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ABSTRACT: The brains of individuals diagnosed with Alzheimer’s disease (AD) are characterized by
amyloid plaques, of which the major component is Af peptide. Excessive Cu and Fe ions binding to A
were suggested to have a deleterious effect on promoting both the aggregation of AS and the generation
of reactive oxygen species (ROS). Other studies suggested that AS plays a protective role by acting as an
antioxidant at nanomolar concentrations. The apparent confusion regarding the antioxidant and pro-
oxidant properties of Af49 encouraged us to explore the modulatory role of Af4 at the molecular level
under oxidative stress conditions. Here, we focused on Afy in the simplest oxidative system, namely,
Cu(I)/Cu(Il)/Fe(I)-H,0O,. Using ESR, we monitored the production of OH radicals in the above-
mentioned systems in the presence of Af49. We found that AfSy, either in its soluble or in its aggregated
form, functioned as a remarkably potent antioxidant in Cu(l)/Fe(II)-catalyzed radical-producing
systems and slightly less potently in the presence of Cu(Il) with ICsq values of 13—62 uM. Af4 proved
to be 3.8—6.5 and 15—42 times more potent than the soluble Af,g and the potent antioxidant Trolox,
respectively, in the Cu(l)/Fe(II)-H,O, systems. Time-dependent enhancement of ROS production by
Af400occurs only atlow concentrations of aggregated Af49and in the presence of Cu(II). On the basis of
the extremely low ICs, values of A4, and the extensive oxidative damage caused to Af4q in Cu(I)/Fe
(I1)-H»0O, systems, we propose that radical scavenging is the major mechanism of antioxidant activity
of AB4o in addition to metal ion chelation. In summary, Af4, either soluble or aggregated, at either
nanomolar or micromolar concentrations is a highly potent antioxidant in cell-free oxidative systems,
acting mainly as a radical scavenger. Therefore, we propose that it is not the AB4—Cu(l)/Fe(II)
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complex per se that is responsible for the oxidative damage in AD.

The brains of individuals diagnosed with Alzheimer’s
disease (AD)" are characterized by amyloid plaques, of
which the major component is amyloid 5 (Af) peptide, a
39—43-amino acid residue peptide (/,2). Amyloid deposi-
tion was suggested to be a critical step in the neurodegen-
erative process associated with AD (3). In addition, AD
brain tissue is characterized by unusually high concentra-
tions of zinc, copper, and iron ions (4). Thus, Cu(II) and Fe
(IIT) have been found at concentrations of ~0.4 and 1 mM,
respectively, in amyloid plaques (9).

Excessive Cu(Il) binding, and to a lesser extent Fe(III)
binding (6), to A was suggested to have a deleterious
effect on promoting the aggregation and redox activities of
the Af proteins (7). A was shown to be neurotoxic in vitro
when incubated with Cu(IT) or Fe(III) (8,9). Several studies
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showed that the structural transition (from random coil to
f-sheet) from monomeric to fibrillar peptide was required
for toxicity (/0,11). Other studies indicated that the pre-
sence of transition metals may be required for both ApS
fibrillization and the initiation of reactive oxygen species
(ROS) generation (12).

ROS, such as OH radicals, were proposed to trigger
neurotoxicity in AD (/3,/4). OH radicals may be formed
by the Fe(II) or Cu(I) ion-catalyzed H,O, decomposition
(Fenton reaction): Fe(Il) + H,O, — Fe(Ill) + "OH +
OH™ (15-17).

The decomposition of H,O, to produce *OH is also indu-
ced by Cu(Il) or Fe(III) ions (Haber—Weiss-like mechan-
ism) (/8—20), shown here for Cu(Il) ion (eqs 1—4) (21,22):

Cu(Il) + H,O, — Cu(I)'O,H + H* (1)
Cu(T)'02H + H,0, — Cu(l) + 0, +"OH + H,0 (2)

Cu(I) + H,0, — Cu(Il) +*OH +OH~  (3)

3H,0, — O, +2°0H + 2H,0 4)
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The reduction of Cu(ll) and Fe(Ill) ions in the ApB
complex, to form the reactive Cu(I) and Fe(Il) ions,
respectively, was proposed to occur by either Met35 in
APBaoja2(23,24) or cellular reductants (25). This reduction of
the Af-coordinated metal ions (26) allows the Af—metal
ion complex to produce in vitro H,O, from O, (24), and
subsequently OH radicals from H,O, decomposition (24).
Thus, the Af—metal ion complex acts as an oxidant, as
shown for cell cultures in the presence of Cu(Il) (8,27).

On the other hand, significant evidence indicates the
contrary, that the formation of diffuse amyloid plaques
may be considered as a compensatory response that re-
duces oxidative stress (28,29) and that the accumulation of
Ap in the AD brain may be related to an increased
oxidative challenge (30). This finding suggests an antiox-
idant function of Ap.

Atwood et al. reviewed the evidence pointing at either
the antioxidant or oxidant function of Af4g4> and pro-
posed the following solution to the apparent contradiction
concerning the oxidant or antioxidant function of Aj (31):

The increased generation of A following oxidative
stress indicates a response to preserve normal cellular
function by reducing oxidative insults. However, at some
threshold level of ROS generation, efficient removal of
Apf—metal complexes would be overtaken by their dispro-
portionably high level of generation, resulting in the un-
controllable growth of plaques. This growth consequently
may overwhelm antioxidant defense systems incapable of
handling the accumulation of H,O,. Thus, Af—Cu depos-
its are predicted to be neurotoxic if H>O, is produced
above the threshold level of removal. This activity resultsin
a vicious cycle of increased Af generation and ROS
production leading to neurotoxicity (32).

Therefore, to accelerate oxidation, Af must be present at
concentrations that greatly exceed those normally mea-
sured in biological fluids or tissues (i.e., micromolar vs
nanomolar) (33,34). This finding has been reported for
cerebrospinal fluid, where Af acts as an antioxidant at
concentrations of 0.1—1.0 nM, while at higher Af con-
centrations, its antioxidant action is abolished (35).

The apparent confusion regarding the antioxidant
and pro-oxidant properties of Af4y4> emphasizes the
urgent need to systematically explore the modulatory role
of Af4¢4> under oxidative stress conditions.

Recently, we studied, using ESR, the modulation of
Cu/Fe-induced H>O, decomposition by AfS;_»g (Afg), a
soluble model of Af4o/4> (36). We found that the addition
of H,O, to 0.6 nM to 360 uM Ap,g solutions containing
100 uM Cu(II), Cu(I), or Fe(II) at pH 6.6 resulted in a
concentration-dependent inhibition of OH radical forma-
tion with ICs, values of 61, 59, and 84 uM, respectively.
Furthermore, AfS,5 reduced 90% of *OH production in the
Cu(I)-H»O, system in 5 min. Unlike soluble ApSg, the
Ap2s—Cu(l) aggregate exhibited poor antioxidant activity.
On the basis of the analysis of the time-dependent percen-
tage of oxidized Apfg [formed in the Cu(l)/Fe(Il)-H,O,
systems], we proposed that the mechanism of antioxidant
activity of soluble Af,g is two-fold. The primary (rapid)
mechanism involves metal ion-chelation, whereas the sec-
ondary (slow) mechanism involves *OH scavenging and
the subsequent oxidation of Cu(Fe)-coordinating ligands
(His6, His13, His14, and Tyr10).
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Our findings, indicating the potent antioxidant activity
of soluble A, in cell-free systems, encouraged us to study
the modulatory properties of the endogenous peptide,
A0, under oxidative conditions in cell-free systems.

To directly explore the modulation of OH radicals’
production from H,0, by Af, we focused on removing
the immense complexity and numerous cross interactions
occurring in cells and focusing on the “naked” Af in the
simplest oxidative system possible, namely, Cu(I)/Cu(II)/
Fe(II) in the presence of H>O». Thus, we first targeted the
evaluation of the modulatory capacity of soluble Af4 in
the systems described above. Moreover, we wanted to
learn if aggregation changes the modulatory function of
soluble Af4. In addition, we aimed to decipher the
mechanism(s) by which Af4 modulates OH radicals’
production.

Here, we provide evidence of the unexpectedly high
antioxidant activity of Af4 in oxidizing systems [Cu(I)/
Cu(I)/Fe(I1)-H,0,] and its dependence on the AfS con-
centration, Af’s solubility, metal ion type, and time. In
addition, on the basis of time-dependent amino acid
analysis of Af in these oxidizing systems, we proposed
a mechanism to explain the Apf4y antioxidant function
as compared to the function of Af,g and a standard
antioxidant.

EXPERIMENTAL PROCEDURES

Materials. FeSO4-7H,O was purchased from J. T.
Baker Inc. (Phillipsburg, NJ). A 10 g/L copper nitrate
standard solution was purchased from Merck. Tetrakis
(acetonitrile)copper(I) hexafluorophosphate and bi-
cinchoninic acid disodium salt (BCA) were purchased
from Aldrich Chemicals Co. Congo red, 5,5 -dimethyl-
1-pyrroline-N-oxide (DMPO), tris(hydroxymethyl)ami-
nomethane (ultra pure), amyloid SB-protein fragment
1—40, and amyloid S-protein fragment 1—28 were pur-
chased from Sigma Chemical Co. Hydrogen peroxide
(30% solution) was obtained from Frutarom Ltd. (Haifa,
Israel). All reagents for Native PAGE were electrophor-
esis grade and were purchased from Bio-Rad Labora-
tories. We purified the Cu(CH3;CN)4PFg4 before it was
used by dissolving it in acetonitrile (HPLC grade)
and twice filtered the insoluble Cu(II) salt by a syringe
nylon 0.45 um filter. The filtrate was deaerated with an
argon stream. FeSO,4- 7H,O was recrystallized twice from
water and ethanol before use. The concentration of the
Cu(I) salt was determined by UV spectroscopy with the
addition of the specific Cu(I) indicator, BCA (54, = 7700
M) (37). Aqueous solutions were freshly prepared with
HPLC grade water (Bio Laboratory Ltd.). The spin trap
DMPO was purified by mixing a spatula of activated
charcoal with 1 mL of an ~0.4 M DMPO solution, for
~30 min in the dark. The solution was then filtered, and
the exact concentration of DMPO was determined by UV
spectroscopy (205 = 8000 M~ 1) (38). The DMPO solu-
tion was deaereted with an argon stream and stored at —
18 °C for no more than 2 weeks after purification.
All other commercial products were used without
any purification. Crude Af,g was purified by HPLC over
a Chromolith performance RP-18E column (100 mm x
4.6 mm), applying a linear gradient of 13 to 45% B over
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30 min [A is 0.1% trifluoroacetic acid (TFA) in H,O, and
B is a 3:1 acetonitrile/A mixture]. The solution of the
purified peptide was filtered over a PVDF 0.45 um filter.
The peptide purity was determined by '"H NMR using a
pure reference. The pure freeze-dried Af,g was dissolved
in water (HPLC grade) to give 0.6—1.2 mM stock solu-
tions, and the stock solutions were stored at —20 °C.
Due to the limited solubility of Af,g, it was impossible
to obtain more concentrated solutions. Soluble Apy
solutions were prepared according to the “NaOH meth-
od” (39). Specifically, AB4y (TFA salt, 1 mg) was dis-
solved in 2 mM NaOH (1 mL), and additional 0.1 M
NaOH (~30 uL) was required for complete dissolution of
the protein (final pH of ~11). The A4 solution was then
sonicated for 15 min, until the solution became clear. The
solution was divided into aliquots and freeze-dried. The
resulting solid Af4y was stored at —20 °C. All solutions
were prepared from ddH»O.

