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Abstract
A forefront of the research on Alzheimer’s disease (AD) is the interaction of amyloid beta (Aβ)
peptides with redox metal ions (e.g., Cu(II), Fe(III) and Fe(II)) and the biological relevance of the
Aβ-metal complexes to neuronal cell loss and homeostasis of essential metals and other cellular
species. This work is concerned with the kinetic and mechanistic studies of the ascorbic acid oxidation
reaction by molecular oxygen that is facilitated by Cu(II) complexes with Aβ(1–16), Aβ(1–42), and
aggregates of Aβ(1–42). The reaction rate was found to linearly increase with the concentrations of
Aβ-Cu(II) and dissolved oxygen, and be invariant with high ascorbic acid concentrations. The rate
constants were measured to be 117.2 ± 15.4 and 15.8 ± 2.8 M−1s−1 at low (<100 µM) and high AA
concentrations, respectively. Unlike free Cu(II), in the presence of AA, Aβ-Cu(II) complexes
facilitate the reduction of oxygen by producing H2O2 as a major product. Such a conclusion is drawn
on the basis that the reaction stoichiometry between AA and O2 is 1:1 when Aβ concentration is kept
at a much greater value than that of Cu(II). A mechanism is proposed for the AA oxidation in which
the oxidation states of the copper center in the Aβ complex alternates between 2+ and 1+. The catalytic
activity of Cu(II) towards O2 reduction was found to decrease in the order of free Cu(II) > Aβ(1–
16)-Cu(II) > Aβ(1–42)-Cu(II) > Cu(II) complexed by the Aβ oligomer/fibril mixture > Cu(II) in
Aβ fibrils. The finding that Cu(II) in oligomeric and fibrous Aβ aggregates possesses considerable
activity towards H2O2 generation is particularly significant, since in senile plaques of AD patients
the co-existing copper and Aβ aggregates have been suggested to inflict oxidative stress through the
production of reactive oxygen species (ROS). Although Cu(II) bound to oligomeric and fibrous
Aβ aggregates is less effective than free Cu(II) and the monomeric Aβ-Cu(II) complex in producing
ROS, in vivo the Cu(II)-containing Aβ oligomers and fibrils might be more biologically relevant
given their stronger association with cell membranes and the closer proximity of ROS to cell
membranes.

Introduction
The pathological hallmarks of Alzheimer’s disease (AD) include the formation of senile
plaques composed of mainly amyloid-β (Aβ) variants of 40–43 residues, a dramatic loss of
neuronal cells, and extensive oxidative stress.1–3 More intriguing is the fact that inside the
senile plaques high levels of metals are accumulated.4–6 Consequently, recent years have seen
an enormous interest in the interaction between metal and Aβ and the possible roles of the
metal-Aβ complexes in the AD pathogenesis.7–19 Although it is still not clear how extensive
oxidative stress in AD-afflicted brain occurs, it is becoming evident that the redox active metals
(e.g., Cu(II) and Fe(III)) are involved in the production of reactive oxygen species (ROS) and
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the aggravation of oxidative stress.3,19–21 Hence, in order to probe the role of metals and
Aβ, a key issue is to understand the redox properties of the complexes of metals with Aβ and
possible redox reactions of these complexes with biological species. Our group,16,22 among
others,14,15 have systematically elucidated the redox properties of Aβ complexes with copper
and iron. Findings from these efforts have improved our understanding of the metal-initiated
production of ROS.

It has been well documented that Aβ binds copper with its hydrophilic domain (residues 1–16)
through the three histidine residues at positions 6, 13, and 14.7 Other binding sites proposed
for the Cu(II) binding include the amine and carboxylate groups of aspartic acid at the N-
terminus, the tyrosine residue at position 10 and other carboxylates in the hydrophilic domain
(For a comprehensive review please see Ref. 7). At least two binding modes with varying
binding affinities have been proposed, and investigations on the detailed binding modes have
continued.8,9,13,23–26 The binding (affinity) constants reported thus far have ranged from
micromolar to attomolar,10,26–31 with most values lying between submicromolar and
nanomolar.10,26,29,31 Such a large variation has been suggested to be a result of the
differences in the concentrations of Aβ and Cu(II), buffer systems, Aβ sample preparations,
and even data interpretations. The impact of these differences on the measurement of the
binding affinity and stoichiometry between Cu(II) and Aβ has been reviewed and rationalized
by recent reviews.7,13 Despite these conflicting results, it is generally agreed that Cu(II) binds
to Aβ strongly and the resultant complexes are possibly related to oxidative stress (either as a
proxidant or an antioxidant or a dual role of proxidant and antioxidant).12–19

In vitro, the Aβ-Cu(II) complex, in the presence of an electron donor (reductant), has been
shown to reduce O2 to produce H2O2.15,32 Recently, we successfully measured the redox
potential of the complex and suggested that thermodynamically a number of biological species
are capable of reducing Aβ-Cu(II) to Aβ-Cu(I).16 Aβ-Cu(I) in turn can reduce O2 and generate
H2O2. Overall, the net effect is that Aβ-Cu(II) facilitates the oxidation of a biological species
and the reduction of molecular oxygen, generating H2O2 as a ROS, as shown by reaction (3).

