Cu Induces SDS-Resistant Aβ Oligomerization. Aβ binds
Cu with high affinity via histidine (6, 13, 14) and tyrosine
(10) residues (1, 2, 22) and produces H2O2 by catalyzing
the reduction of Cu(II) or Fe(III) (3, 4). We recently showed
that Cu oxidation conditions promote the modification of
both histidine and tyrosine residues (21). We have now
identified one of these oxidation products as dityrosine
(Figures 2-5), a cross-link that may partially explain the
Cu-induced SDS-resistant oligomerization of Aβ detected
on PAGE (Figures 1 and 4 and Table 1). We propose that
the generation of H2O2 by Aβ, and its interaction with Cu
coordinated to tyrosine and histidine residues, damages these
residues at least in part through reactions that lead to covalent
cross-linking. This leads to the formation of cross-linked
oligomers on PAGE (Figures 1, 3, and 4), a classical
characteristic of the Aβ amyloid extracted from AD brain
(6).
We have found that oxidation of Aβ species under these
conditions is dependent upon the binding and reduction of
Cu(II) by Aβ (3, 4) and the generation of H2O2 from the
Aβ-Cu(I) complex [regenerating the Aβ-Cu(II) complex],
since H2O2 individually does not induce Aβ oligomerization
(results not shown) or amino acid modification (21). Al-
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FIGURE 5: Detection of a dityrosine cross-link in Cu(II)-oxidized Aβ1-40 by HPLC and ESI-MS. (A) HPLC profile of Aβ1-40 either
untreated [without Cu(II)] or treated [with Cu(II)] with CuSO4 following acid hydrolysis and formyl derivatization. (B) HPLC profile of the
synthetic dityrosine standard following formyl derivatization. (C) ESI-MS spectrum of the main peak (#) identified by HPLC in the Aβ140/Cu(II) sample (A). (D) ESI-MS spectrum of the main peak (&) identified by HPLC in the dityrosine standard sample (B). Dityrosine
was detected as the N,N′,O-triformyldityrosine derivative (insets of panels C and D) at m/z 444.8 ([M + H]+).

FIGURE 6: Time-dependent formation of N,N′-diacetyldi-L-tyrosine
(DADT) in the H2O2 (5 mM)-mediated oxidation of N-acetyl-Ltyrosine (AT, 1 mM) catalyzed by Cu(II) (0.02 mM) in 0.1 M
phosphate buffer (pH 7.4) at 25 °C, in the absence (A, C, and E)
or presence (B, D, and F) of 15 mM ethylene glycol: (A and B)
no ligand, (C and D) 0.08 mM imidazole, and (E and F) 0.04 mM
ethylenediamine.

though Fe accumulates in amyloid plaques of the AD brain
(35), Fe(III) does not promote the oxidative modification of
Aβ (21), consistent with the finding that Fe does not mediate
dityrosine formation (33). Addition of Cu(II) to solutions
containing Aβ1-40 or Aβ1-42 results in the immediate
precipitation of these peptides into noncovalent aggregates
(1, 2). Our results indicate that the formation of the covalent
oligomeric species of 8.6, 13, and 17 kDa likely occurs over
time within these Aβ-Cu aggregates (Figure 1). The

