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ABSTRACT. We have previously reported that amyloigs Athe 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. 27312817 12826; Atwood, C. S., et al. (2000) Neurochem. 751219~

1233] and produces 4@, by catalyzing the reduction of Cu(ll) or Fe(lll) [Huang, X., et al. (1999)
Biochemistry 387609-7616; Huang, X., et al. (1999). Biol. Chem. 27437111-37116]. Incubation

with Cu induces the SDS-resistant oligomerization gf[Atwood, C. S., et al. (2000Q). Neurochem. 75
1219-1233], a feature characteristic of neurotoxic solubfeeiXtracted from the AD brain. Since residues
coordinating Cu are most vulnerable to oxidation, we investigated whether modifications of these residues
were responsible for A cross-linking. SDS-resistant oligomerization of Aaused 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(ll) (at concentrations lower than that associated
with amyloid plaques) induces the generation of dityrosine-cross-linked, SDS-resistant oligomers of human,
but not rat, A8 peptides. The addition of #D, strongly promoted Cu-induced dityrosine cross-linking of
Ap1-28, A31-40, and A81—42, suggesting that the oxidative coupling is initiated by interaction of
H.0O, with a Cu(ll) 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 ittoAld be responsible for causing

the covalent cross-linking of Ain these structures.

The amyloid lesions of AD are primarily composed g§ A Synthetic A31—40 and A31—42 normally migrate as mono-
(5, 6), a 39-43-amino acid protein that is a normally soluble mers on SDSPAGE (12) but form higher-molecular mass
protein found in biological fluids{—9). Although AS from species upon incubation?, 13), a process that is accelerated
biological fluids migrates as an4 kDa monomer on SDS by added Cu(ll) 2) and exposure to oxidative systenigl(
PAGE ), AS extracted from the AD-affected post mortem 15). The chemical nature of the modifications and the specific
brain specimens migrates on sodium dodecyl suifate neurochemical mechanism(s) responsible for these oligo-
polyacrylamide gel electrophoresis (SBBAGE) as SDS-, merized AG species are unknown.
urea-, and formic acid-resistant oligomers, (10, 11). We have been studying Cu, Zn, and Fe as abundant
neurochemicals that interact withpA1, 16—18). We have
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tyrosine and histidine residueg1), which are known to of the experiment. The concentrations of stogk geptides
coordinate Cu in £ (1, 22). We therefore hypothesized that were determined by the spectrophotometric absorbance at
in the elevated Cu~400uM; 19, 20) environment of the 214 nm or by a Micro BCA protein assay (Pierce, Rockford,
senile plaque, there may be an increased likelihood of IL) as previously describedl). Prior to use, all buffers and
oxidative damage of amino acids that coordinate Cu, stock solutions of metal ions were filtered though a Q&2
mediated by HO, perhaps in part generated by the redox filter (Gelan Sciences, Ann Arbor, MI) to remove particulate
cycling of the same Cu. We report here that & tyrosine matter. Metal ions were used as either the chloride salt or
cross-linked by Cu at concentrations lower than those the copperglycine complex (1:2 molar ratio). All other
detected in senile plaquesa vivo (19), resulting in the reagents were analytical grade or purer.

generation of oligomeric A species. Model Studies on the Cu(ll)-Mediated OxidatiCoupling
of N-Acetylt-tyrosine (AT)Various combinations of AT (0.5
EXPERIMENTAL PROCEDURES mM), CuSQ or CuCh (0—-0.125 mM), ligand (imidazole

Reagents and APeptide Preparation. W -Diacetyldi-  °F &thylenediamine, up to 0.5 mM), and® (up to 10 mM)

L-tyrosine (DADTY has been prepared on an analytical high Were incubated at 2% for 48 hin 0.1 M photlng_phate buffer |
performance-liquid chromtography (HPLC) scale by direct (pH 7.4). In some reaction mixtures, an additive (mannito

photochemicalZ3) or HRP- and HO,-mediated 24) oxida- or et.hylene gly.col as OHscaver)gers) or chelator [EDTA
tive coupling ofN-acetyl+-tyrosine (AT), but production on or diethylenetriaminepentaacetic acid (DTPA)] was also

a preparative scale was achieved here according to modificafd’resem' %onsumpt_ion of QT was ass(,jes;]sedl blilj me hitoring the
tions of established procedures. BriefNracetyl-3,5-diiodo- ecreased absorption at 75 hm, and the yield o DAD.T was
L-tyrosine (ADIT) was first prepared either by iodination of estimated by the emission intensity at 410 nm with excitation