(1)

(2)

(3)

where Red and Ox represent the reduced and oxidized forms of a biological species,
respectively. For reductant that can receive two electrons (e.g., ascorbic acid), reaction (3)
becomes Red + O2 + 2H+→ Ox + H2O2 or the stoichiometry between Red and O2 is 1:1. Under
normal circumstance without Aβ-Cu(I), reaction (3) would proceed very slowly, imposing no
significant effect on the normal functions of cellular species. In contrast, in the presence of
Aβ-Cu(I), reaction (3) may be dramatically accelerated, and both the biological species and
molecular O2 would be depleted, adversely impacting many biological processes.16,33

The mixture of Aβ and Cu(II) (in many studies containing both complexed and free Cu(II))
has been reported to accelerate the oxidation of catechol and dopamine by H2O2.34,35 In this
aspect, the mixture was proposed to act like an enzyme (or catalyst) for the oxidation reactions
of these species. Ascorbic acid (AA), present as ascorbate anion at physiological pH, is a broad
spectrum antioxidant (reductant) that acts against many ROS, and is present abundantly in
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central nerve system (ranging from 500 µM in cerebrospinal fluid to 10 mM in neurons).36 It
has been reported that AD patients have a significantly lower antioxidant capacity in cerebral
fluid than control subjects.37 On the basis of the redox potentials of AA and the Aβ-Cu(II)
complex,16 its reaction with Aβ-Cu(II) is thermodynamically favored. As such, its oxidation
facilitated by Aβ-Cu(II), similar to that shown in reaction (3), ought to occur. Given its
biological importance and the implication of Aβ-Cu(II) to the pathogenesis of AD, the study
of the oxidation kinetics should provide insight into the role of Aβ-Cu(II) in the development
of AD.

Oxygen is also abundant in brain and is vital for a variety of brain functions.20 It has been
assumed that the complex formed between Cu(II) and Aβ(1–42) participates in the reduction
of molecular oxygen to hydroxyl radicals through the route O2 → O2 − • → H2O2 → OH•.12

A recent theoretical paper by Hewitt and Rauk shows that the conversion of O2 to H2O2 in the
presence of the reduced form of Aβ-Cu(II) (i.e., Aβ-Cu(I)) does not have to proceed via the
superoxide O2 − • intermediate.32 Results recently obtained by Baruch-Suchodolsky and
Fischer12 and Faller’s group14 have suggested that Aβ peptides (especially Aβ(1–40) and Aβ
(1–42)) may serve as scavengers of OH•. In the work by Baruch-Suchodolsky and Fischer, the
Aβ-Cu(I) complex was formed between Aβ and Cu(I) without first reducing Aβ-Cu(II) through
a reductant.12,38 Interestingly, Guilloreau et al. showed that the amount of OH• generated by
Aβ(25–35), the segment that does not contain the Cu(II) binding domain but possesses the
easily oxidizable methionine residue at position 35, is much greater than that produced by Aβ
(1–16) or Aβ(1–42).14 This observation suggests that Cu(II) complexed by Aβ(1–16) or Aβ
(1–42) is less capable than free Cu(II) of generating OH• (i.e., more capable of inhibiting
OH• generation). Although many studies have focused on the production of H2O2 from O2

,
16,32 it is not certain whether H2O2 produced with the aid of the Aβ-Cu(I) complex can further
decompose to OH•.

The oxidation kinetics of AA has been extensively investigated employing both free Cu(II) or
Cu(II) complexes.39–41 Depending on the ligands coordinating the Cu(II) center, the kinetics
and mechanisms of the AA oxidation vary significantly. For example, when Cu(II) is
coordinated by poly-4-vinylpyridine, its catalytic activity toward the AA oxidation increases
by four orders of magnitude.42 The copper(II)-catalyzed AA oxidation, in the presence or
absence of strong ligands, is generally believed to proceed by an alternating reduction-
oxidation mechanism with the formation of an intermediate of cuprous (Cu(I)) species.42,43
Nonetheless, AA oxidation catalyzed by histidine (His) ligated copper proceeds via a different
mechanism in which a ternary complex of O2–(His-Cu)–AA is formed.40 Furthermore,
although in the presence of an electron donor and Aβ-Cu(II) H2O2 has been detected and the
reaction has been proposed to proceed along the pathway outlined by reactions (1)–(2), it is
not clear if H2O2 is the exclusive product or if other ROS are also generated. To elucidate the
potential involvement of Aβ-Cu(II) in the AD pathogenesis, it is necessary to further investigate
the mechanism of oxygen reduction facilitated by the Aβ-Cu(II) complex in a milieu similar
to biological conditions.