General. OH radicals produced from H,0, by Fe(Il) or
Cu(I/II) ion catalysis were detected by ESR spectroscopy
using a Bruker ER 100d X-band spectrophotometer. ESR
settings were as follows: microwave frequency, 9.76 GHz;
modulation frequency, 100 kHz; microwave power,
6.35 mW; modulation amplitude, 1.2 G; time constant,
655.36 ms; sweep time, 83.89 s; and receiver gain, 2 x 10°
for Fe(I1)-H,0, and Cu(I)-H,O0, systems or 2 x 10° for
the Cu(I)-H,0O; system. After being acquired, the spectra
were processed with Bruker WIN-EPR version 2.11 for
integration of the signals. The integration of the second
signal of the DMPO-OH spin adduct quartet is expressed
as a percentage of the control [control solutions contained
only Cu(I/I)- or Fe(I1)-H,O, solutions]. ESR measure-
ments were repeated two to five times on different days.
Absorption data were measured on a Shimadzu UV —vis
recording spectrophotometer (UV-2401PC).

Characterization of Soluble Af4—Cu(I)/Cu(ll)/Fe
(II) Complexes. (1) Preparation of Soluble Af4, Stock
Solutions. A 1 mM soluble amyloid-f 1—40 stock solution
was prepared by dissolving the above 1 mg of freeze-dried
Af401n 10 mM Tris buffer (pH 7.4, 230 uL). To minimize
isoelectric precipitation of Af4 (wWhich occurs between
pH 4 and 7) (40), the pH of the protein solution should not
drop below pH 7 [AB4o aggregates at pH 5—7, which is
around the pl point (47)] (42). Dissolution of Af49 NaOH
salt in Tris buffer (pH 7.4) resulted in a slightly basic
solution, the pH of which was adjusted by 0.1 M HCI
back to 7.4. All AfBy stock solutions were filtered from
nonsoluble components over a PVDF 0.22 um filter (43).

(2) Preparation of the Af4—Cu(l) Complex and De-
termination of the Cu(I) Concentration in the Soluble
AB4o—Cu(I) Complex. (i) Preparation of UV Samples.
Control 1, containing BCA and Cu(I), was prepared by
adding 2 mM Cu(CH;CN)4PFg in acetonitrile (10 4L) to
a 0.05 M BCA (5 uL) stock solution, followed by the
addition of 1 mM Tris buffer (pH 7.4) to a final sample
volume of 1 mL. Control 2, containing BCA and Af,
was prepared by adding a 0.7 mM soluble Af,4g solution
(20 uL) to 2 0.05 M BCA (5 uL) stock solution, followed
by the addition of 1 mM Tris buffer (pH 7.4) to a final
sample volume of 1 mL. The sample was prepared by
adding 2 mM Cu(CH;CN)4PFg in acetonitrile (10 4L) to
a 0.7 mM soluble AfBy solution (20 uL). After the sample
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had been mixed for 30 s, 0.05 M BCA (5 uL) was added,
followed by the addition of 1 mM Tris buffer (pH 7.4)to a
final sample volume of 1 mL. The final component con-
centrations in a 1 mL sample were as follows: 150 uM
BCA, 20 uM Cu(l), and 20 uM Apf4. The samples
were measured 5 min and 3 days after preparation. The
concentration of Cu(l) in the Af4;—Cu complex was
quantified by UV spectroscopy using the Cu(I)-specific
indicator, BCA. The typical absorbance of the Cu(I)—
BCA complex at 560 nm (es¢, = 7700 M~ ") (37) was used
to quantify the degree of oxidation, if any, of Cu(I) to Cu
(IT) in the presence of Af49 and atmospheric oxygen. The
Cu(I) concentration determined with this method was
22—24 uM for both 5-min- or 3-day-old samples, con-
sistent with the initial Cu(I) concentration. These results
are within the UV spectrophotometer measurement er-
ror, indicating that Cu(I) is stable in its Aff complex under
ESR measurement conditions.

(3) Native Polyacrylamide Gel Electrophoresis ( Native
PAGE). (i) Sample Preparation. The gel samples, de-
scribed below, were not denaturated by heating, and the
sample buffer did not contain SDS or f-mercaptoethanol.
All samples were prepared and stored at 0 °C until they
were loaded. The sample buffer was prepared as follows.
First, 0.5 M Tris buffer (pH 6.8, 1 mL) was diluted with
H,0O (3.8 mL), and then bromophenol blue B-0149 (0.1 g)
was added, followed by the addition of excess glycerol
(1.2 mL). Excess glycerol increases the density of the light
peptide AB4 and helps in loading it onto the gel. The gel
samples were prepared by adding 2 mM Cu
(CH3CN)4PF¢ in acetonitrile (2 uL) or 1 mM Cu(NOs;),
(4uL)or 1 mM FeSO,4 (4 uL)toa0.161 mM soluble Af4g
solution (25 uL). After an incubation period of 30 s,
sample buffer (3 uL) was added to AfB4—Cu or —Fe
complex solutions. The final component concentrations
in a total volume of 32 uL were 0.11 mM FeSO,/Cu
(NO3)2/CU(CH3CN)4PF6 and 0.126 mM Aﬁ40. Four
control samples were prepared. Control 1 contained only
soluble AfB4o. The sample was prepared by adding a 0.161
mM soluble Af4o solution (25 uL) to a sample buffer
(3 uL). Control 2 contained aggregated Apf4,—Cu(l)
complex. AB4—Cu(l) aggregates were prepared by add-
ing 10 mM Cu(CH;CN)4PFg in acetonitrile (11 uL) to 1
mg/mL Af4 solutions (500 uL); after a short period of
mixing, the pH was adjusted to 1 [S M HCI (5 uL)]. The
solution was then neutralized to pH 7.5 [I M NaOH
(2 uL)], and the sample was allowed to mature for 3 days
at room temperature to form aggregates. The sample was
prepared by adding an Af4—Cu(l) aggregate solution
(25 uL) to the sample buffer (3 uL). The final component
concentrationsin a total volume of 28 uL. were 0.2 mM Cu
(CH3CN)4PF¢ and 0.14 mM Af4g. Control 3 contained
soluble Af,3—Cu(l) complex. The sample was prepared
by adding 2 mM Cu(CH;CN)4PFg in acetonitrile (1 L)
to a 0.6 mM soluble Af,g solution (25 uL). After an
incubation period of 30 s, a sample buffer (3 uL) was
added to the Af,3—Cu(l) complex solution. The final
component concentrations in a total volume of 29 uL
were 0.1 mM CU(CH3CN)4PF6 and 0.06 mM Aﬂzg.
Control 4 contained aggregated Apf,s—Cu(l) complex.
ApB-s—Cu(l) aggregates were prepared by adding
11 mM Cu(CH;CN)4PFg in acetonitrile (2.5 uL) to a
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0.6 mM Apfog solution (25 uL). After the sample had been
mixed for 10 s, the pH was adjusted to ~7.5 with NaOH
[0.025 M NaOH (10 uL)]. Aggregates were allowed to
mature for 1 month at room temperature. The sample
was prepared by adding an Af,3—Cu(l) aggregate solution
(25 uL) to a sample buffer (3 uL). The final component
concentrations in a total volume of 28 uL were 0.2 mM Cu
(CH3CN)4PF6 and 0.36 mM Aﬁzg.

(i1) Native PAGE Protocol. Nondenaturing (without
SDS) 15% polyacrylamide Tris-HCI gels, in a Tris-gly-
cine buffer system, were used for monitoring the Apfy
species by native electrophoresis. Native PAGE was
uploaded with samples (25 uL), and the gels were electro-
phoresed at 100 V for 1.5 h at 4 °C. After electrophoresis,
the gels were washed with a fixing solution (7% acetic acid
with 50% methanol) for 30 min. The gels were stained
overnight with 0.25% Coomassie blue (R250) dye or
Sypro ruby red dye. The gels were destained three to five
times, for 30 min each time, with a destaining solution
(7% acetic acid with 50% methanol). All procedures were
performed at 4 °C, and Sypro ruby red dye was visualized
by fluorescence upon irradiation at 300 nm.

Determination of Concentration- and Time-Dependent
Oxidant and Antioxidant Activity of Soluble AB49—Cu(1I)/
Cu(ll)|Fe(1l) Complexes by ESR Measurements. Con-
trol samples were prepared by adding 1 mM Cu(NO;), (10
uL), I mM FeSOy4 (10 uL), or 2 mM Cu(CH3;CN)4PFg in
acetonitrile (5 4L) to I mM Tris buffer (70, 70, or 75 uL,
respectively, at pH 7.4). After the sample had been mixed
for 2 s, 20 mM DMPO (10 uL) was added quickly
followed by 0.1 M H,O, (10 uL). Final component
concentrations in a total volume of 100 uL were 0.1
mM Cu(NO3),/Cu(CH3;CN)4PFs, 2 mM DMPO, and
10 mM H,O,. For soluble Af 4, samples, a 0.7 mM soluble
AP, stock solution was prepared by dissolution of 1 mg
of freeze-dried Af49 (APso after NaOH treatment) in
1 mM Tris buffer (pH 7.4, 230 uL). The pH of the AB4
solution was adjusted with 0.1 M HCl to a final pH of 7.4.
Less concentrated stock solutions were prepared by dilu-
tion of a 1 mM soluble Af,g stock solution. Concentra-
tions of the stock solutions were from 0.7 x 10~ to
0.7 mM. All of the Af,4 stock solutions were filtered from
nonsoluble components over a PVDF 0.22 um filter. Two
millimolar Cu(CH3CN)4PFg in acetonitrile (5 L), | mM
Cu(NO3), (10 uL), or 1 mM FeSOy, (10 uL) was added to
0.7 x 107* to 0.7 mM soluble Af4 stock aqueous
solutions (1—50 uL). After an incubation period of 30 s,
1 mM Tris buffer, pH 7.4 (20—75uL) was added to Af 49—
Cu/Feion solutions. After the sample had been mixed for
25,20 mM DMPO (10 uL) was quickly added followed by
0.1 M H,0; (10 #L). The final component concentrations
in a total volume of 100 4L were 0.1 mM FeSO,4/Cu
(NO3)2/CU(CH3CN)4PF6, 7nM to 0.35 mM Aﬂ40, 2 mM
DMPO, and 10 mM H,O,. The final pH value of the Fe
(IT), Cu(I), and Cu(II) systems was 7.4 £ 0.01. The
concentration-dependent oxidant or antioxidant acti-
vity of soluble Af4y was determined by ESR measure-
ments 150 s [for Cu(I) and Fe(II)] and 20 min [for Cu(I1)]
after the addition of H->O,. All final solutions of Cu
(CH;CN)4PF¢ contained 5% (v/v) acetonitrile. ESR
measurements of the modulation of Cu(I)/Cu(Il)/Fe
(IT)-induced H,0, decomposition by soluble Apy4

Biochemistry, Vol. 48, No. 20, 2009 4357

resulted in exponential decay graphs. ICs, values were
calculated by fitting the data to a three-parameter ex-
ponential curve using SigmaPlot 9.0, with errors being
taken as the deviation from the average value.