AT with iodosuccinimide or by acetylation of 3,5-diiode- at 320 nm, relative to a standard curve constructed with
tyrosine. Then ADIT was oxidatively coupled using HRP authentic DADT' L
and HO,, providing a mixture of the desired biphenol and Preparation and Characterization offAExposed to Redox

an undesired spirocyclohexadienone side product which is SIréSSOrsAf stock solutions were diluted t0-8.0 uM in
reducedin situ to the biphenol with NaHS©(25). In our  BS [50 mM phosphate and 150 mM NaCl (pH 7.4)] and

hands, the 8 mmol scale reaction gave optimal yields using ncubated with combinations of Cu(ll), Fe(lll), and;®
25% rather than 10% acetonitrile in pH 6 aqueous phosphatef©r 0—5 days at 37C. Aj solutions were analyzed for the
presence of fluorescent compounds using an SLM-Aminco

buffer. The resulting 3,3diiodo-N,N'-diacetyldi+-tyrosine ) . ,

was hydrogenated to DADT in 50% methanolic acetic acid, fluorimeter (Spectronic Instruments, Milton Roy Co.). DT,

which gave much better yields than the aqueous methanolictrityrosine, and pulcherosine have characteristic emission
spectra fex = 300 nm,Aem = 350-500 nm) that are quite

HCI d for hyd ti f the di-CBZ [P)
USeT Tor Ayrrogenation o e d compourab) distinct from those of tyrosine and tryptophan, which do not

Conversion of DADT to di-tyrosine (DT) was accom- . .
plished by heating a solution of DADT in a 1:1 mixture of fluoresce at these wavelengths. There was a linear increase
: in fluorescence with increasing dityrosine concentration

tetrahydrofuran and concentrated HCI at reflux4d under
between 0 and &M.

argon. Complete evaporation of the solvent yielded the di- . . .
HCI salt of DT. Immunoblot AnalysisAliquots of each reaction mixture

_ _ . 200 ng of peptide) were collected into-330 4L of sample
Human A31—-40 and A61—42 were synthesized and ( .

purified by HPLC and characterized by amino acid analysis buffer (containing 40/_0 SDS and Sgemercaptoethanol) and
and mass spectroscopy by the W. M. Keck Foundation heated to 95C (5 min). Samples were loaded and run on

; : ; SDS-PAGE (Tricine gels, from 10 to 20%; Novex, San
Biotechnology Resource Laboratory (Yale University, New = .
Haven, CT). Both peptides were identified as a single peak E'%go’ C.A)' E'ansf?rrecicg\o fl?VIé)F _rReTbrar}zsh(IZlo-li;d
upon HPLC and exhibited no chemical modification. Rat aboratories, Hercules, CA), fixed with glutaraldehyde (1%,

_ _ Iv), blocked with milk (10%, w/v), and then probed with a
AB1—40 and human A1—28 were purchased from AnaSpec v . g

(Sﬂan Jose, CA). The sequence of each peptide is show o_noclonal ant|b_ody ggamstﬁ&(468; Senetek, Maryland
below ' eights, MI) or dityrosine (G6 or 1C3R{) overnight at 4

°C. The blot was then incubated with an anti-mouse HRP
. 10 20 30 0 conjugate (Pierce) fo2 h atroom temperature, and devel-
oped with ECL reagent (1 min; Amersham, Little Chalfont,
England) or Supersignal Ultra (5 min; Pierce) by following
Human AB1-42  DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA the manufacturer’s instructions. The chemiluminescent signal
Rat ABI-40 DAEFGHDSGFEVRHQKLVFFAEDVGSNKGAIIGLMVGGVV was captured on autoradiographs (Kodak). Molecular size
markers are from Amersham (Arlington Heights, IL).