To the best of our knowledge, the rate of the Aβ-Cu(II)-facilitated AA oxidation by O2 has not
been determined and the dependence of this rate on the concentrations of Aβ, Cu(II), AA, and
O2 has not been thoroughly assessed. Furthermore, although it has been shown that Aβ fibrils
bind to Cu(II) as strongly as Aβ monomers,25 the ability of the Cu(I)-containing fibrils in
scavenging OH• appears to be diminished with respect to that of the complex between Aβ
monomer and Cu(I).12 We are therefore also interested in whether the aggregation of Aβ in
the presence of Cu(II) may affect the rate of H2O2 production. In this work, we investigated
the effect of Aβ-Cu(II) on AA oxidation by molecular oxygen, the oxidation reaction kinetics
and the stoichiometry of the reaction. The differences in reactivity and mechanism between
free Cu(II) and Aβ-Cu(II) are compared and discussed. Such a study sheds light onto the
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possible role of Aβ as a neuroprotective agent or a toxin, an ambiguity that has long been under
debate.12,44,45 We also compared the activity of Aβ-Cu(II) in monomeric and aggregate
forms in facilitating the O2 reduction to gain a better understanding of their relative toxicities
in terms of their abilities to deplete biological species and to produce hydrogen peroxide. With
the rate constant known, we should be able to learn how rapidly important biological redox
species are consumed in the Aβ-Cu(II)-facilitated O2 reduction reaction.

MATERIALS AND METHODS
Materials

Lyophilized Aβ(1–16) (DAEFRHDSGYEVHHQK) was synthesized by Genemed Synthesis
(San Antonio, TX), and purified in-house using HPLC. Aβ (1–42)
(DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVI) was purchased from
American Peptide Co. Inc. (Sunnyvale, CA). All other chemicals were of analytical grade
(Sigma-Aldrich). Throughout the work, 1 mM CuCl2 dissolved in 1 mM H2SO4 was used as
the Cu(II) stock solution. Aβ(1–16) samples were prepared freshly by dissolving lyophilized
powder samples in deionized water, while Aβ(1–42) samples were dissolved in dimethyl
sulfoxide (DMSO) and subsequently diluted with phosphate buffer to desired concentrations.
The AA stock solution (10 mM) was prepared before use.

Phosphate buffer (10 mM, pH 7.2) was employed for the kinetic experiments and preparations
of Aβ(1–42) aggregates with or without Cu(II). The buffer was prepared with deionized water
(18 MΩ·cm−1), followed by being passed through a Chelex 100 column (Bio-Rad Laboratories,
Inc, Hercules, CA) to rid of the trace heavy metals. Using inductively coupled plasma mass
spectrometry (ICP-MS), we found that concentrations of heavy metal ions after such a
treatment were below 1 nM.

Kinetic Measurements
The AA oxidation was followed by UV-vis spectrophotometry (Cary 100 Bio, Varian Inc.,
Palo Alto, CA). The kinetic experiments were conducted at 25 °C in phosphate buffer (pH,
7.2). At this pH, AA exists predominately in the ascorbate monoanion form and throughout
this work we use AA interchangeably to represent the ascorbate monoanion.40 The initial
oxidation rates of AA were measured from the decrease of absorbance at 265 nm, where AA
shows a maximum absorption (ε = 1.5×104 M−1cm−1).40 Within the initial 100 s, the
absorbance decreases linearly with time. The initial reaction rate (V0) is therefore taken as m/
εl (where m is the slope of the linear portion of the curve, ε the ascorbate absorption coefficient
at 265 nm, and l the optical path length of the cuvette).

Under our experimental conditions, the autooxidation rate of AA without Aβ-Cu(II) was found
to be always < 0.1 nM s−1. The oxygen contents in the sample were controlled by equilibrating
the sample solution with N2-O2 gas mixtures of different compositions. Introducing the gas
mixture into the solution was performed in a glove box (Plas Lab Inc., Lansing, MI) that was
maintained under a N2 atmosphere with a O2 content less than 1 ppm. The N2 and O2 flows in
the gas mixtures were regulated by mass flow controllers (Hastings Instruments, Hampton,
VA) before being mixed in a stainless chamber and introduced into the solution. Prior to each
experiment, the initial oxygen concentration was measured by a dissolved oxygen membrane
electrode (080515MD, Thermo Fisher Scientific, Pittsburgh, PA). The Aβ-Cu(II) complex was
freshly prepared by adding Cu(II) to an Aβ (i.e., either Aβ(1–16) or Aβ(1–42)) solution. In
order to minimize the free Cu(II) concentration, unless otherwise stated, the [Aβ]/[Cu(II)] ratio
was always kept at 20/1. At such a ratio, even if the binding constant between Aβ and Cu(II)
were in the sub-µM range,10,26,29,31 copper would still exist predominantly in the form of a
complex. We should emphasize that any uncomplexed Cu(II) can catalyze the reduction of
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H2O2 to generate OH• (via the Harber–Weiss-like mechanism) as shown by the recent work
of Guilloreau et al.14 Therefore, keeping the free Cu(II) concentration at the minimum by using
a high [Aβ]/[Cu(II)] ratio is critical for avoiding such a complication. The Cu(II)-containing
Aβ(1–42) aggregates were prepared by either preincubating Aβ(1–42) solution at 37 °C for a
desired amount of time and then mixing with Cu(II) or incubating an Aβ(1–42)/Cu(II) mixture.
In kinetic experiments, the abovementioned Aβ/Cu(II) mixture was spiked with AA and mixed
with buffer equilibrated with a N2-O2 gas mixture.