The time-dependent oxidant or antioxidant activity of
soluble Af4o—Cu(I)/Cu(Il)/Fe(Il) samples was also de-
termined by ESR measurements. The kinetics of the
reaction was monitored for 1—2 h in 2—5 min intervals.
Kinetic data are presented as the amount of DMPO-OH
adduct, obtained by integration of the second peak of the
DMPO-OH adduct quartet, versus time.

Preparation and Characterization of AB49—Cu(I)/Cu
(I1) Aggregates. (1) Preparation. AB4—Cu(l)/Cu(Il)
aggregates were prepared by either procedure A or B. In
procedure A, 10 mM Cu(CH;CN)4PF¢ in acetonitrile
(11 uL) was added to 1 mg/mL Ap,, solutions (500 uL).
After a short period of mixing, the pH was adjusted to 1
[S M HCI (5 uL)] to induce aggregation. The pH of the
solution was then adjusted to 7.5 [1 M NaOH (2 uL)]. A
pH of 7.5 is not sufficiently basic to dissolve the aggre-
gates. The final component concentrations were 0.23 mM
Cu(CH3;CN)4PFs and 0.161 mM Af4. The aggregate
sample was allowed to mature for 1 or 3 days at room
temperature. In procedure B, an aggregated Af4o stock
solution was prepared by adjusting the pH of a 1 mg/mL
Ap40 solution (500 uL) to 1 with 5M HCI (5 uL) to induce
aggregation and then neutralizing the solution to pH 7.5
with 1 M NaOH (2 uL). The aggregated Af4, stock
solution was allowed to mature for 3 days at room
temperature. Ten millimolar Cu(CH3;CN)4PF4 in aceto-
nitrile (11 L) was added to the aggregated A, stock
solution, and the sample was analyzed within 1 h.

The AB4o—Cu(l) complex samples prepared according
to procedure A were analyzed by UV using BCA asa Cu
(I) indicator. The UV analysis indicated that those sam-
ples were totally oxidized after 3 days at room tempera-
ture under atmospheric oxygen. With procedure A, we
obtained Apf4—Cu(Il) complex aggregates. Moreover,
AB4—Cu aggregates, unlike soluble AB4;—Cu com-
plexes, cannot stabilize Cu(I) ions for a long time.

(2) Characterization. (i) In the Congo red assay
(44,45), a 2 mM Congo red stock solution was prepared
in PBS (pH 7.4) and filtered three times on a cotton-
plugged Pasteur pipet. Control samples, containing Con-
go red and Cu(I/II), were prepared by adding 2 mM Cu
(CH3CN)4PFg in acetonitrile (15 uL) or 2 mM Cu(NO3),
(10 uL) to a Congo red stock solution (10 uL.), and PBS
buffer was added to a final sample volume of 1 mL. An
aggregate sample was prepared by adding a Congo red
stock solution (10 uL) to an Af4—Cu(Il) fibril stock
suspension (45 uL) [The fibril suspension was prepared by
procedure A by mixing a 0.07 mM A4 stock solution (30
uL) and 2 mM Cu(CH;CN)4PFg in acetonitrile (15 uL).
This solution was acidified to pH 1 and then neutralized
to pH 7.5 as described above. Aggregates were allowed to
mature at room temperature for 1 or 3 days.] PBS buffer
was added to a final sample volume of 1 mL. The
aggregate sample prepared according to procedure B
was made by adding 2 mM Cu(CH;CN)4PF4 in acetoni-
trile (15 uL) to an Apy, fibril stock suspension (30 uL).
Fibrils were prepared by acidifying an Af4 stock solu-
tion to pH 1 and then neutralized to pH 7.5. Aggregates
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were allowed to mature at room temperature for 3 days,
followed by the addition of a Congo red stock solution
(10 uL). PBS buffer was added to a final sample volume of
1 mL, and the final component concentrations ina 1 mL
sample were 20 uM Congo red, 30 uM Cu(l), and 21 uM
A4 fibrils. The typical absorbance of the ApS fibril-
bound dye was 490 nm. (ii)) For TEM analysis, a TEM
sample was prepared by applying 1 drop of the above
ApB4o—Cu(Il) aggregate suspension on a grid, and water
was vaporized at room temperature overnight. (iii) For
ICP analysis, the sample was prepared by adding 2 mM
Cu(CH;CN)4PF¢ in acetonitrile (5 L) to a 0.7 mM
soluble Af4 solution (10 uL). After the sample had been
mixed for 10 s, the pH was adjusted to ~1 with HCI [5 M
HCI (1 uL)]. The solution was then neutralized to pH 7.5
[0.5 M NaOH (10 xL)]. The final concentrations of
components were 0.1 mM Cu(CH;CN)4PF4 and 0.07
mM Ap4. The sample was allowed to mature for 3 days
at room temperature, resulting in aggregates. The aggre-
gates were then diluted with HPLC grade water to a final
volume of 1 mL, followed by filtration of the aggregates
over a 13 mm x 0.45 um nylon Restek syringe filter. This
filter absorbs A [as we have previously demonstrated
(ref46)]. The filtrate was diluted to a final volume of 5 mL
and assayed by ICP. The filtrate contained practically no
free Cu (0 mg/L) of the original 0.1 mM Cu in the ESR
AL40—Cu(ll) sample. As a control, we filtered 0.1 mM Cu
(IT) through this filter and obtained a Cu(Il) concentra-
tion of 0.1 mM by ICP measurement.

Concentration- and Time-Dependent Oxidant and Anti-
oxidant Activity of Aggregated Ap,—Cu(l)/Cu(Il)
Complexes. Control samples were prepared by adding 1
mM Cu(NO3), (10 uL) or 2 mM Cu(CH;CN)4PF¢ in
acetonitrile (5 uL) to 1 mM Tris buffer (70, 70, and 75 uL
at pH 7.4). After the sample had been mixed for 2 s, 20
mM DMPO (10 uL) was added quickly followed by 0.1 M
H,0; (10 uL). The final component concentrations in a
total volume of 100 uL. were 0.1 mM Cu(NO3),/Cu
(CH;CN)4PFg, 2 mM DMPO, and 10 mM H,O,. Aggre-
gated AfB49—Cu(I)/Cu(Il) ESR samples were prepared by
either procedure A or B. For procedure A, 2 mM Cu
(CH3CN)4PF¢ in acetonitrile (5 L) was added to 0.07—
0.7 mM soluble Af,4 stock aqueous solutions (1—2 uL).
After an incubation period of 30 s, I mM Tris buffer
(pH 7.4, 73—74 uL) was added to AB4—Cu(I) ion solu-
tions (where necessary, the pH was adjusted to 7.4 with
0.1 M HCI). Samples were then incubated for 3 days at
room temperature. After 3 days, 20 mM DMPO (10 L)
was added followed by 0.1 M H,O, (10 uL). Final
component concentrations in a total volume of 100 uL.
were 0.1 mM Cu(CH3;CN)4PF¢, 1-20 uM Ap4, 2 mM
DMPO, and 10 mM H;0,. The samples prepared accord-
ing to method A were analyzed by UV using BCA as our
Cu(I) indicator. The UV analysis indicated that those
samples were oxidized after 3 days at room temperature
under atmospheric oxygen; namely, we have obtained
AB40—Cu(Il) complexes. With procedure B, an aggre-
gated Af4 stock solution was prepared by adjusting the
pH of the solution to 1 with 5 M HCI (5 uL) to induce
aggregation and then neutralizing the solution to pH 7.5
with 1 M NaOH (2 uL). This Afy, stock suspension was
allowed to mature for 3 days at room temperature.
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Two millimolar Cu(CH3CN)4PFg in acetonitrile (5 uL)
was then added to a 0.7 mM aggregated ApS4y stock
suspension (1—50 uL). After an incubation period of 30 s,
I mM Tris buffer (pH 7.4, 25—74 uL) was added to an
AL4—Cu(l) suspension (where necessary, the pH was
further adjusted to 7.4 with 0.1 M HCI). After the sample
had been mixed for 2 s, 20 mM DMPO (10 uL) was quickly
added followed by 0.1 M H,O, (10 uL). The final compo-
nent concentrations in a total volume of 100 L. were 0.1
mM Cu(CH3;CN)4PF¢, 1—140 uM A, aggregates, 2 mM
DMPO, and 10 mM H,0,. The final pH value of the AfB49—
Cu(I) aggregate system was 7.4 £ 0.01.

The concentration-dependent oxidant and antioxidant
activity of aggregated Af40—Cu(Il) (prepared by proce-
dure A) or AB4—Cu(l) (prepared by procedure B) sam-
ples was determined by ESR measurements, performed
150 s after the addition of H,O,. All final solutions
contained 5% (v/v) acetonitrile.

The time-dependent oxidant and antioxidant activity
of aggregated AfB4—Cu(Il) (prepared by procedure A) or
ApB40—Cu(l) (prepared by procedure B) samples was also
determined by ESR measurements. Specifically, the ki-
netics of the Cu-induced H,O», decomposition modulated
by aggregated Af49 was monitored for 1 h in 2—5 min
intervals. Kinetic data are presented as the amount of
DMPO-OH adduct, obtained by integration of the sec-
ond peak of the DMPO-OH adduct quartet, versus time.