For dot blots, 5ug of sample was loaded onto a methanol-
wetted 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 loniza-
tion Mass Spectrometry (ESI-M3)f stock solutions were

! Abbreviations: ADIT N-acetyl-3,5-diioda--tyrosine; AT,N-acetyl- diluted to ]-.OMM n -PBS (pH 7.4) and incubated with Cu(ll
L-tyrosine; DADT,'N,N'-diacetyldit-fyrosine; PBS, pho’sph:';\te-buffered (50 uM) with or without H,0, (ZSQMM) for 3 .days at 37.
saline; ROS, reactive oxygen species; SPAGE, sodium dodecyl  ~C- The samples (206L) were subjected to acid hydrolysis
sulfate-polyacrylamide gel electrophoresis. in the presencefd® N HCI under nitrogen at 11€C for 24

Human AB1-40 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV

Human AB1-28 DAEFRHDSGYEVHHQKLVFFAEDVGSNK

Synthetic AG peptide solutions were dissolved in doubly
deionized water at a concentration of 850 mg/mL,
sonicated for 3 min, and then centrifuged for 20 min at
1000@, and the supernatant (stocl8Awas used on the day
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h. The hydrolysates were dried by vacuum, and were formyl A AB1-40 AB1-42
derivatized in the presence of 24 of 0.1% formic acid ’ ey o
for 2 h at 40°C to enable the analysis of dityrosine by reverse - - ad"HO, - - ol HO,
phase HPLC on a C18 column (see below). The chemically
synthesized dityrosine (04g), derivatized under identical
conditions, was used as a standard. Samples were separated
by HPLC on a microbore column (C18agu, 100 A, 1.0

mm x 150 mm, Michrom BioResources) at aQ/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 ESI-
MS. ESI-MS was performed with an ion trap LCQ mass
spectrometer (LC&’°, 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 Ll Il }
capillary temperature and sheath gas pressure were set at 0d  3d Od 3d
160 °C and 80 psi, respectively. An MS scam/¢ 150 Incubation Time
2000) was performed in the positive ion acquisition mode B . Cu?t g3t

to detect intact molecular ions. The formyl derivative of

dityrosine (N,N',O-triformyldityrosine) was detected as [M -14.3
+ H]* atm/z 445. The identification oN,N',O-triformyldi-
tyrosine was further confirmed by collision-induced dis-
sociation using the tandem MS/MS scan.

— 46
- 30

-215
- 143

—-6.5
—34

- 6.5
- 3.4

RESULTS Ficure 1: Copper-induced oligomerization of human, but not rat,
Ap peptides. (A) Human A1—40 or AG1—-42 (5uM) was brought
; _ ; to 150 mM NaCl and 66 mM phosphate (pH 7.4) with or without
Copper Induces the Forr’r;]anon of SDS Rlesnstac;?t Ad Cu(ll) (25M) and HO, (250.M). (B) Rat AB1—40 was brought
SpeciesA(1—40 represents the most commonly produced ;150 mm NaCl and 66 mM phosphate (pH 7.4) with or without

form of AB (28). Immunoblot analysis of A1—40 in PBS Cu(ll) or Fe(lll) (25uM). Samples were incubated at 3C for 1

(pH 7.4), incubated for O or 3 days, indicated the presenceday, and aliquots were analyzed by immunoblots (4G8 antibody).
of a small amount of dimeric (8.6 kDa)A The effects of Results are representative of three experiments.

metal ion oxidation were tested by incubating4-40 with

or without Cu(ll) (25uM). Immunoblot analysis of samples
incubated with Cu(ll) revealed an increase in higher-
molecular mass A species within 24 h (Figure 2), and
levels continued to increase with time (data not shown).
Apparent dimeric, trimeric, and tetrameric species had

relative molecular massed() of approximately 8.6, 13.0, the addition of HO; in the presence of Cu(ll) induced a