Electrochemical Measurements
The electrochemical experiments were performed on a CHI 411 electrochemical workstation
(CH Instruments, Austin, TX) using a homemade plastic electrochemical cell. A glassy carbon
disk electrode and a platinum wire were used as the working and counter electrodes,
respectively. The reference electrode was Ag/AgCl, and all of the potential values are reported
with respect to this electrode unless otherwise stated. Prior to each experiment, the glassy
carbon electrode was polished with diamond pastes of 15 and 3 µm and alumina pastes of 1
and 0.3 µm in diameter (Buehler, Lake Bluff, IL). The electrolyte solution was a phosphate
buffer containing 0.1 M NaNO3. The Aβ(1–16) stock was diluted with the same phosphate
buffer to desired concentrations. In order to examine the reaction between AA and Aβ-Cu(II)
without the complication from oxygen, the experiments were conducted in the same glove box
under a N2 atmosphere.

Atomic force microscopy
AFM images were obtained on an MFP-3D-SA microscope (Asylum Research, Santa Barbara,
CA) equipped with a tapping mode. Lyophilized Aβ(1–42) was dissolved in 20 mM NaOH
solution to prepare 1 mM stock solution. To generate Cu(II)-containing Aβ(1–42) aggregates,
200 µM Aβ(1–42) with or without 20 µM Cu(II) was incubated at 37 °C for a desired period
of time. Aliquots of Aβ(1–42) or Aβ(1–42)/Cu(II) were taken out at predetermined incubation
times, cast onto newly peeled mica, and left in contact with the mica substrate for 15 min.
Thereafter, the slides were gently rinsed with water to remove any residual salt, and dried with
nitrogen before imaging.

Results
Dependence of the AA Oxidation Rate on Its Concentration

Figure 1 shows that within 10–240 µM, the initial rate of AA or ascorbate oxidation varies
with its concentration when 10 µM Aβ-Cu(II) and 240 µM O2 are also present. The rate
increases with [AA] almost linearly below 100 µM. As [AA] increases, the rate reaches a steady
state. Although the rate-concentration dependence is characteristic of an enzymatic reaction,
additional experimental results (vide supra) suggest a different reaction mechanism, which will
be detailed in the Discussion Section.

Dependence of the AA Oxidation Rate on the Oxygen Concentration
Figure 2 shows the variation of the rate of AA oxidation with the oxygen concentration when
[AA] and [Aβ-Cu(II)] were fixed at 240 and 10 µM respectively. Notice that we chose an initial
AA concentration that far exceeds the upper limit of the linear range in Figure 1 so that AA is
not the limiting reagent. Within 4.6–1170.1 µM [O2], the AA oxidation rate was found to
increase linearly with [O2]. This contrasts the observation of a plateau at higher [O2] when the
histidine-Cu(II) complex was used as the catalyst,40 suggesting that a different mechanism is
at work.
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Dependence of the initial AA oxidation rate on [Aβ-Cu(II)]
To further probe the AA oxidation or O2 reduction mechanism, we investigated the effect of
[Aβ-Cu(II)] on the AA oxidation rate. As shown in Figure 3, the initial AA oxidation rate also
exhibits a linear relationship with the amount of [Aβ-Cu(II)] introduced to the sample solution.
Notice that the solutions studied were saturated with air and contained a high [AA] so that
these reactants are again not the limiting reagents.

The major product of oxygen reduction by AA that is facilitated by Aβ-Cu(II) is H2O2
The reduction of O2 can form either H2O or H2O2 or both. In most studies,40,43 even in the
presence of a catalyst,41,43 H2O2 is assumed to be the product. However, usually, free Cu(II)
catalyzes the decomposition of H2O2 as follows:12,46

(4)

(5)

(6)

The above reactions have been shown to be relevant to the inhibition of OH• through the Cu
(II) complexation by Aβ.14 Reactions (4)–(5) are essentially the Harber–Weiss reaction12,46

producing the hydroxyl radical OH• and reaction (6) is basically the Fenton reaction.47 Thus,
free Cu(II) decomposes H2O2 and produces the highly reactive hydroxyl radical.