Analysis of AB4y Peptide Composition under Oxidative
Conditions. Samples were prepared by adding 2 mM Cu
(CH3CN)4PF¢ in acetonitrile (S L), 1 mM Cu(NOs), (10
uL), or | mM FeSOy (10 uL) to a 0.7 mM Ap, solution
(10 uL). After an incubation period of 30 s, 1 mM
NH4HCO;5 buffer (pH 7.4, 70—75 ul) was added to
ApB40—Cu/Fe complex solutions. After the sample had
been mixed for 2 s, 0.1 M H,0, (10 uL) was quickly
added. Final component concentrations in a total volume
of 100 uL were 0.1 mM Cu(CH3CN)4PF¢, Cu(NO3),, or
FeSOy4, 0.07 mM Af4, and 10 mM H,O,. Control
samples contained 0.1 mM Cu(CH;CN)4PFs Cu
(NOs3),, or FeSO4 and 0.07 mM Ap,, without H>O,.
Altogether, there were 13 samples: (1) 0.07 mM Apf40; (2)
0.07 mM Apy4 and 0.1 mM Cu(CH;CN),PF¢ incubated
for 4 min (control); (3) 0.07 mM Ap4, 0.1 mM Cu
(CH5CN)4PF¢, and 10 mM H-»O, incubated for 4 min;
(4) 0.07 mM Ap4 and 0.1 mM Cu(CH;CN)4PFy incu-
bated for 24 h (control); (5) 0.07 mM Af49, 0.1 mM Cu
(CH;CN)4PFg, and 10 mM H,0O, incubated for 24 h; (6)
0.07 mM Af4 and 0.1 mM FeSOy, incubated for 4 min
(control); (7) 0.07 mM Af49, 0.1 mM FeSOy,, and 10 mM
H,O, incubated for 4 min; (8) 0.07 mM Af4 and 0.1 mM
FeSO, incubated for 24 h (control); (9) 0.07 mM Ap,o,
0.1 mM FeSOy, and 10 mM H»0O» incubated for 24 h; (10)
0.07 mM Apf4 and 0.1 mM Cu(NO;), incubated for 21.5
min (control); (11) 0.07 mM AL 49, 0.1 mM Cu(NO3),, and
10 mM H,O, incubated for 21.5 min; (12) 0.07 mM Ap4
and 0.1 mM Cu(NOy), incubated for 24 h (control); and
(13) 0.07mM Ap49, 0.1 mM Cu(NO3),, and 10 mM H,O,
incubated for 24 h. Amino acid quantities were evaluated
by amino acid analysis. Amino acid quantities in oxidized
ApB4o were calibrated versus hydrolysis-stable amino
acids (Ala and Val). The “calibration factor” represents
the quantity, in picomoles, of one hydrolytically stable
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amino acid. Therefore, the calibration factor equals
100%. Af4o contains two Ala and six Val residues. The
calibration factor is an average of these three amino acids
in picomoles {[(Alajpmon/3) + (Valpmon/6)]/2}. Oxidative
damage to Af4 was measured by calculating the quantity
of His residues in Af49. Af49 contains three His residues;
therefore, the quantity of His in the peptide was calcu-
lated by {100 x (HiSpmon/3)/(calibration factor)}.

RESULTS

The debate on the role of Af4 under both normal
physiological conditions and oxidative stress has still not
been resolved. (37) Therefore, here, we targeted the eluci-
dation of the role of Af4o based on monitoring its function
in cell-free simulations of oxidative conditions. Specifi-
cally, we studied the modulation of Cu(I)/Cu(II)/Fe(II)-
induced H,O, decomposition by AS4. We applied soluble
Ap4o—metal ion complexes to mimic normal physiological
conditions and aggregated Af4o—metal ion complexes to
simulate AD conditions. The effect of A4 on OH radical
production was quantitatively studied by ESR.

For this purpose, we prepared soluble Af4—Cu(I)/Cu
(IT) aggregates and characterized them. In addition, we
prepared Apf4o—Cu(l)/Cu(Il)/Fe(Il) complexes and de-
monstrated their solubility. The preparation of these com-
plexes is especially challenging as the Af4 peptide easily
aggregates in the presence of metal ions (47).

Next, we established the ESR measurement conditions
suitable for exploring both the concentration- and time-
dependent modulation by Af4.

(1) Preparation of AP —Cu(l)/(II)|Fe(Il) Com-
plexes and Establishment of ESR Experimental Condi-
tions. (1.1) Preparation of AB4—Cu(I)/(II)/Fe(Il)
Soluble Complexes. Several protocols for the solubiliza-
tion of Af4o have been reported. These methods involve
the monomerization of Af4 with strong acids [e.g.,
trifluoroacetic acid (TFA)] or bases (e.g., NaOH) and
a-helix promoters (polar organic solvents) such as
DMSO or fluorinated alcohols [hexafluoroisopropanol
(HFIP), trifluoroisopropanol (TFIP), or trifluoroethanol
(TFE)]. The most common methods for solubilization are
use of the TFA—HFIP protocol (48), use of DMSO (49),
or the “NaOH method” (39). In the TFA—HFIP proto-
col, amyloid protein is monomerized by dissolving it in
TFA, followed by TFA evaporation. To avoid j-sheet
formation and aggregation of Af,, the TFA salt peptide
is dissolved in HFIP which induces a-helix formation.
After evaporation of the HFIP, the peptide residue is
dissolved in an aqueous buffer (pH 7.4) (48). In the
“DMSO method”, Af4 is dissolved in DMSO and
aliquots of this concentrated stock are diluted with an
aqueous buffer (pH 7.4) (43,50).

Here, we applied the NaOH method, based on the
protocol developed by Bitan and Teplow (39). In this
method, Af4 is monomerized by dissolution in base
(NaOH or NH4OH), followed by freeze-drying. The
freeze-dried NaOH salt peptide can then be dissolved in
any buffer of choice, as long as the final pH is above 7.
Keeping the pH above 7 is essential for avoiding iso-
electric precipitation (precipitation induced due to cross-
ing the peptide pl) (51).
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The TFA—HFIP and DMSO protocols are less useful
for the current study, since HFIP may possibly serve as a
radical scavenger. Likewise, DMSO is a known radical
scavenger (52) and, therefore, cannot be included in the
ESR sample solution described below.

Although the methods described above are useful for
Ap4o solubilization, AByg solubilization in the presence
of Cu or Fe ions is a challenge as aggregation of Afy4
is significantly enhanced in the presence of Cu or Fe
ions (43).

Thus, to achieve soluble Af4,—Cu(l)/Cu(Il)/Fe(Il)
complexes, we added equimolar amounts of Cu(I)/Cu
(IT)/Fe(I1) salts to the solubilized AB4y (NaOH method)
at pH ~8. The final pH was adjusted to 7.4. These Af40—
metal ion solutions were immediately used.

(1.2) Demonstration of the Solubility of AB4 Com-
plexes under ESR Measurement Conditions. To evaluate
the solubility of Af4—Cu(I)/Cu(Il)/Fe(IT) complexes, we
analyzed Apf4—Cu(l)/Cu(Il)/Fe(Il) samples on gel
(Figure 1). The analysis of the degree of solubility or
aggregation of Af4—Cu(l)/Cu(Il)/Fe(Il) complexes
could not involve the use of denaturing PAGE, since
the addition of SDS to the polyacrylamide gel (SDS—
PAGE) may result in the disassembly of the AS4, aggre-
gates, if any, on the gel.

Therefore, our analytical method of choice was the use
of Native PAGE as it does not involve any denaturing
factor (SDS, f-mercaptoethanol, or heating) and the
proteins remain in their native folded state. Recently,
Hou and Zagorski have shown, using the Native PAGE
technique (7.5% polyacrylamide Tris-HCI gels, directly
stained with SYPRO ruby dye), that the addition of
130 uM Cu(Il)/Zn(11) ions [in phosphate buffer (pH
7.4)] to 130 uM monomeric Af4y provided monomeric
Apfso—metal ion complexes (53).

Here, in our ESR studies, we employed Cu(I)/Fe(II)
and Cu(II) in the presence of Af4y in 1 mM Tris buffer
(pH 7.4). As our Af4y—metal ion complexes were differ-
ent from those of Hou and Zagorski, we analyzed the
composition of the samples described above by 15%
polyacrylamide gels. The gels provide a resolution of
10 kDa (54), which in Af4o terms (MW ~ 4 kDa) equals
a dimer, and therefore serve as a good means for demon-
strating Af349 solubility.

Therefore, Af40—Cu(l)/Cu(Il)/Fe(Il) complexes were
separated on gels, which were then stained with 0.25%
Coomassie blue (R250) dye. Coomassie blue dye detects
as little as 0.5 ug of protein present in a gel matrix. As the
gels were loaded with samples containing ~17.5 ug of A,
we assumed that the Coomassie blue staining was suffi-
ciently sensitive to detect traces of soluble (insoluble) Ap.
In addition, the gels were stained with Sypro ruby red dye,
yet this dye was less sensitive than Coomassie blue and did
not stain all bands (results not shown).

To determine Afy solubility in the ESR samples men-
tioned below, the gel was loaded with Af4,—Cu(l)/Cu
(IT)/Fe(II) complex samples. The gel samples were pre-
pared in the same way as the ESR samples (lanes 2—4 of
Figure 1A) and electrophoresed versus two controls:
soluble AB,3—Cu(l) complex and soluble AB4, (lanes 1
and 5, respectively, of Figure 1A). Evidence of the
solubility of Af4—Cu/Fe complexes was obtained by
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FIGURE 1: Characterization of soluble Apf4—Cu(I)/Cu(Il)/Fe(IT)
complexes by Native PAGE. The 15% Tris-HCI gels were loaded
with 25 uL samples and electrophoresed for 1.5h at 100 V. The native
gels were directly stained with Coomassie blue (R250). All manipula-
tions were performed at 4 °C (all mentioned concentrations are final).
(A) Soluble Apyg40—metal ion complexes: lane 1, control containing
soluble AB,3—Cu(l), prepared by adding 0.1 mM Cu(CH3CN),PFq
to 0.06 mM Afg; lanes 2—4, samples containing soluble Af4—Cu
(I)/Cu(1l)/Fe(1I) complexes prepared by mixing 0.11 mM FeSO,/Cu
(NO3),/Cu(CH3CN),PFg with 0.126 mM Af4; and lane 5, control
containing 0.161 mM soluble A4, without a metal ion. (B) Soluble
vs aggregated Afsg40—Cu(l) complexes: lane 1, control containing
aggregated Apfs—Cu(l) complex prepared by mixing 0.2 mM
Cu(CH3CN)4PFg and 0.36 mM Apf,s (pH adjusted to ~7.5 with
0.025 M NaOH and the sample incubated for 1 month at
room temperature); lane 2, control containing soluble Af>s—Cu(I)
complex prepared as described above; lane 3, control containing
0.161 mM soluble AB4o without a metal ion; lane 4, sample contain-
ing soluble AfB4—Cu(I) complex prepared as described above; lane
5, sample containing aggregated Apf4—Cu(I) complex prepared
by mixing 0.2 mM Cu(CH3CN),PF¢ with 0.14 mM Ap4. The
pH of the solutions was then acidified to 1 and quickly neutralized
to 7.5. This mixture was then incubated at room temperature for
3 days.

staining and comparing the following lanes. (1) The bands
of ApBsy—metal ion complexes (lanes 2—4) were aligned
with the soluble Af4 band (lane 5). This alignment
implies that metal ion coordination to Af4y does not alter
the peptide solubility under ESR measurement condi-
tions. (2) Additional evidence of the solubility of the
Ap4o—Cu(l) complex is provided by comparison of the
Ap40—Cu(l) complex (lane 4) to the soluble AS,g—Cu(I)
complex (lane 1) (36). The soluble Af,s—Cu(I) complex
migrates further because of its smaller size.