and 17 kDa, respectively. marked increase in the level of higher-molecular mass species
Ap1—42is enriched in senile plaque& 29-31). We next  for both peptides (Figure 1A: 18 kDa), accompanied by a
compared the ability of Cu(ll) to modify Al—42. Unlike  decrease in the levels of monomerif.A'wo distinct higher-
ApB1-40 where Cu(ll) induces the formation of a 8.6 kDa molecular mass species ofgAvere generated under these
species first, f1—42 forms a species that migrates with an  conditions. The levels of apparent dimeric (8.6 kDa) and
apparent molecular mass of 13.0 kDa in the presence oftrimeric (13 kDa) bands of A, present otherwise at only
Cu(ll) (2). Longer incubations X3 days) resulted in the  |ow levels in the presence of Cu(ll) alone, were increased
appearance of an 8.6 kDa band, and apparent higherith added HO,, and an apparent tetrameric species (17
molecular mass polymeric species1(3 kDa; Figure 1A).  kDa) was now present as well. Under these harsher oxidative
Since >90% of the A81-42 present is instantaneously conditions [Cu(ll) and HO;], apparent higher-molecular
aggregated when it is incubated with Cu(IB),(the slow  mass A species ¢ 17 kDa) were now also observed (Figure
modification of Aﬂ that causes SDS resistance most ||k6|y 1A), perhaps recruiting intermediate 867 kDa Species_
occurs while the peptide is in an aggregated state. Incubation Tg test whether metal ions could induce similar SDS
with similar concentrations of Zn(ll) or Fe(lll) failed to  resjstance of rat f1—40, which contains three amino acid
induce oligomerized A species (C. S. Atwood et al., not  gypstitutions [Ar§Gly, Tyrl%he, and Hi$Arg (32)], rat
shown). Thus, the oligomers formed in the absence of addedA51_40 was incubated with Cu(ll) and Fe(lll) (Figure 1B).
Cu may result from the slow oxidation offAduring or after In contrast to the effects of Cu(ll) upon humaBB-40
synthesis due to trace Cu impurities which we have found gng A31—42 (Figure 1A), neither metal ion induced modi-
are present in the purification systems or buff&s3 see fications of rat A3 after 3 days as detected by immunoblot
below). analysis. The aggregation of ragA—40 by Cu(ll) (1) and
Cu(l), formed by the reduction of Cu(ll) stimulated by the reduction of Cu(ll) by rat £1—40 are both markedly
binding to A5, generates kD, by transferring an electron  attenuated compared to that of humarB A3). Taken
to O, (3). To determine whether either the specific reduction together, these results suggest that the generation of higher-
of metal ions or the specific production of reactive oxygen molecular mass A species is dependent upon the specific

species (ROS) was required for the generation of high-
molecular mass A species, we investigated whether the
presence or absence 0f®} could modulate the Cu-induced
oligomerization of A8 (Figure 1A). The level of oligomer-
ization of A31—40/42 in the presence of B, alone was
equivalent to background levels (data not shown). However,
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0.6 Cu(ll)
- Cu(ll) + H202
1. AB1-40 m—m—
051 2. AB1-40 + Cu(ll) AR1-40 3
" 3. AB1-40 + Cu(ll) + H,0,
= 4. AB1-28 AR1-42
5 04r 5. AB1-28 + Cu(ll) -~
g 6. AB1-28 + Cu(ll) + HZDZ
E 03F Pre-absorbed AB1-40 ¥ 4
3 with DA-DT | oo )
S 0.2 ) ) . o .
T Ficure 3: Cu(ll) induces dityrosine immunoreactivity of fA
-3 Synthetic A31—40 and A51—-42 (5uM in PBS, pH 7.4) were
0.1} —s incubated (37C, 1 day) with or without Cu(ll) (2%M) and HO,
2 (250uM). Aliquots were analyzed by immunoblots (1C3 antibody)
>‘%_____=_::f— s and immunosorbed with 10M purified N,N'-diacetyldit+-tyrosine
:4

0
350 370 390 410 430 450 470 4 (DADT) (bottom panel).

