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A growing body of Alzheimer’s disease (AD) research is concerned with understanding the interaction
between amyloid-b (Ab) peptides and metal ions (e.g., Cu, Zn, and Fe) and determining the biological rel-
evance of the metal–Ab complexes to essential metal homeostasis and neuronal cell loss. Previously,
many studies have dealt with the interaction between Ab and ‘‘single’’ but not ‘‘multiple’’ metal ions
in terms of binding affinity and coordination chemistry. In the present work, we found that Zn(II) ions
modified the configuration of Ab–Cu(II) by forming Zn(II)–Ab–Cu(II) ternary complexes. As a result, the
catalytic activity of Ab–Cu(II) against a biological ascorbic acid species was repressed by Zn(II) binding.
The formation of the ternary complex can therefore explain the protective role of Zn(II) in AD.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The main pathological hallmarks of Alzheimer’s disease (AD) in-
clude the formation of senile plaques that are composed primarily
of 39–43 amino acid amyloid-b (Ab) peptides, the dramatic loss of
neuronal cells, and extensive oxidative stress [1,2]. More intrigu-
ingly, high levels of metals (such as Zn, Fe, and Cu) accumulate in-
side the senile plaques [3,4]. Consequently, there has recently been
substantial interest in the interaction between metals and Ab and
in the possible roles of the metal–Ab complexes in AD pathogene-
sis [5–12].

It is becoming evident that the metal ions are involved in the
aggregation and deposition of the Ab peptides [7,13]. Moreover,
the metal–Ab complexes (Ab–Cu and Ab–Fe) can induce the produc-
tion of reactive oxygen species (ROS) and the aggravation of oxida-
tive stress [2,11,14]. Although many studies have been performed
to determine the major metal binding sites on the Ab peptides
(for reviews, see ref [6] and [8]), the literature has not reached a
consensus about the stoichiometry and binding affinity of Ab with
metals, such as Cu(II) and Zn(II). For example, at least two Ab–Cu(II)
binding modes with varying binding affinities have been proposed,
and investigations into the detailed binding modes have continued
[9,10,15–17]. The binding (affinity) constants that have been re-
ported thus far have ranged from micromolar to attomolar
[12,18–22], with most values being within the submicromolar to
nanomolar range [12,17,19,22]. Moreover, it has also been reported
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that Ab can host more than one Cu(II) [23,24] or Zn(II) [23,25].
Despite these conflicting results, there is a general agreement that
the hydrophilic domain (residues 1–16) of Ab binds to copper
through the three histidine residues at positions 6, 13, and 14,
whereas the C-terminal region, which contains hydrophobic ami-
no-acid residues, is not believed to be involved in direct interac-
tions with metal ions [8]. It has commonly been suggested that
ROS produced by redox-active Ab–Cu(II) could be directly involved
in the toxicity of Ab and in the development of AD. In contrast, the
effect of the redox-inactive Zn(II) is neuroprotective. Nevertheless,
how Zn(II) and Cu(II) bind to Ab and how metal binding influences
the aggregation and chemical reactivity of Ab remain to be deter-
mined. Most previous studies have been focused on the interactions
of ‘‘single’’ metal ions with Ab, but little research has been reported
regarding interactions with ‘‘multiple’’ metal ions. For this reason,
in the present work, we have investigated the effects of Zn(II) on
the configuration and activity of Ab–Cu(II) using fluorescence,
ultraviolet visible spectroscopy (UV–vis) and electrochemical tech-
niques. We also present the biological implications of our findings
and discuss the mechanism of the neuroprotective role of zinc com-
pared to copper in AD.
2. Materials and methods

2.1. Materials

Lyophilized Ab(1–16) (DAEFRHDSGYEVHHQK) was synthesized
by Genemed Synthesis (San Antonio, TX) and purified in-house
using HPLC. Ab(1–42) (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAII
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Fig. 1. Fluorescence spectra of 100 lM Ab(1–16) in 10 mM Tris–HCl buffer (pH 7.4)
(curve I) and of 100 lM Ab(1–16) solutions containing 100 lM Cu(II) (curve V),
100 lM Cu(II) and 50 lM Zn(II) (curve IV), 100 lM Cu(II) and 100 lM Zn(II) (curve
III), and 100 lM Cu(II) and 200 lM Zn(II) (curve II).
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GLMVGGVVI) was purchased from American Peptide Co. Inc. (Sun-
nyvale, CA). Ascorbic acid (AA), dimethyl sulfoxide (DMSO), ZnCl2,
CuSO4, K2HPO4�3H2O, KH2PO4, NaOH, and Na2SO4 were all of AR
grade and were purchased from either Aldrich Chemicals or Beijing
Chemical Reagent Co. (Beijing, China). The Microcon YM-1 centrif-
ugal filter units were purchased from Millipore Corp. (Billerica,
MA). The stock solutions of 5 mM Zn(II) and Cu(II) were prepared
by dissolving an appropriate amount of ZnCl2 or CuSO4 in 5 mM
H2SO4. The 1 mM solution of Ab(1–16) was freshly prepared by
dissolving the lyophilized samples in 1 mM NaOH, while the
Ab(1–42) samples were dissolved in DMSO and subsequently di-
luted with phosphate buffer to the desired concentrations. All
aqueous solutions were prepared using deionized water treated
by a water-purification system (Simplicity Plus, Millipore Corp.,
Billerica, MA).