For comparison of aggregated versus soluble A4
complexes, the gel was loaded with (1) soluble Af,3—Cu
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(I) and AB40—Cu(I) samples (lanes 2 and 4, respectively,
of Figure 1B), (2) control of soluble AS,, (lane 3 of
Figure 1B), and (3) aggregated controls: Af,z—Cu(I)
aggregates matured over 1 month (lane 1 of Figure 1B)
and Apf4—Cu(l) aggregates which were isoelectrically
aggregated and matured over 3 days (40) (lane 5 of
Figure 1B). The aggregated Af>g490—Cu(l) samples con-
tained a minute fraction of soluble Af,g/40—Cu(I) com-
plex (lanes 1 and 5), aligned with the soluble Af55,40—Cu
(I) band (lanes 2 and 4). However, a closer inspection of
the stacking gel (top gel) showed the presence of Afag40—
Cu(l) aggregates (lanes 1 and 5) that were too large to
migrate in the gel and became stuck in the top gel.

The resolving gel (bottom gel) contained 15% acryla-
mide. A degree of polymerization of 10—15% resolves
10—80 kDa proteins on the native gel (54). Thus, proteins
larger than 80 kDa will not migrate to the resolving gel
and will remain in the stacking gel. No bands were
observed in the top gel for lanes 2 and 4, thus indicating
that there are no aggregates in these samples and they
contain only soluble AfByg/40—Cu(l) complex.

The stacking gel contains 4—5% acrylamide, and
this degree of polymerization resolves proteins of > 100
kDa (54). Thus, proteins larger than 100 kDa will not
penetrate the stacking gel. The Af4—Cu(l) aggregates
contained also a high-molecular mass fraction of =100
kDa, which remained in the well and did not migrate at all
during the electrophoresis (lane 5).

(1.3) Selection of ESR Measurement Conditions. ESR
was our method of choice for monitoring the effect of
A4 on the production of *OH from Cu/Fe-induced
H,0, decomposition. For the detection of OH radicals,
we applied DMPO as a spin trap. The optimized ESR
measurement conditions applied here are based on our
former study on the modulation of OH radical produc-
tion in Cu/Fe-H,0, systems by Apf,g (36). Briefly, we
selected the ESR measurement conditions as follows. (A)
Selection of Redox-Active Metal Ions. Cu(II) and Fe(III)
found in high concentrations in amyloid plaques (5) are
easily reduced to Cu(I) and Fe(Il), respectively, in the
presence of AB4g42. Cu(l) and Fe(II) were proposed to
cause oxidative damage (23). Therefore, we studied here
both Cu(I)— and Fe(I1)— A4 complexes. Cu(I) salt was
dissolved in acetonitrile [the final acetonitrile concentra-
tion in Cu(I)-containing ESR samples was 5% (v/v)]
which serves as a Cu(I) stabilizing ligand against oxida-
tion to Cu(Il). In addition, we studied the Cu(I1)—Ap4
complex, as Cu(Il) induces OH radical production
through a Haber—Weiss-like reaction (eqs 1—4) (21).
We have not studied Fe(IIl) ions, because under our
ESR experimental conditions, we did not observe any
DMPO-OH adduct in the presence of Fe(I1l) and H,O».
(B) Metal Ion Concentration. In AfS plaques, the Cu
concentration was measured to be ~0.4 mM (5). There-
fore, in our studies, we used Cu(I)/Cu(1l)/Fe(II) concen-
trations on the same order of magnitude, 0.1 mM. (C)
AP49 Concentration. We studied Af4 at nanomolar to
micromolar concentrations (7 nM to 350 uM), which
correspond to Af biological concentrations ranging from
nanomolar concentrations in healthy individuals to mi-
cromolar concentrations under oxidative stress condi-
tions (33,34). (D) Buffer and pH. ESR samples were
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prepared in 1 mM Tris buffer (pH 7.4). Tris may be a
radical scavenger; however, at a concentration of I mM,
its scavenging effect is minimal (55). In addition, the Tris
buffer has a stabilizing effect; namely, it prevents the
formation of metal ion oxides (even at pH 7.4) by acting
as a metal ion chelator (56). Cu(l) oxide formation was
prevented also due to the addition of acetonitrile [5% (v/
v)] to the solution. (E) DMPO (spin trap) Concentration.
The extent of DMPO-OH adduct formation was linearly
increased with the addition of DMPO to Cu(I/II)/Fe(Il)—
H»O, solutions at concentrations up to ~15—20 mM,
while exceeding these concentrations resulted in a con-
stant DMPO-OH concentration (data not shown). The
DMPO concentration should be as low as possible to
avoid competition between the tested Af-metal-ion com-
plex and DMPO. We used 2 mM DMPO throughout all
ESR measurements. This DMPO concentration is suffi-
ciently large to enable the detection of DMPO-OH signals.

(1.4) Determination of the Oxidation State of Cu in
ESR Samples. To confirm that the Cuion in the AB4—Cu
(I) soluble complex remains in the + 1 oxidation state
throughout the ESR measurements, we analyzed this
complex by UV spectroscopy and the Cu(I)-specific
indicator, BCA. Soluble Af4—Cu(I) samples were ana-
lyzed by UV, S min and 3 days after preparation. No Cu
(IT) ions could be detected, and the Cu(I) concentration
did not change in the presence of soluble A4, even after 3
days (at pH 7.4 and room temperature in a closed
Eppendorf tube), thus verifying the composition of the
AB40—Cu(I) complex in ESR measurements.

(2) Concentration-Dependent Modulation of OH Radi-
cal Formation by Soluble AB 4. To compare the activity of
the endogenous Af4 to that of Af,g, which we investi-
gated previously (36), we studied the modulatory function
of Af49 in the same OH radical-producing systems.

For this purpose, we added 0.1 mM Fe(II), Cu(II), or
Cu(I) to ABy4 solutions in the concentration range from
7 nM to 0.35 mM. Then, DMPO was added, followed by
H,0,, and the concentration of the formed OH radicals in
these systems was evaluated by ESR measurements as a
percent of control (Figure 2).

Previously, we showed that AfS,g inhibited Cu(I/IT)/Fe
(IT) ion-induced H->O, decomposition, resulting in an
A concentration-dependent sigmoidal decay of OH
radical formation (36). However, here, the pattern of
Af40 concentration-dependent inhibition was in the form
of an exponential decay (Figure 2). Specifically, at 0.6 nM
to 36 uM Apf,g, no significant inhibition of radical
formation was observed, while with Af49, a decrease in
the *OH concentration was observed already atca. 0.7 uM
Af4o for Cu(l)/Fe(Il) systems (Figure 2, inset). Af4
inhibited both Cu(I)- and Fe(Il)-induced H,O, decom-
position with similar ICsy values, 15.5 and 13.0 uM,
respectively (Table 1). For the sake of comparison, solu-
ble AfB,g inhibited the Cu(I) and Fe(II)-H,O, systems
with 1Csq values of 59 and 84 uM, respectively (36).

Soluble AB4o had a different mode of activity in the Cu
(I1)-H,0, system. A pro-oxidant phase, up to 150% of
control, was observed at low A4 concentrations [0.7—30
uM, at 0.1 mM Cu(Il)], and an antioxidant phase was
observed at higher concentrations (30—280 uM) (Fig-
ure 2). Previously, we observed a similar biphasic pattern
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FIGURE 2: Modulation of the Cu(I)/Cu(Il)/Fe(Il)-induced H-O,
decomposition by the soluble Af4y peptide. The reaction was per-
formed in a 1 mM Tris buffer, containing 0.1 mM FeSO,, Cu
(CH3CN)4PF6, or Cu(NO3)2, 10 mM Hzoz, 2 mM DMPO
(pH 7.4), and 0—0.35 mM Ap,o peptide. The final Cu(I)—ApB40—
H,0O,; solution contained 5% (v/v) acetonitrile. The amount of
DMPO-OH adduct formed under these conditions is given as the
percentage of control, which contains Cu(CH3;CN)4PF¢, FeSOy, or
Cu(NOs3),, H,0,, and DMPO. The curves represent the average of
two experiments. The x-axis has units of millimolar Af4, and the
inset has units of micromolar Af.

for the modulation of the Cu(II)-H,O» system by nucleo-
tides and inorganic phosphates (46). Soluble A4 inhib-
ited Cu(Il)-induced H,0O, decomposition, with an ICs
value of 62 uM, equipotent to Af,g (ICsq value of 61 uM)
(36). The ICso of AB4 was not altered from that of the
shorter Af,g peptide, but the modulation pattern chan-
ged from a sigmoidal decay for Af,g to a biphasic
modulation for Afy.

(3) Mechanism of Inhibition of OH Radical Formation
by AB49: Metal Ion Chelation versus Radical Scavenging.
The high antioxidant activity of Af4o may be due to two
mechanisms: metal ion chelation and radical scavenging.

To explore the possible mechanism of modulation of
radical formation by Af49, we incubated soluble Af49and
Cu(l), Cu(Il), or Fe(Il), with or without H,O,, and
monitored any changes in the amino acid composition
of the Apf4—Cu(l)/Fe(Il) complex after 4 min (ESR
measurement time) or 24 h at pH 7.4 and room tempera-
ture, and for 21.5 min (ESR measurement time) or 24 h
for the AB4—Cu(Il) complex at pH 7.4 and room tem-
perature. Af4 samples in Cu/Fe-H,0, solutions were
evaluated by an amino acid analyzer and compared to
Ap4o samples containing Cu/Fe ions in the absence of
H,0,. These control samples are required as Cu/Fe ions
create an oxidative environment by inducing the forma-
tion of H,O» from atmospheric oxygen.

The quantity of any degraded amino acid residue found
in each sample is presented as a percentage of the calibra-
tion factor. The calibration factor represents 100% amino
acid quantity for a given sample (Table 2). For example,
in the sample containing only Af4, the quantity of
histidine was 102%; in other words, histidine was intact.

A significant amount of Af4’s histidine was degraded
as compared to Af,g’s histidine under ESR experimental
conditions (Table 2). Specifically, almost none of Af4’s
histidine degradation was observed in the presence of Cu
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Table 1: Inhibition of Metal Ion-Induced OH Radical Production by Soluble or Aggregated Af4o at pH 7.4¢

metal ion ICso (uM)? of soluble Afy ICso (uM)” of aggregated Ao ICso (uM)? of soluble Afg (36) ICso (uM)” of Trolox
Cu(l) 15.5+1.5 16.3+1.02 58.6£2.6 650+ 110(46)
Cu(II) 61.9+9.7 50.5+ 1.01 60.6£0.5 na‘

Fe(II) 13.0+1.9 - 83.9+6.1 200£2(87)

“1Csq values represent Af34o concentrations that inhibit 50% of the OH radical production from decomposition of H,O,, catalyzed by 0.1 mM Cu(I)/
Cu(II) or Fe(IT) ions. ?1Cs, values were obtained from fitting the Af4 data to a three-parameter exponential curve, with errors being taken as the
deviation from the average value. “ The DMPO-OH adduct decomposes in the presence of Cu(11) and Trolox, and the ICs, value could not be evaluated.