For the reduction of oxygen by AA, it would be interesting to observe if the reaction is affected
by the coordination of the metal ion. Along this line, we probed the reaction stoichiometry of
the oxygen reduction catalyzed by free Cu(II) and compared it to that facilitated by the Aβ-Cu
(II) complex. In a gastight cuvette that contained a solution with known amounts of O2 and
Aβ-Cu(II) and excess AA, the AA absorbance was monitored (Figure 4). As soon as oxygen
was depleted, the reaction stopped. By calculating the amount of AA consumed, we obtained
the stoichiometry of the oxidation reaction. In the presence of Aβ-Cu(II), the molar ratio
between the consumed AA and O2 is always close to 1:1. This suggests that H2O2 is the final
product of the reaction AA + O2 + 2H+ → dehydroascorbate + H2O2. In line with the results
reported by us16 and others,32 Aβ-Cu(II), upon reduction by a reductant (e.g., AA), can
accelerate the reduction of oxygen to H2O2 instead of H2O. In sharp contrast, when only free
Cu(II) was used, the ratio was found to vary between 1.5 and 2. Such a ratio is indicative of
hydroxyl radical formation (or H2O production from the four-electron reduction of O2), an
observation consistent with that reported by Faller’s group.14

Aβ-Cu(II) can oxidize ascorbic acid
It has been reported that His-Cu(II) catalyzes the oxidation of AA by oxygen via the formation
of a ternary intermediate among O2, His-Cu(II) and AA.40 This contrasts the alternating
reduction and oxidation mechanism that involves Aβ-Cu(II) and Aβ-Cu(I). The absence of the
His-Cu(II) reduction when the complex was mixed with AA was taken as the proof of the
mechanism.40 Interestingly, Aβ-Cu(II) has a higher oxidation potential than AA,14,16 and
consequently should be able to convert AA to dehydroascorbate. Determining whether and
how fast the reaction occurs will help pinpoint the exact reaction mechanism. To this end, we
collected cyclic voltammograms of Aβ-Cu(II) in the absence and presence of AA.
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The CV of Aβ-Cu(II) (red curve) exhibits a pair of oxidation (Epa = 0.20 V in Figure 5) and
reduction (Epc = −0.05 V) peaks. This observation is consistent with our previously reported
voltammograms.16 Specifically, Aβ-Cu(II) is reduced to Aβ-Cu(I) which can be reversibly
oxidized back to Aβ-Cu(II). When an equivalent amount of AA was added, the characteristic
irreversible AA oxidation peak was not observed (blue curve) and only the CV of Aβ-Cu(I)
appeared. This indicates that within seconds the redox reaction between Aβ-Cu(II) and AA
was completed. Further addition of AA generated a CV showing the AA oxidation peak at 0.37
V (black curve), which is slightly more positive than that of AA only (0.30 V; see also the inset
of Figure 5). The oxidation peak is resulted mainly from the excessive and unoxidized AA. A
careful examination of the initial scan of the CV shown as the black curve reveals a small
shoulder peak at ~0.20 V, suggesting that Aβ-Cu(I) has been generated. The slight shift of the
AA oxidation peak and the peak broadening may result from the contribution of the Aβ-Cu(I)
oxidation.

O2 reduction rates in the presence of Cu(II) complexes formed with Aβ peptides of different
lengths and with different aggregates