Emission Wavelength ] ]

Ficure 2: AB develops fluorescence following Cu-catalyzed n the absence of tyrosine. In contrast to.humq&, Ao
oxidation. A31—40 and A81—28 (10uM) were incubated in PBS  increase was observed in the fluorescence signal of/iat-A
(pH 7.4) with or without Cu(ll) (25«M) and HO, (250uM) at 37 40 after incubation with kD, and Cu (Table 1), suggesting
°C, and the fluorescent spectre(= 300 nm, em = 350-500 that the fluorescent signal was specific for tyrosine oxidation
nm) of each sample were recorded after 1 day. Results areproducts of A9.
representative of three experiments, To estimate the percentage of dityrosine generated in these
reactions, we generated a dityrosine standard cuyve (
1.6574& + 0.0005, wherg is in fluorescence units andis
the micromolar concentration of dityrosing;= 0.998; /e
= 300 nm,Aem = 400 nm). The dityrosine content offA—
human A1—40 0.052+ 0,006 0.080- 0.005 0,844t 0,027 40 increased by 0.25% after treatment with Cu(ll) and 4.00%
human 8142 0.062+ 0.007 01040013 0506t0040  &iter treatment with Cu(ll) and #, for 3 days. The
rat AB1—40 0.056+ 0.006 0.048F 0.008 0.043F 0.011 dityrosine content of A1—28 increased by 0.16% after

2 Human AB1—40, human #1—42, and rat A1—40 (10zM) were treatment with Cu(ll) and 3.38% after treatment with Cu(ll)

incubated in PBS (pH 7.4) with or without Cu(ll) (3M) and HO, and RO, for 3 days.

Table 1: Cu-Catalyzed Oxidation of RappADoes Not Promote
Fluorescence Indicative of Tyrosine Cross-Linking

with Cu(ll)
no addition with Cu(ll) and HO,

(250 uM) at 37°C, and the fluorescent spectra,(= 300 nm,lem = To verify that the fluorescent signal detected in these
400 nm) of each sample were recorded after 3 days. Results are meangeactions was in fact due to tyrosine cross-linking ¢f, A
+ the standard deviation of the mean<t 3). we probed dot blots of these samples with the dityrosine

specific antibody 1C3 (Figure 3). A signal for dityrosine was
binding of Cu(ll) by human £, and the subsequent action observed when A1—40 or A31—-42 was incubated with both
of H,O; arising, in thein vitro experiments, from reduction  Cu(ll) and HO,. Unlike A31—40, A31—42 incubated with
of bound Cu(ll) to Cu(l) and reduction of by the latter. Cu for 1 day contained detectable dityrosine immunoreac-
Cu-Induced SDS-Resistanf ligomers Are Tyrosine-  tivity, which was only faintly detectable in A1—42 incu-
Cross-LinkedOur data indicate that /A oligomerization is bated alone. As noted above, the low background level of
stimulated by the generation of ROS. Since rgtlA40 dityrosine observed with AL—42 alone likely results from
peptide was resilient to polymerization in the presence of trace contamination of Cu in /Aand buffers 8, 12, 13).
Cu (Figure 1B), it was likely that the Arg (position 5), Tyr The specificity of antibody binding to dityrosine was
(position 10), and His (position 13) residues were involved confirmed by preabsorbing the antibody with DADT (10
in Cu-induced cross-linking reactions offASince oxidative ~ «M), and resulted in the loss of all dityrosine signals.
attack can promote the formation of a tyrosyl radical and  To analyze the cross-linking pattern of the oligomerjg¢ A
the formation of dityrosine, we tested whether the copper- species that formed, we ran these samples on an immunoblot.
induced oligomerization of & was due to tyrosine cross- This analysis revealed an increase in the level of dimeric
linking. To do this, we assessed samples containifiguith Ap species I, = 8.6 kDa) when #81—40 was incubated
or without Cu and HO, for the characteristic fluorescence with Cu(ll), and increases in dimerit/ = 8.6 kDa), trimeric
spectra of dityrosine. Analysis of —40 (and A31—28) (M, = 13 kDa), and higher oligomeric species whefilA-
incubated with Cu(ll) for 1 day indicated an increase in the 40 was incubated with Cu(ll) and.B, [panels A (darker
characteristic fluorescence for tyrosine cross-links, a signal exposure) and B (lighter exposure) of Figure 4]. No tyrosine-
that was markedly enhanced by addition ofCd (Figure cross-linked species were detected whefilA40 was
2). A similar fluorescence pattern was observed @A incubated alone. As for AL—40, Cu(ll)-dependent increases
42 incubated under similar conditions (Table 1). Fluorescent in the levels of oligomerized species also were observed for
peaks also were detected when these samples were excited1—42 (Figure 4A). However, in addition to dimerigbA—
at 350 nm £ex), suggestive of other conjugated cross-linked 42 species, trimeric and tetrameri@@&-42 speciesNl, =
species (not shown). We are currently pursuing this observa-13 and 17 kDa, respectively) also were detected (Figure 4A).
tion. H,O, promoted the generation of higher-molecular mass
Since rat A did not form SDS-resistant oligomers, we species of £1—42 in the presence of Cu(ll); however, there
tested rat £1—40 for dityrosine fluorescence to confirm was a decrease in signal intensity compared wiftiA40
that Cu oxidation did not form dityrosine-like fluorescence incubated under similar conditions (see also Figure 3).
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Ficure 4: Cu(ll) induces dityrosine cross-linked, SDS-resistafit A
oligomerization. 48 samples described in Figure 3 were analyzed
with Western blots (1C3 antibody). (A) A darker exposure illustrates
the oligomeric species of #1—42 formed in the presence of Cu.
Exposure of #81—42 to Cu and HO, under these conditions
sufficiently altered the peptide so that the level of antibody detection
was significantly decreased compared with that 81A40. (B) A
lighter exposure illustrates the formation of dimeric and trimeric
ApB1-40 species in the presence of Cu angDh Results are
representative of three experiments.