Table 2: Af4y Radical Scavenging Activity Monitored by Amino Acid Analysis®

% of loss of amino acid in Af

APao Apag (36)
sample His loss Tyr loss His loss Phe loss His loss Tyr loss

only A 0 0 0 0 0 0

ApB—Cu(l), 4 min 6.67 11.20 1.96 2.46 5.07 5.82
Ap—Cu(I)-H,0,, 4 min 93.16 78 40.69 27.74 25.74 32.44
Ap—Cu(l),24 h 7.65 13.40 3.40 3.00 10.16 21.28
ApB—Cu(I)-H,0,, 24 h 100 100 59.90 34.60 50.78 64.21
Ap—Fe(1l), 4 min 1.32 15.43 0 2.46 15.64 13.68
ApB—Fe(I1)-H,0,, 4 min 93.50 100 44.62 35.61 18.43 26.25
Ap—Fe(1l), 24 h 2.67 11.96 0 2.83 20.15 16.52
Ap—Fe(11)-H,0,, 24 h 94.13 83.85 41.74 27.45 37.26 40.38
AB—Cu(1l), 21.5 min 0 0 0 0.37 2.15 6.09
ApB—Cu(Il)-H,0,, 21.5 min 30.87° 19.61 2.86 4.72 37.01 49.06
Ap—Cu(Il), 24 h 0.55 0 0 0.77 3.68 6.74
Ap—Cu(I1)-H,0,, 24 h 70.28¢ 22.45 4.23 5.70 77.44 79.27

“Values represent the percentage of loss of His residues in 0.7 mM soluble Af4 at pH 7.4 in 1 mM NH4HCOs. Af4p-scavenged OH radicals pro-
duced from the decomposition of H,O, catalyzed by 0.1 mM Cu(I)/Cu(II) or Fe(II) ions. b A level of 40% His oxidation was found by Atwood et al. in
Ap4—Cu(Il)-H,0, samples after 1 h (66). A level of 79% His oxidation was found by Atwood et al. in Af4—Cu(II)-H,O, samples after 24 h (66).

(I)/Fe(I1) or Cu(Il), without H,O,, after 4 or 21.5 min,
respectively. However, the addition of H,O, to the sam-
ples, under the same conditions (after a 4 min incubation
period), resulted in 93.16 or 93.50% His loss for Cu(I)- or
Fe(IT)-containing samples, respectively. A 30.87% His
loss was observed after incubation of Af4y and Cu(II)
with H,O, for 21.5 min.

Likewise, during a prolonged incubation of Af4 with
Cu(l), Fe(II), and Cu(II) for 24 h without the addition of
H,0,, we observed only a slight degradation of His
residues (7.65, 2.67, and 0.55%, respectively). However,
the addition of H,O, to the samples and incubation for 24 h
resulted in an almost complete loss of His: 100, 94.13, and
70.28% for Cu(l), Fe(1l), and Cu(II)-H,O,, respectively.

As we observed before for Af,g (36), AB4g also under-
went a significant His oxidation, upon prolonged incuba-
tion times (24 h). However, during short incubation times
[4 min (Table 2)], in the presence of Cu(I) or Fe(Il) ions,
Af40appears to be a significantly better radical scavenger
than Af,g, yet in the presence of Cu(II) ions (after either
21 min or 24 h), there is only a minimal difference in the
His loss percentage between AfS,g and Afyg.

Ap4o’s Tyrl0 was oxidized to approximately the same
extent as His residues [especially in Cu(I)/Fe(II) systems
(Table 2)], implying that Tyr10 coordinates with the metal
ion. Indeed, the Cu(II) ion was found (by S-band ESR) to
bind Af4 with a 3N10 coordination, and the oxygen
atom donor ligand was proposed to be either Tyr10 (7) or

Aspl (57). Our results, showing extensive Tyr oxidation,
support the proposed Tyr10 binding as the fourth ligand
for the Cu(I)/Fe(II) ion (7).

To elucidate if histidine oxidation was due to a direct
metal ion binding to histidine or to a nonspecific oxida-
tion, we calculated the percentages of oxidation of all
other Af4 amino acids. Only minor oxidation (0—15%)
was observed for Af4’s amino acids other than His and
Tyr. This finding indicates that there is no nonspecific
oxidation, and it is mostly the Cu/Fe-coordinating amino
acids that suffer oxidative damage.

However, a level of oxidation of >15% was detected
also for Lys and Phe in Cu(I)/Fe(II)-H,O, systems (Ta-
ble 2). Af49 has two lysine residues (Lys16 and Lys28) and
three phenylalanine residues (Phe4, Phel9, and Phe20). A
loss 0f 40.69—59.90% of Lys residue indicates that at least
one of the two Lys residues of Af4 (possibly Lys16) is in
the proximity of the metal ion (Scheme 1). The percentage
of Phe residue oxidation is 27.45—35.61% in the presence
of Cu(I)/Fe(Il) and H,0O,, indicating that one of the three
Phe residues, possibly Phe4, is near the complex core and
is oxidized (Scheme 1). Minor oxidation is also observed
for Arg5 (15.0—31.48%) and for Glu (Glu3, Glull, and
Glu22) and GlInl5 residues (15.0—24.0%) in the presence
of Cu(I)/Fe(Il) and H,0O».

However, in the presence of Cu(Il) ion, only His
residues and Tyrl0 were oxidized, implying that the
ApB40—Cu(Il)-H,O, system produces radicals to a lesser
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Scheme 1: Proposed Coordination of Cu/Fe Ions to the
Ap Peptide Based on Amino Acid Analysis of (A) Afs—
Cu(I/ITI)/Fe(I1) Complexes and (B) Apf4o—Cu(l/II)/Fe(11)
Complexes
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extent than the Af4—Cu(l)/Fe(Il)-H,0, system. Indeed,
in a previous study, we showed that the Cu(Il)-H,O,
system produces OH radicals significantly more slowly
than the Cu(I)-H,O, system (46).

(4) Time-Dependent Modulation of OH Radical For-
mation by Soluble Af 4. We next studied the time-depen-
dent modulation of *OH production by soluble Ap,
(Figures 3 and 4). In the Cu(I)- and Fe(II)-H,O, systems,
where OH radicals are instantaneously produced via
Fenton chemistry, we observed only the exponential
decay of the DMPO-OH adduct versus time (Figure 3,
control). Likewise, in the presence of Af4, we observed
an exponential decay of the DMPO-OH adduct. For
instance, at 30 uM Af4 in the Fe(II)-H,O, system, the
DMPO-OH adduct concentration was completely dimin-
ished after 20 min (Figure 3B). We made similar observa-
tions with Af,g (36).

However, in the Cu(I)-H,O, system (control), we
observed a time-dependent increase in OH radical pro-
duction (Figure 4). This time-dependent modulation of
the DMPO-OH concentration appeared also in the pre-
sence of Af4g, yet Af,y reduced significantly the "OH
concentration as compared to the control. This finding is
similar to our previous results with Afg (36).

(5) Modulation of OH Radical Formation by AB
Aggregates. Previously, we showed that aggregated
Af»s was a less potent inhibitor of *OH formation than
soluble Af,g (36). Therefore, here, we studied also the
modulatory function of aggregated A, in the oxidative
systems mentioned above.
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FIGURE 3: Time-dependent curves for the amount of DMPO-OH
adduct generated in (A) Cu(I)-induced H,O, decomposition and
(B) Fe(II)-induced H,0, decomposition. Reactions were performed
by the addition of 10 mM H,0, to solutions containing 0.1 mM
Cu(CH;CN)4PF¢ or FeSO,4, 2 mM DMPO, and 1 mM Tris buffer
(pH 7.4) in the presence of 10—30 uM soluble Af4o. The zero time
point was the H,O, addition time as described in Experimental
Procedures. The final Cu(I) system solution contained 5% (v/v)
acetonitrile.

(5.1) Preparation of AP 4—Cu(1/1I) Aggregates. Metal
ions were found at high concentrations in Af4, aggregates
(5). However, it is still unknown if soluble Af4o aggre-
gates as a complex with metal ions or mature Afy
aggregates serve as a metal ion sink. Therefore, here we
prepared Afq—metal ion aggregates in two ways: (A)
inducing aggregation based on isoelectric precipitation of
soluble Af, in the presence of metal ions, followed by
maturation for several days, and (B) aggregation of Af4
based on isoelectric precipitation, followed by soaking
the matured aggregates with a metal ion solution.

The aggregation of Af4 was reported to occur upon
incubation in 10 mM Tris-HCI (pH 7.4) at 37 °C for 1—4
days (58). Aggregation can be accelerated by acidifying
the solution, based on isoelectric precipitation (57). Here,
we produced 1:1 ApB4—Cu(l) aggregates by methods A
and B. In method A, we quickly acidified the Apy4
solution containing Cu(I) salt from pH ~8 to 1, then
adjusted the solution pH to 7.4, and finally incubated the
solution for 3 days at room temperature. Alternatively,
AB40—Cu(l) aggregates were prepared by method B. We
prepared an Af,4y aggregate suspension by acidifying the
soluble ApB,y solution from pH ~8 to 1, adjusting the
solution pH to 7.4, and incubating the solution for 3 days
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FIGURE 4: Time-dependent curves for the amount of DMPO-OH
adduct generated in Cu(II)-induced H,O, decomposition. Reactions
were performed by the addition of 10 mM H,O, to solutions contain-
ing 0.1 mM Cu(NOs),, 2 mM DMPO, and 1 mM Tris buffer (pH 7.4)
in the presence of 50—70 uM soluble Af4. The zero time point was
the H,O, addition time as described in Experimental Procedures.

at room temperature. Then, an equimolar amount of Cu
(I) solution was added to the Af4y aggregate suspension.

(5.2) Characterization of 1:1 Af4—Cu(I/Il) Aggre-
gates. The Af4—Cu aggregates prepared using methods A
and B were first analyzed by UV spectroscopy to determine
the Cu oxidation state. Specifically, we added a BCA indi-
cator to Af4—Cu aggregates [0.1 mM ApSy with 0.1 mM
Cu(I)] prepared by method A. We found that after a 3 day
maturation period of the AB4o—Cu(l) aggregates, all of the
Cu ions were oxidized to Cu(Il) ions, as indicated by
disappearance of the Cu(I)-BCA peak at 560 nm and
the appearance of a new band at 368 nm. However, the
addition of the BCA indicator to Af4—Cu aggregates pre-
pared by method B [0.1 mM Cu(I) added to 0.1 mM Ap,
fibrils that had matured for 3 days] resulted in the typical
Cu(I)—BCA peak at 560 nm, indicating that fibrils pre-
pared according to method B contained solely Cu(I) ions.

AB40o—Cu(l/11) aggregates prepared using methods A
and B were also characterized to demonstrate fibril for-
mation. An amyloid fibril is characterized by several
criteria, including electron microscopy demonstration
of fine nonbranching fibers and UV spectral evidence of
the presence of a characteristic -sheet structure using
specific dyes (59).