We16 and others15,21 have shown that H2O2 can be measured as a stable product from the
Aβ-Cu(II)-facilitated O2 reduction by a biological reductant. By comparing Aβ(1–16)-Cu(II),
Aβ(1–28)-Cu(II), and Aβ(1–42)-Cu(II), we have also shown that the amount of H2O2 produced
decreases with the peptide length. The coordination environment of Cu(II) was attributed to
the difference in the reactivity. In AD-afflicted brain, Cu(II) is bound to Aβ variants of 40–43
residues and accumulated in senile plaques.48 Thus far, even though it is evident that Aβ
aggregates can sequester Cu(II) essentially as strongly as the Aβ monomer,25,30 it is not clear
if Cu(II) complexed by different Aβ aggregates can still facilitate the oxygen reduction reaction
in the presence of AA. Gaining insight into this question should help unravel the role of metal-
containing Aβ aggregates in inflicting oxidative stress. To this end, we compared the reaction
rates of the AA oxidation reaction in the presence Aβ(1–16)-Cu(II), Aβ(1–42)-Cu(II) and Cu
(II) bound by a mixture of Aβ(1–42) oligomers and fibrous aggregates. Shown in Figure 6 is
the initial AA oxidation rates observed in the presence of these Cu(II)-containing species. Not
surprisingly, free Cu(II) has the highest catalytic activity, and the coordination environment
rendered by Aβ(1–16) and Aβ(1–42) (labeled as “Aβ(1–16)-Cu(II)” and “Aβ(1–42)-Cu(II)”
in Figure 6, respectively) indeed has a significant influence on the activity of the respective
complex. The decrease of reactivity with peptide length should be due to the aforementioned
steric hindrance to the accesses of Cu(II) center by oxygen.16 Interestingly, Cu(II) bound by
Aβ(1–42) aggregates (cf. bars labeled as “Aβ(1–42)-Cu(II), 48 h” and “Aβ(1–42) (48 h) + Cu
(II)” in Figure 6, for example) can still facilitate the AA oxidation by O2, though the reaction
rate is much slower. The morphologies of incubated Aβ(1–42) are shown in Figure 7. At the
beginning of the incubation, only a few globular aggregates of diameters around 5–8 nm (i.e.,
oligomers in images A and C) were present, whereas at 48 h of incubation protofibrils and
fibrils coexist with some oligomers (images B and D). Adding Cu(II) into the Aβ(1–42)
monomers followed by incubation (image B) or into a preincubated Aβ(1–42) solution (image
D) produced similar aggregate mixtures. Incubation of Aβ(1–42) in the presence of Cu(II)
results in the production of only a few amorphous aggregates (cf. the marked particle in image
B whose height is larger than 5–8 nm). This is expected since the Aβ(1–42) concentration used
for the experiments is much higher than the Cu(II) concentration. After 72 h incubation, the
population of fibrous aggregates for both types of incubation becomes even greater with little
oligomers and protofibrils discernable (data not shown). It is evident from Figure 6 that the
fibrous aggregates, similar to the Aβ monomer, can also attenuate the ability of Cu(II) towards
the AA oxidation. Given that free Cu(II) has a substantially higher catalytic activity, the lower
activity in the incubated Aβ samples that was later spiked with Cu(II) suggests that the Cu(II)
added must be sequestered (complexed) by the preformed aggregates. This is consistent with
the finding reported by Karr and Szalai.25
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Discussion
As mentioned above, at least two mechanisms have been proposed for the oxidation of AA by
molecular oxygen that is facilitated by Cu(II) complexed with different molecules.12,38–40
The formation of a ternary complex of O2-Cu(II) complex-AA is one mechanism wherein Cu
(II) is complexed with a ligand such as histidine. Since AA can readily reduce Aβ-Cu(II) to
Aβ-Cu(I) (cf. Figure 5) and the linear dependence of reaction rate on oxygen concentration is
not characteristic of such a mechanism, we propose the following mechanism:

(7)

(8)

(9)

(10)

where AA-−• and DA represent the ascobyl radical and dehydroascorbate, respectively. The
overall reaction is determined by the turn-over rate of the Aβ-Cu(I), viz., reactions (7) and (8).

The rate of AA oxidation equals the rate of oxygen consumption once a steady state is
established:

(11)

When the reaction reaches a steady state, [Aβ-Cu(I)] becomes constant, i.e.,

(12)

Based on the mass balance, we have

(13)

where [Cu]0 stands for the initial (formal) Cu(II) concentration.

Rearranging eq. 12 gives:

(14)

At low [AA], little [Aβ-Cu(II)] is converted to [Aβ-Cu(I)] and therefore [Aβ-Cu(II)]
approaches [Cu]0. Consequently from eq. 12, the reaction rate is approximately equal to
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k1[AA][Cu]0, and is independent of [O2]. The rate constant k1 for reaction (7) was deduced to
be 117.2 ± 15.4 M−1s−1 from the linear portion of curve in Figure 1. At high [AA], all of the
[Aβ-Cu(II)] has been converted to [Aβ-Cu(I)] which can be approximated to [Cu]0, and the
rate of reaction equals k2[Cu]0[O2]. The rate constant k2 was therefore estimated to be 15.8 ±
2.8 M−1s−1 from Figure 2. The rate constant indeed shows that the turn-over of Aβ-Cu(I) is
the limiting step, and k2 is about 7.4 times slower than k1. However, the comparability in
kinetics of the two steps leads to the plateau in the rate–[AA] relationship, reflecting the
transition from the kinetics governed by step 1 to that controlled by step 2. The proposed
mechanism explains all of the kinetic data extremely well. We should note that the rate of
oxidation of ascorbate catalyzed by ascorbic acid oxidase was measured to be 1.7 × 104

M−1s−1 previously.49 Thus, compared to that catalyzed by the enzyme molecule of ascorbic
acid oxidase, the reaction rate of AA oxidation by O2 that is facilitated by Aβ-Cu(II) is
moderately high.