detection of only the dimeric (8.6 kDa) species with the
dityrosine antibody however indicates that the higher oligomers represent further oxidation (and perhaps oxidative
coupling) of the dityrosine units in the Aβ dimers, since
antibody recognition would otherwise still be seen. Our
results do not preclude the involvement of alternative
oxidative tyrosine coupling products (e.g., isodityrosine and
pulcherosine which are generated by metal oxidation systems), or possibly the coupling of other amino acid residues.
Our fluorescence data support the presence of other, as yet
unidentified, conjugates in the cross-linked Aβ species.
Irrespective of the mechanism of cross-linking, the generation
of covalent oligomers of Aβ in amyloid deposits would lead
to increased resistance to proteolytic degradation and the
stabilization of Aβ. In this respect, rat Aβ, which did not
form oligomeric species, is of interest since the rat does not
develop cerebral Aβ deposits with age (32, 36).
Although fluorescence and immunoblot signals for Aβ140 and Aβ1-42 in the presence of Cu(II) were similar, in
the presence of Cu(II) and H2O2, the fluorescent signal for
Aβ1-42 was ∼70% of that of Aβ1-40 (Table 1), while
the level of immunoblot detection was lower again (Figure
4). The decreased fluorescence and immunoblot signals for
Aβ1-42 suggest either that dityrosine cross-linking of Aβ142 occurs more slowly than that of Aβ1-40 or that extensive
oxidative damage to the more redox active Aβ1-42 peptide
(3, 4) masks antibody and fluorescent detection. The generation of dityrosine fluorescence by the Aβ1-28-Cu aggregate
indicated that the C-terminus of Aβ was not essential for
dityrosine formation, especially in the presence of high
concentrations of H2O2 (Figure 2).
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Physiologically ReleVant Mechanisms of Dityrosine Formation. Two common biochemical pathways exist for the
generation of dityrosine cross-links: metal-catalyzed oxidative and peroxidase-mediated tyrosyl radical formation.
Results reported here and elsewhere (34) reveal a mechanism
for dityrosine formation mediated by Cu involving reaction
of H2O2 with pre-existing Cu(II)-tyrosinate complexes. This
reaction must generate species that have phenoxy radicallike character, which can undergo bimolecular coupling. The
H2O2 required for this reaction could originate from sources
such as activated microglia (11, 37), from impaired mitochondrial function (38, 39), or from Aβ itself (3, 4).
Consistent with a mechanism requiring coordination of Cu(II)
to the tyrosine phenol group, tyrosinate ligation to Cu(II) in
amyloid β-peptides has been observed by Raman spectroscopy (40). Although tyrosyl radicals could theoretically be
generated by diffusible HO•, the latter appears to be a less
efficient mechanism for generating dityrosine (41).
Alternatively, since dityrosine can be formed through the
action of peroxidases, it is possible that dimerization of Aβ
may be induced by peptide-bound Cu(II) with peroxidaselike activity, without the need for formation of a Cu(II)phenolate complex. The neocortex contains high levels of
transition metals (19, 42-46). In AD, the concentration of
each of these metal ions is 2-5-fold elevated in the neuropil,
and further elevated in amyloid plaques (19), and there is a
2.2-fold increase in Cu concentration in cerebrospinal fluid
(47). Given the high affinity of Aβ for Cu (1, 2), the
increased concentration of Cu in AD parenchyma and in
amyloid deposits itself (∼390 µM; 19) may be a reflection
of Cu binding to Aβ. It should be noted that the concentrations of both Cu and Aβ used in our studies were below
that detected in the AD brain [[Aβ] > 5 µM in brain tissue,
and is most likely higher in amyloid deposits (63)]. Importantly, unlike the case with other proteins, mildly acidic
conditions greatly promote the binding of Cu(II) to Aβ and
its subsequent aggregation (1, 2). We have shown that under
mildly acidic conditions (pH 6.6), redox active Cu effectively
displaces nearly all redox inert Zn from the Aβ complex (1,
2). The diseased inflammatory neurochemical milieu in AD
brain is characterized by acidosis (48) and oxidative stress
(49-53). These two factors may combine to release bound
Cu from proteins generally, and therefore are likely to
facilitate the inappropriate transfer of Cu to Aβ (and other
proteins). This could lead to excessive Aβ aggregation (1)
and oxidative damage within the aggregate (Figures 1-6).
A role for the peroxidase-like activity of redox metal ions
bound to senile plaques and neurofibrillary tangles has been
suggested by recent in situ work (54). Interdiction of
abnormal Cu-Aβ interactions may therefore hold therapeutic
promise in future treatments for AD. Indeed, we have
recently reported that administration of the hydrophobic Cu/
Zn chelator clioquinol to AβPP transgenic mice reverses
amyloid deposition (55).
Cross-linking of Aβ in amyloid deposits by enzymatic
peroxidation is another mechanism by which dityrosine crosslinks could form in amyloid deposits. Galeazzi et al. (56)
have previously reported that peroxidase treatment of millimolar concentrations of Aβ in the presence of H2O2
generated fluorescence indicative of dityrosine. Thus, activated microglial cells in the brain parenchyma closely
associated with amyloid deposits (57-59), and known to
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release H2O2 and myeloperoxidase, could lead to tyrosine
cross-linkage of Aβ. Indeed, we and others have reported
myeloperoxidase colocalized to both amyloid plaques (60,
61) and neurofibrillary tangles (61) in AD-affected brains,
but not in age-matched control sections. The contribution
of both Cu and peroxidative mechanisms to the 5-8-fold
elevation of the level of total dityrosine present in the AD
brain compared to normal control tissue (62) remains to be
determined.
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