We characterized Af4—Cu(Il) aggregates via Congo
red dye, TEM, and ICP analysis. (I) For the Congo red
(CR) dye method, Congo red specifically stains amyloid
fibrils with a -sheet secondary structure. The intensity of
the dye signal (detected by UV spectroscopy) is enhanced
upon binding to -sheet fibrils (44,45,60). CR was added
to the aggregates formed by method A and incubated for
1 or 3 days at room temperature (Figure 5). There was a
minor enhancement of the CR signal in the presence of
AB40—Cu(ll) aggregates that had matured for 1 day. We
observed only a slight shift, of 5 nm, of the maximum
absorption wavelength of the CR—Af40—Cu(Il) complex
relative to CR (Figure 5A). The minor changes observed
in the CR signal upon binding of Af340—Cu(Il) aggregates
imply that after aggregation for 1 day the 1:1 Af4—Cu

Baruch-Suchodolsky and Fischer

0.8
—&— CR - Cu(ll)
—o— CRand AB4q- Cu(ll)
0.6 1 fibrils
(1 day aggregation)
o
<
8
5 0.4
<
o
3
<
0.2
0.0 -
400 450 500 550 600 650 700
A [nm]

—=— CR - Cu(ll)
—0— CR and AB4qo- Cu(ll)

0.6 1 fibrils
(3 days aggregation)

400 450 500 550 600 650 700
A [nm]

FIGURE 5: AB4—Cu(Il) fibril dye binding assay. Absorbance spec-
tra of 20 uM Congo red (CR) and 30 uM Cu(NO;), in PBS (pH 7.4) in
the absence or presence of Af4 fibrils. Fibrils were allowed to mature
at room temperature for 1 day (A) or 3 days (B).

(IT) complex has a premature fibril structure. However,
the addition of CR to 3-day-matured 1:1 AB4—Cu(Il)
aggregates showed a typical -sheet mature fibril struc-
ture. This was indicated by the large enhancement of the
absorption, and a 37 nm red shift of the maximum
absorption wavelength of the CR—Af4—Cu(Il) com-
plex, relative to that of CR (Figure 5B).

The addition of CR to 3-day-matured 1:1 AfB4—Cu(l)
aggregates prepared by method B yielded results similar
to those of AfB4o—Cu(Il) aggregates with a 35 nm red shift
of the maximum absorption wavelength of the CR—
AB4—Cu(l) complex relative to that of CR (results not
shown). However, the CR—ApB4,—Cu(Il) complex pre-
pared by method A had a 0.272 AU enhancement of the
maximum absorption relative to that of CR, while the
CR—Ap40—Cu(I) complex, prepared by method B, had
an only 0.150 AU enhancement of the maximum absorp-
tion relative to that of CR.

(IT) For TEM measurements, TEM images of 1:1
ApB4o—Cu(ll) aggregates prepared by method A and
allowed to mature for 3 days exhibited rodlike aggregates
(length, 328.24 4+ 67.87 nm; diameter, 17.92 + 6.04 nm)
(Figure 6A). In most cases, the rods further stacked to
form larger clusters ranging from 287 to 927 nm in size
(length, 611.99 + 327.45 nm; diameter, 124.14 + 39.69
nm) (Figure 6B). These results are consistent with pre-
viously reported data for Af4g4, fibrils (61,62).



Article

FIGURE 6: TEM images of the Af4o—Cu(Il) aggregates: (A) 328.24
+ 67.87 nm fibrils and (B) 611.99 + 327.45 nm clusters. The
aggregates were prepared by method A as described in Experimental
Procedures. A samples were allowed to mature for 3 days at room
temperature.

To find whether free Cu(Il) ions were present in the
aggregated samples, we filtered the Af4—Cu(Il) aggre-
gates from the sample suspension and analyzed the
filtrate by (III) ICP measurement. No free Cu ions were
detected under our ESR measurement conditions with
aggregated AB4—Cu(Il) samples.

(5.3) Concentration-Dependent Modulation of OH Ra-
dical Production by the Aggregated AB—Cu(1/1I) Com-
plex. We also studied by ESR the modulatory function of
the aggregated Af4—Cu(ll/I) complex (prepared by
methods A and B, respectively) in OH radical-producing
systems (Figures 7 and 8).

The Af4o aggregates inhibited Cu(II)-induced H,0,
decomposition in a concentration-dependent manner
with an exponential decay of DMPO-OH adduct concen-
tration (Figure 7). Specifically, at concentrations of
1—45 uM Ap,4y aggregate, enhanced production of
DMPO-OH adduct as compared to control (a pro-oxi-
dant phase) was observed, while at concentrations of
45—105 uM Ap4 aggregate, the DMPO-OH adduct
concentration was decreased with an ICsy value of 50.5
uM (Table 1). This ICsq value is similar to the value of
soluble A4 in the Cu(Il)-H,O; system (62 uM).
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FiGURE 7: Modulation of the Cu(II)-induced H,O, decomposition
by 3-day-old 1—105 uM Ap4—Cu(Il) aggregates prepared by meth-
od A at pH 7.4. H,O, (10 mM) and DMPO (2 mM) were added to the
samples, and the amount of DMPO-OH adduct was determined by
ESR measurements. The amount of DMPO-OH adduct formed
under these conditions is given as the percentage of control, which
contains Cu(NOs),, H,O,, and DMPO. The curve represents the
average of two experiments.
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FiGURE 8: Modulation of the Cu(I)-induced H,O, decomposition
by ApB4o aggregates prepared by method B. Af,y aggregates at a
concentration of 0—0.14 mM were added to a 0.1 mM Cu
(CH3CN)4PF¢ acetonitrile solution and 1 mM Tris buffer (pH 7.4).
The final AB4o—Cu(I)-H,O; solution contained 5% (v/v) acetonitrile.
H>0; (10 mM) and DMPO (2 mM) were added to the samples, and
the amount of DMPO-OH adduct was determined by ESR measure-
ments. The amount of DMPO-OH adduct formed under these
conditions is given as the percentage of control, which contains Cu
(CH3CN)4PF¢, H,O,, and DMPO. The curve represents the average
of two experiments.

In addition, we evaluated the antioxidant function of
aggregated AB4—Cu(l) complexes, prepared by method
B (Figure 8). The Af4 aggregates inhibited production of
OH radicals from Cu(I)-induced H,O, decomposition in
a concentration-dependent manner with an exponential
decay of the amount of DMPO-OH (Figure 8). However,
here, unlike the Af4—Cu(Il)-H,O, system, we did not
observe any pro-oxidant phase at 1—140 uM Apf4o. The
ICsq value of Af4o aggregates was 16.3 uM, which is
similar to the ICsq value of soluble A4 in the Cu(I1)-H,O,
system (15.5 uM).
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FIGURE 9: Time-dependent curves for the amount of DMPO-OH
adduct generated by H,O, decomposition by 1 and 20 uM Af4—Cu
(IT) aggregates prepared by method A at pH 7.4. HO, (10 mM) and
DMPO (2 mM) were added to the samples, and the amount of
DMPO-OH adduct was monitored by ESR measurements for
60 min. The zero time point was the H,O, addition time, as described
in Experimental Procedures.
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FiGure 10: Time-dependent curves for the amount of DMPO-OH
adduct generated by H,O, decomposition by Af,, aggregates pre-
pared by method B. An Af4o concentration of 20—70 uM was added
to a 0.1 mM Cu(CH;CN)4PF; acetonitrile solution and 1 mM Tris
buffer (pH 7.4). The final Af4—Cu(I)-H,O, solution contained 5%
(v/v) acetonitrile. H,O, (10 mM) and DMPO (2 mM) were added to
the samples, and the amount of DMPO-OH adduct was monitored
by ESR measurements for 60 min. The zero time point was the H,O,
addition time, as described in Experimental Procedures.

(5.4) Time-Dependent Modulation of OH Radical For-
mation by Aggregated Af 4. We then monitored the time-
dependent antioxidant activity of aggregated Af4,—Cu
(I/II) complexes as compared to control (no Af40)
(Figures 9 and 10).

In the aggregated Af4—Cu(ll) complex, there is pro-
duction of DMPO-OH adduct over time, and radical
production is enhanced as compared to the control
(Figure 9). Thus, in a 1 uM Ap,, aggregate suspension,
radical production was enhanced 5-fold, yet in a 20 uM
Af40 aggregate suspension, the level of radical produc-
tion was relatively reduced, as expected from the concen-
tration-dependent activity of Af, (Figure 7).

Baruch-Suchodolsky and Fischer

The aggregated Af4—Cu(l) (homogeneous Af4 ag-
gregate suspension) complex reduced the level of OH
radical formation as compared to the control system
during the first 20 min (Figure 10), similar to 10 uM
soluble A4 (Figure 3A).

DISCUSSION

The motivation for this study originated from the need
to solve the current confusion regarding the anti- or pro-
oxidant nature of Af4, suggested on the basis of contra-
dicting evidence (/2,63—65). Understanding the role of the
endogenous Af4 under normal physiological conditions
and under oxidative stress is greatly important for the
identification of potential therapeutic targets and, conse-
quently, for the development of drug candidates, or ther-
apeutic approaches.

Therefore, here, we targeted the study of the modulatory
role of Af at the molecular level. We decided to avoid the
complexity of living cells and to focus on Af, in the
simplest possible cell-free oxidative systems. For this pur-
pose, we focused on the Cu(l)/Fe(II)-H,O, oxidative
systems. These low-valency metal ions represent the re-
dox-reactive forms of Cu/Fe in Af,4, responsible for
catalyzing decomposition of H,O, to *OH (and “OH). In
addition, we evaluated Af4 in the Cu(I1)-H,O, system as
Cu(Il) ions also induce OH radical production via H,O,
decomposition [although at a much lower rate than Cu(I)/
Fe(I) ions] (46).

Our decision to evaluate the modulation of oxidative
conditions by Apfy at the molecular level in cell-free
systems to learn about oxidative stress in cells was justified
by our finding that Af4, undergoes extensive oxidation at
His6, His13, His14, and Tyr10 under cell-free conditions.
This behavior is analogous to that of Af in senile plaques
(66,67), leading us to conclude that our cell-free oxidative
systems do indeed mimic AD oxidative stress conditions.

(1) AB4y Is a Remarkably Potent Antioxidant. We have
found that Ay, in either its soluble or its aggregated
form, functioned as a remarkably potent antioxidant in
metal ion-catalyzed radical-producing systems [Cu(I)/Fe
(IT)-H»0,]. We also found that ApB, functioned slightly
less potently in the presence of Cu(Il) (Table 1). AB4
proved to be 3.8—6.5-fold more potent than soluble Af,g
in the Cu(I)/Fe(I1)-H,0O, systems. Furthermore, it was
15—42 times more potent than Trolox, used as a standard
in assays of total antioxidant capacity (68,69), in Cu(I)/Fe
(IT)-H,0O, systems (Table 1).