Our study demonstrates that the catalytic activity of Cu(II) towards the reduction of O2 is
diminished upon its binding to Aβ and is further decreased once Cu(II) is incorporated in Aβ
aggregates. That complexation of Cu(II) attenuates the ROS production is consistent with
findings from previous studies.14 Recently, Fischer and coworker reported that free hydroxyl
radicals are produced when Cu(I) is directly complexed with Aβ(1–28)38 and Aβ(1–40)12
(instead of being created by the Aβ-Cu(II) reduction). They also showed that Aβ(1–40) is more
efficient than Aβ(1–28) in scavenging hydroxyl radicals through the oxidation of histidine
residues that are bound to Cu(I). Guilloreau et al. studied the reaction between O2 and Aβ-Cu
(II) complexes in the presence of AA and found that hydroxyl radicals were produced but the
amounts are less than the counterpart without Cu(II) complexation.14 Murray et al. found that
oxidative damage of lipid membranes is promoted by the Aβ-Cu(II) complexes and AA,
possibly through the hydroxyl radical generation.50 We noticed that in these studies the Aβ
and Cu(II) or Cu(I) concentrations were typically at micromolar to sub-micromolar levels and
maintained close to 1:1 stoichiometric ratio. As aforementioned, studies by us26 and
others10,29,31 have suggested that the binding affinity constant between Aβ and Cu(II) is
between submicromolar to nanomolar. In fact, the mass spectra we collected using 1:1
stoichiometric ratio between Aβ and Cu(II) (both at micromolar concentrations) always
showed the co-existence of free Aβ and Aβ-Cu(II).16 The observation of the free Aβ peaks
suggests that some Cu(II) ions have remained free in the solution. Therefore, when Aβ is not
in substantial excess to Cu(II), the free Cu(II) in solution could continuously react with
H2O2 produced by Reactions (1)–(2) to generate OH• via the Harber–Weiss reaction. In the
case wherein Cu(I) is directly complexed by Aβ, the excess Cu(I) remaining free in solution
could further react with H2O2 through the Fenton-like reaction to afford OH•. Therefore, these
different results in the literature do not contradict our finding.

From our work it is also evident that the Cu(II) center in Aβ aggregates is still accessible by
AA and O2. This is not entirely surprising since several reports have shown that the hydrophilic
segment of Aβ, which is also the metal binding domain, populates the exterior of the aggregates.
51–53 A study recently performed by Karr and Szalai has clearly demonstrated that aggregation
of Aβ does not affect its binding towards Cu(II).25 As for the decreased rate in O2 reduction
after the formation of higher-ordered Aβ aggregates, we presume that the compact packing of
the Aβ aggregates must have created a Cu(II) coordination environment that is different from
the unstructured Aβ monomer. A more compact structure should render greater steric hindrance
to the access of O2 and other solution species to the Cu(II) center. Thus, it is conceivable that
the activity of the Cu(II) center will decrease as the aggregates become larger in size or higher
in the packing order (e.g., monomer → oligomers → protofibrils → fibrils48). Nonetheless
the reaction kinetics is still at least an order of magnitude higher than that of the autooxidation
rate of AA (< 1 × 10−10 M s−1 in the absence of redox metal ions40).
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Our finding has a significant biological relevance and may offer some insight into the role of
Aβ in the AD etiology. Aβ appears to inhibit the production of the highly reactive hydroxyl
radical from the O2 reduction by complexing Cu(II) and producing H2O2(a less reactive ROS).
In this regard, our results argue for the protective role of Aβ. However, the in vivo situation is
more complicated. First, in healthy brain there is little free cellular Cu(II)54 and Aβ
concentration is also very low (nM or less)55. Several papers have suggested that only at low
concentrations does Aβ become effective in alleviating oxidative stress.12,50,56 However, if
the binding affinity between Aβ and Cu(II) were indeed at the sub-micromolar to nanomolar
level,10,26,29,31 high concentrations of Cu(II) resulted from impaired metal homeostasis
would not be adequately complexed by the low level of Aβ. Second, it has been proposed by
Viles and coworkers that the elevated Aβ concentration in AD-afflicted brain might be a result
of such a homeostasis.56 The high propensity of Aβ to aggregate (especially at a high
concentration) and precipitate will further facilitate the accumulation of Cu(II) near the cell
membrane. The subsequent ROS generation in the proximity of the cell membrane will cause
more severe membrane damages and a faster neuronal cell death. Based on such a model,
perhaps a rather important and relevant finding of our work is that Cu(II) complexed by Aβ
aggregates still possesses considerable activity of facilitating the H2O2 generation. The co-
existence of copper and Aβ aggregates in senile plaques in AD brain and the availability of
large amounts of AA further highlight the relevance of such H2O2 generation, as the presence
of Cu(II)-containing Aβ aggregates would serve as a “catalyst” to continuously produce large
quantities of H2O2. Since the rate constant is moderately high (only two orders of magnitude
smaller than ascorbic acid oxidase49), both the continuous consumption of AA or other
biological redox species and the incessant production of H2O2 will wreaks havoc to neuronal
cells. It has also been suggested that Aβ may accumulate onto cell membrane prior to its
oligomerization and aggregation.57,58 Thus Cu(II) sequestration by monomeric and
oligomeric Aβ likely occurs in the early stage of AD development and continue on to the later
stage wherein Aβ molecules have significantly aggregated. Finally, we should also point out
that Aβ-Fe(III), with its metal center capable of cycling between Fe(III) and Fe(II),22 may
behave in an analogous fashion as Aβ-Cu(II) to inflict oxidative stress and damage.