od

To confirm that Cu(ll)-induced cross-linking of Awas
via tyrosine residues, AL—40 (10uM) was incubated with
Cu(ll) (50uM) in PBS (pH 7.4) for 3 days at 37C followed
by acid hydrolysis and formyl derivatization. HPLC analysis

Atwood et al.

maximal absolute yield of DADT generated in 24 h at 25
°C was 1.5-2.0% under conditions where only-30% of

the AT was consumed. Interestingly, in the presence of
imidazole, the omission of Cu(ll) from the incubations
inhibited (by~25%) but did not eliminate DADT formation.
On the other hand, inclusion of as little ag!¥1 DTPA in
these cases completely eliminated DADT formation, sug-
gesting 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
H,O, 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@¥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 HOradicals, the observed effect not
only further supports the noninvolvement of Hd DT
formation but also suggests that Hi® 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., réfl) 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(ll) to the pH 7.4 buffer
resulted in immediate precipitation unless AT was also
present, strongly suggesting the formation of soluble Cu(ll)
tyrosinate complexes which lead to product DADT under
the influence of HO..

DISCUSSION
Cu Induces SDS-Resistant ®ligomerization A binds

of hydrolyzed and formylated samples indicated a peak at Cu with high affinity via histidine §, 13, 14) and tyrosine

~17 min, identical to that for the formyl-derivatized di-

(10) residues 1, 2, 22) and produces $D, by catalyzing

tyrosine standard (Figure 5A,B). This peak was subsequentlythe reduction of Cu(ll) or Fe(ll), 4). We recently showed

identified using ESI-MS in both samples &N',O-tri-
formyldityrosine (Figure 5C,D) atv/z 444.8 ([M + H]™).

that Cu oxidation conditions promote the modification of
both histidine and tyrosine residue®l). We have now

These results therefore indicate that Cu(ll) induces the identified one of these oxidation products as dityrosine

formation of dityrosine between/Amolecules.

Mechanism of Dityrosine Formatioifhe mechanism of
metal-mediated oxidative coupling of tyrosine to give DT
was recently shown to be affected by®4 and Cu(ll), with

(Figures 2-5), a cross-link that may partially explain the
Cu-induced SDS-resistant oligomerization of Aetected

on PAGE (Figures 1 and 4 and Table 1). We propose that
the generation of kD, by AB, and its interaction with Cu

no dependence on the concentration of dissolved33). coordinated to tyrosine and histidine residues, damages these