The presence of either soluble or aggregated Af4oin the
Cu(I)-H,O, system did not change the time-dependent
inhibition pattern, as compared to the control system
(Figures 3 and 10). However, for the Cu(II)-H,O, system,
a significant difference was observed between soluble and
aggregated Af4o (Figures 4 and 9). For instance, 50 uM
soluble Af 4 slightly enhanced "OH production with time,
unlike the significant enhancement observed for the
control system (Figure 4), yet 1 uM aggregated Af4g
increased the level of “OH formation as compared to the
control system (Figure 9). Namely, time-dependent en-
hancement of ROS production will occur only if the
following conditions prevail: low concentrations of
aggregated Afy4o in the presence of Cu(II).
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(2) A Biphasic Modulation of Radical Formation Was
Observed for AB 4y in Cu(Il)-H>0, Systems. Soluble A4
exhibited a biphasic modulation of radical formation in
Cu(II)-H,0, systems (Figure 2). We hypothesized that at
low Af49 concentrations several Cu(II) ions bind to one
A4 molecule, resulting in an open coordination sphere
of Cu(II). In this way, Cu(II) can bind a H,O, molecule
and electron transfer can occur. Since A, stabilizes Cu
ions better than water (control), a pro-oxidant phase is
obtained at low Af4 concentrations. At high Af4y con-
centrations, Af—Cu(Il) complexes (e.g., 1:1 complexes)
may involve a full Cu(Il) coordination sphere. In this
case, the H>,O, approach to the metal ion will be hindered,
resulting in limited electron transfer and, eventually,
inhibition of OH radical formation (an antioxidant
phase).

The lack of a pro-oxidant phase at low Af4y concentra-
tions, in the Cu(I)-H»O, system, may be due to a greater
stabilization of Cu(I) versus Cu(Il) by Apf4. It was
reported that when steric factors permit a tetrahedral
arrangement of the ligands around a Cu(I) ion and at the
same time prevent a square planar configuration around a
Cu(II) ion, Cu(I) complexes will be favored over Cu(II)
complexes (70).

If A4 permits a tetrahedral arrangement, rather than
a square planar one, of the ligands around a Cu(I) ion, it
will result eventually in the lack of a pro-oxidant phase in
the Cu(I) Fenton reaction.

At high A4 concentrations where complexes of a
different stoichiometry may form [e.g., 1:1 or 2:1 AfByo:
Cu(I)], coordination with H,O, is prevented. Subse-
quently, the Cu(I) Fenton reaction is inhibited.

(3) The Antioxidant Activity of APy Is Mainly Due to
Radical Scavenging. Both Af,g and A4 (cither soluble
or aggregated) were proposed to coordinate Cu(II) ions
with three nitrogen atoms and one oxygen atom on the
basis of EPR studies (24,71). Specifically, His residues
(His6, His13, and Hisl4) and an oxygen atom arising
from either Aspl (side chain carboxylate) (57) or
Tyr10 (7) were suggested to be involved in Cu(II) coordi-
nation. Alternatively, two His residues and the amino-
terminal nitrogen atoms were proposed to take part in the
coordination (72). A 1:1 stochiometry was reported for
the Cu(I)—Ap49 complex (73,74).

Our findings here are indeed consistent with a 1:1
stochiometry. At ca. 0.12 mM A4 and 0.1 mM Cu(Il),
a complete inhibition of H,O, decomposition is observed,
possibly implying the formation of a 1:1 Cu(Il)—Ap49
complex (Figure 2). Furthermore, our findings support
the coordination of Cu and Fe ions to A4 through His6,
His13, His14, and Tyr10 (Table 2), as discussed below.

Apf4o 1s a good Cu/Fe chelator (73,75,76). Therefore,
Cu/Fe chelation by A4 may contribute to the mechan-
ism of inhibition of ROS formation. Af,;, may provide
the metal ions a full coordination sphere and a change in
the redox potential (8,24,76—78), resulting in inhibition
of electron transfer to H,O,. However, in addition to
metal ion chelation, Af 4o may inhibit OH radical produc-
tion by scavenging OH radicals by its CH moieties.

We evaluated the contribution of the radical scaven-
ging mechanism to the overall inhibition of OH radi-
cal production. For this purpose, we monitored the
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time-dependent oxidative damage to Af4 residues in
the Cu(I/II)/Fe(I11)-H,O, systems by amino acid analysis.
As OH radicals have an extremely short lifetime, their
oxidative damage is expected to be most pronounced in
the vicinity of the redox-active metal ion, where the
radicals are formed. Hence, amino acids which coordi-
nate the redox-active metal ion (His6, His13, His14, and
Aspl or Tyrl0 residues) will be most susceptible to
oxidative damage. Indeed, A4, was practically comple-
tely oxidized after 24 h in Cu(I)/Fe(IT)-H,O, systems,
whereas Af,s was only partially oxidized (Table 2).
Therefore, we concluded that the primary (rapid) anti-
oxidant activity of Af,g is mainly due to a metal ion
chelation mechanism, while a secondary scavenging me-
chanism operates in a time-dependent manner (36).

Here, with ICs, values of A4, which are up to 6.5-fold
greater than those of Afg in the same Cu(I)/Fe(II)-H,O,
systems, we certainly cannot consider metal ion chelation
as the major mechanism. Specifically, metal ion coordi-
nation by Af occurs stoichiometrically (either 1:1 or 1:2
Apf:metal ion) (73); therefore, the extremely low ICs
values of Af4 [e.g., 13 uM at 100 uM Fe(I1)] cannot be
explained on the basis of the metal ion chelation mechan-
ism alone.

On the basis of this argument and the extensive oxida-
tive damage caused to Af,y in Cu(l)/Fe(I)-H,O, sys-
tems, even after 4 min, we propose that the major
mechanism of antioxidant activity of Af,, is radical
scavenging.

(4) APy Is a More Potent Antioxidant Than Afg in Cu
(I)]Fe(Il)-H,O, but Not Cu(Il)-H,0O, Systems. 1Cs
values of both Af4 and Af,g in the Cu(I1)-H,0, system
are identical (Table 1). Likewise, the His loss percentage
in both Af,g and A4 in the presence of Cu(Il) ions (after
either 21 min or 24 h) is practically the same. The identical
behavior of Af,s and A, in this system is consistent
with a similar affinity of Cu(II) for both Af,s and Ay
(73). Specifically, Simon et al. recently suggested that the
peptide chain length has no influence on the metal ion
binding constant value (log K, is 9.4 for both AB4y and
Apie) (73).

Unlike the Cu(IT)-H,O5 system, the Cu(I)/Fe(I1)-H,O,
systems exhibit a significant difference between Af4 and
Afs. The antioxidant activity of Af, is markedly en-
hanced compared to that of Af,g (Table 1). In addition,
Ap4o was substantially more oxidized than ApS,g under
these conditions (Table 2). These observations imply that
the contribution of the radical scavenging component to
OH radical inhibition is much more significant in Afy4
than in Afg.

We speculate that the significantly higher oxidative His
loss in Af4 as compared to Afyg in the Cu(l)/Fe(Il)
systems reflects a different geometry and stability of the
corresponding AS—Cu(l)/Fe(I) complexes.

The origin of this difference may be related to the
nature of the coordinating Cu(II) and Cu(I) ions. Unlike
Cu(II), Cu(I) and Fe(II) are soft ions and prefer coordi-
nation with soft ligands, e.g., sulfur atoms. We suggest
that Cu(I) and Fe(II) coordinate with Af, via the sulfur
atom of Met35 in addition to His6, His13, His14, and
Tyr10 (Scheme 1). As Met35 is not present in Af»g, ABog
is predicted to bind Cu(I) and Fe(II) with a lower affinity
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than AS40. This might explain the lower level of oxidative
damage in Afg.

Furthermore, binding of Cu(I)/Fe(Il) via Met35
might explain the oxidative loss of Phe4, Lys16, GInl5,
and Glull in Apf,y (Table 2 and Scheme 1) due to
the proximity of those amino acid residues to the redox
center. This proximity is imposed by the tentative
coordination of Met35 to Cu/Fe. As these structural
changes do not occur in Af,g, Phe4, Lys16, GInl5, and
Glull residues in the Af,3—Cu/Fe complex are not
oxidatively lost.

Indeed, Raman data for the Af—Cu(II) complex with-
in isolated plaque cores provide evidence of extensive
Met35 oxidation (79). This evidence strongly supports the
coordination of Met35 to Cu(I) [Fe(I)] ions.

The modulation of Cu/Fe-induced OH radical produc-
tion by Afg resulted in a sigmoidal decay of the OH
radical concentration (36), yet modulation by A4 re-
sulted in an exponential decay of the OH radical concen-
tration (Figure 2). These different inhibition patterns
possibly reflect the differently weighted contributions of
radical scavenging and metal ion chelation mechanisms in
Af»g and also Af4, modulation.

The weighted contribution of radical scavenging to OH
radical inhibition is more significant for Af4, than Af.s.
Therefore, the effect of a very low Af4o concentration (ca.
I nM) is significant in radical inhibition and results in an
exponential decay graph, yet for Ap,g, the weighted
contribution of metal ion chelation to OH radical inhibi-
tion is more significant than for Apf4y. Therefore, a
relatively higher concentration of Af,g (ca. 60 nM) is
required to obtain any antioxidant effect, resulting in a
sigmoidal decay graph.

CONCLUSIONS

Earlier reports proposed a “dual role” of Af4, where
sequestration of metal ions by the monomer is neuropro-
tective, while Af aggregates generate oxygen radicals and
cause neuronal death (53,75,80—83). Other studies sug-
gested that early soluble oligomers are actually the toxic
species responsible for neurodegeneration and neuronal
cell death (84,85).

Our findings here for Af, are in agreement with those
reports proposing a neuroprotective role for the “mono-
meric” (soluble) protein. However, our data for the Af4
aggregates, which were found here to be highly potent
antioxidants as well, are not in accord with many studies in
the literature. OH radical formation was significantly
inhibited by aggregated Af4 in a concentration- and
time-dependent manner. Namely, Af3;o—metal ion aggre-
gates considered before to be deleterious oxidants appear
here to be highly potent antioxidants.

Another argument found in the literature describes the
oxidant versus antioxidant character of Af4, as being
concentration-dependent. Namely, at nanomolar concen-
trations, Af4 is an antioxidant, whereas at micromolar
concentrations, the antioxidant activity is abolished (86).
Here, we found that Af4 was an antioxidant at either
nanomolar or micromolar concentrations in Cu(I)/Fe(II)
systems. In the Cu(II)-H,O, system, AfS4, was also an
antioxidant, although at higher concentrations (=30 uM).

Baruch-Suchodolsky and Fischer

In summary, Af,4 either soluble or aggregated, at either
nanomolar or micromolar concentrations, is a highly
potent antioxidant in cell-free oxidative systems, acting
mainly as a radical scavenger. As mentioned above, these
cell-free oxidative systems are adequate simulations of AD
oxidative stress conditions. Therefore, we propose that it is
not the AfB4—Cu(I)/Fe(II) complex per se that is respon-
sible for the oxidative damage in AD.
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