Conclusion
The mechanism of ascorbic acid (AA) oxidation by molecular oxygen facilitated by Aβ-Cu(II)
complexes has been elucidated. The AA oxidation rate was found to be linearly dependent on
the concentrations of Aβ-Cu(II) and dissolved oxygen, reaching a steady state at high [AA]
(>100 µM for [O2] = 240 µM). Voltammetric measurements indicate that Aβ-Cu(II) rapidly
oxidizes AA. Based on these kinetic behaviors, we proposed a mechanism in which Aβ-Cu(II)
behaves as a “catalyst” to facilitate the reduction of O2 by AA and the production of H2O2 as
the final product. The incessant production of H2O2 by a small amount of Aβ-Cu(II) complex
will eventually deplete O2, AA and/or other important redox species in highly localized regions,
disrupting the cellular redox balance and expediting cell loss. The relatively high rate constant
measured in this work substantiates such a possibility. These kinetic behaviors are different
from those reported for the reaction between AA and O2 that is catalyzed by the His-Cu(II)
complex. When His-Cu(II) serves as the catalyst, the Cu(II) center is not directly reduced,
instead a ternary complex among His-Cu(II), O2, and AA is formed. Furthermore, in
comparison with free Cu(II), Cu(II) bound by Aβ is less efficient in facilitating the O2 reduction
(or AA oxidation). When Cu(II) is complexed by Aβ aggregates, O2 is still reduced, albeit at
a slower rate. Based on the reaction stoichiometry, if [Aβ] is much greater than [Cu(II)],
hydroxyl radicals are not produced. Overall, the rate of the O2 reduction to H2O2 follows the
order of free Cu(II) > Cu(II) bound by Aβ oligomers/fibrils > Cu(II) bound by Aβ fibrils. It is
also evident that the coordination environment of and the accessibility to the Cu(II) center alter
the reaction pathways and modulate the catalytic activity of the Cu(II) center. Our work
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demonstrates that oxidative stress can be resulted from the interaction between redox metal
ions and aggregates derived from Aβ
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Figure 1.
Dependence of the initial oxidation reaction rate of AA on its concentration. The rate was
measured at room temperature with [O2] = 240 µM and [Aβ-Cu(II)] = 10 µM. Each data point
is the average of at least three replicate measurements, and the RSD values, ranging from 1.9
to 13.2%, are represented by the error bars.
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Figure 2.
The dependence of AA oxidation rate on the O2 concentration. The rate was measured at room
temperature with [AA] = 240 µM and [Aβ-Cu(II)] = 10 µM. Each data point is the average of
at least three replicate measurements, and the RSD values, ranging between 2.8 and 32.8%,
are represented by the error bars
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Figure 3.
The effect of [Aβ-Cu(II)] on the initial AA oxidation rate. The rates were obtained with [AA]
= 240 µM in an air-saturated solution. Each data point is the average of at least three replicate
measurements, and the RSD values, ranging between 3.5 and 9.5%, are represented by the error
bars.

Jiang et al. Page 15

J Phys Chem B. Author manuscript; available in PMC 2011 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Change of AA absorbance as a function of reaction time in an air-saturated solution containing
10 µM Aβ-Cu(II) and 420 µM AA.
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Figure 5.
The cyclic voltammograms of a solution containing 400 µM Aβ and 200 µM Cu(II) (red curve)
and the same mixture spiked with 100 µM (blue curve) and 200 µM (black curve) AA. The
inset shows the CV of AA only. The experiment was conducted at room temperature under a
N2 atmosphere in 10 mM phosphate buffer (pH 7.2) with 0.1 M NaNO3 as the supporting
electrolyte.
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Figure 6.
Comparison of reaction rates of the AA oxidation in the presence of various Cu(II)-containing
Aβ species. The rate was obtained under the conditions of 240 µM AA, 10 µM Cu(II), and 240
µM Aβ in air-saturated phosphate buffer solutions (pH = 7.2 and [O2] = 240 µM). The Cu(II)-
containing Aβ(1–42) aggregates were either produced with Cu(II) initially present in the Aβ
(1–42) solution (bars labeled as “Aβ(1–42)-Cu(II), 48 h” and “Aβ(1–42)-Cu(II), 72 h” or with
Cu(II) added into Aβ(1–42) solutions that had been preincubated for 48 h (bar labeled as “Aβ
(1–42) (48 h) + Cu(II)”) or 72 h (bar labeled as “Aβ(1–42) (72 h) + Cu(II)”). The incubation
temperature was 37 °C. Measurements were repeated at least three times for each solution, and
the RSD values, ranging between 2.7 and 19.2%, are represented by the error bars.
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Figure 7.
The morphologies of aggregates formed by incubating 200 µM Aβ in the presence and absence
of 10 µM Cu(II) at 37°C for 48 h. Images A and C were taken right after the solution and
surface preparations whereas images B and D were recorded at 48 h after the sample incubation.
The area of each image is 5 µm × 5 µm. The particle marked by the blue bar shown in image
B is higher in height than the fibril marked in image D (cf. the cross-sectional contours at the
bottoms of the respective images).
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