These workers showed that whereas other meta|_cata|yzed'eSidueS at least in part through reactions that lead to covalent

oxidation systems that induce Fenton Chemistry could Cross—linking. This leads to the formation of cross-linked

transform tyrosine into oxygenated forms containing reactive oligomers on PAGE (Figures 1, 3, and 4), a classical

Carbony| groups (presumab|y quinones), these Systems Wer@haracteristic of the A amleld extracted from AD brain

ineffective in producing dityrosine3@), apparently excluding ~ (6)-

HO" as the effective oxidant in dityrosine formation. We have found that oxidation of Aspecies under these
Consistent with the published results, the Cu-mediated conditions is dependent upon the binding and reduction of

oxidative coupling of AT to give DADT was here confirmed Cu(ll) by AS (3, 4) and the generation of 4@, from the

to strictly require HO, in that the use of ascorbic acid and AS—Cu(l) complex [regenerating thefA-Cu(ll) complex],

0O, was ineffective whether a ligand (imidazole or ethylene- since HO, individually does not induce Aoligomerization

diamine, to mimic peptide-bound Cu) was employed. The (results not shown) or amino acid modificatioR1). Al-
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though Fe accumulates in amyloid plaques of the AD brain
(35), Fe(lll) does not promote the oxidative modification of
AP (21), consistent with the finding that Fe does not mediate
dityrosine formation §3). Addition of Cu(ll) to solutions
containing A31—40 or A31—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 g—Cu aggregates (Figure 1). The

identified by HPLC in the dityrosine standard sample (B). Dityrosine
anels C and D)nalz 444.8 (M + H]™").

detection of only the dimeric (8.6 kDa) species with the
dityrosine antibody however indicates that the higher oli-
gomers represent further oxidation (and perhaps oxidative
coupling) of the dityrosine units in the Adimers, 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 sys-
tems), or possibly the coupling of other amino acid residues.
Our fluorescence data support the presence of other, as yet
unidentified, conjugates in the cross-linkeds Apecies.
Irrespective of the mechanism of cross-linking, the generation
of covalent oligomers of A in amyloid deposits would lead

to increased resistance to proteolytic degradation and the
stabilization of AG. In this respect, rat A which did not
form oligomeric species, is of interest since the rat does not
develop cerebral A deposits with age32, 36).

Although fluorescence and immunoblot signals fgtlA-
40 and A31—-42 in the presence of Cu(ll) were similar, in
the presence of Cu(ll) and.B,, the fluorescent signal for
Ap1—42 was~70% of that of A31—40 (Table 1), while
the level of immunoblot detection was lower again (Figure
4). The decreased fluorescence and immunoblot signals for
Ap1—-42 suggest either that dityrosine cross-linking @f1A-
42 occurs more slowly than that ofp)A—40 or that extensive
oxidative damage to the more redox activelA-42 peptide
(3, 4) masks antibody and fluorescent detection. The genera-
tion of dityrosine fluorescence by thesA—28—Cu aggregate
indicated that the C-terminus of/Awas not essential for
dityrosine formation, especially in the presence of high
concentrations of kD, (Figure 2).
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Physiologically Releant Mechanisms of Dityrosine For-  release HO, and myeloperoxidase, could lead to tyrosine
mation. Two common biochemical pathways exist for the cross-linkage of &. Indeed, we and others have reported
generation of dityrosine cross-links: metal-catalyzed oxida- myeloperoxidase colocalized to both amyloid plaqug (
tive and peroxidase-mediated tyrosyl radical formation. 61) and neurofibrillary tangles6() in AD-affected brains,
Results reported here and elsewh&4# (eveal a mechanism  but not in age-matched control sections. The contribution
for dityrosine formation mediated by Cu involving reaction of both Cu and peroxidative mechanisms to the85old
of H,O, with pre-existing Cu(ll)-tyrosinate complexes. This  elevation of the level of total dityrosine present in the AD
reaction must generate species that have phenoxy radicalbrain compared to normal control tissl&?) remains to be
like character, which can undergo bimolecular coupling. The determined.

H,O, required for this reaction could originate from sources
such as activated microglid {, 37), from impaired mito- ~ ACKNOWLEDGMENT

chondrial function 88, 39), or from AS itself (3, 4). ESI-MS was performed at the Mass Spectrometry Core
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