2.2. Fluorescence spectroscopy

The fluorescence spectra were carried out at room temperature
using a Hitachi F-4600 spectrofluorimeter (Hitachi High-Tech. Co.,
Japan). The excitation wavelength was set at 280 nm, and the emis-
sion spectra were recorded from 290 to 400 nm for the tyrosine
residue in Ab(1–16). Before the assay, Ab(1–16) was diluted to
100 lM in 10 mM Tris–HCl buffer (pH 7.4).

2.3. Kinetic measurements

The AA oxidation rate was determined by monitoring the change
in AA absorbance at 265 nm using a UV–vis spectrophotometer
(Shimadzu Co., Japan). The absorbance values contributed by the
individual peptides at 265 nm (measured in separate peptide solu-
tions at the same concentrations) have been excluded from the
plotted data. The kinetic experiments were conducted at 25 �C in
phosphate-buffered saline (PBS buffer, 50 mM pH 7.4), as described
previously [14]. At this pH, AA exists in the ascorbate ion form and
shows a maximum absorption (e) of 1.5 � 104 M�1 cm�1.

2.4. Detection of hydrogen peroxide

The H2O2 detection kit was obtained from Bioanalytical System
Inc. (West Lafayette, IN). The final solutions were injected through
a six-port rotary valve (Valco, Houston, TX) into a flowing stream of
PBS buffer (50 mM, pH 7.4), as delivered by a syringe pump (KD
Scientific, Holliston, MA) at a flow rate of 6 mL/h. The concentra-
tions of H2O2 generated were determined by comparing the mea-
sured current to that of a calibration curve constructed using
H2O2 standard solutions.

2.5. Electrochemical measurements

The electrochemical experiments were performed using a CHI
660 electrochemical workstation (CH Instruments, Austin, TX) with
a homemade plastic electrochemical cell. A glassy carbon (GC) disk
electrode and a platinum wire were used as the working and coun-
ter electrodes, respectively. All of the potentials were measured
against Ag/AgCl. The potential of the Ag/AgCl reference electrode
was 0.196 V with respect to the normal hydrogen potential
(NHE). The electrolyte solution for the metal–Ab complex was a
10 mM phosphate buffer (pH 7.4) containing 0.1 M Na2SO4. To as-
sess Zn(II) and Cu(II), the reaction mixtures containing Ab(1–16)
and Zn(II)/Cu(II) were filtered through a 25-mm diameter YM-1
membrane at 13000 rpm for 30 min. The Zn(II)/Cu(II) ions eluted
through the membrane were analyzed by differential pulse vol-
tammetry (DPV). Prior to each experiment, the glassy carbon elec-
trode was polished with 15- and 3-lm diamond pastes and
alumina pastes with diameters of 1- and 0.3-lm. The Cu(II) ions
were detected directly using a GC electrode with a potential scan
between �0.2 and 0.6 V. Before the detection of the Zn(II) ions,
mercury films were deposited onto the GC electrode surface by
holding the electrode potential at �0.4 V for 300 s in a N2-degassed
1% HNO3 solution containing 5 mM Hg2+. In the case of the DPV
detection, a deposition time of 180 s at �1.3 V was used to deposit
zinc onto the mercury film prior to the potential scan between
�1.3 and �0.8 V.
3. Results

3.1. Formation of ternary complexes between Cu(II), Zn(II) and the
Ab(1–16) peptide

Previously, Garzon-Rodriguez et al. have shown that Ab fluores-
cence is quenched upon the formation of Cu(II) complexes [26].
Using a similar approach, Maiti et al. determined that the binding
constant between Ab(1–16) and Cu(II) is 1.0 � 106 M�1 [20]. Consis-
tent with literature, we found that the fluorescence peak at 310 nm
decreased upon binding to Cu(II) (see the difference between curve I
and V in Fig. 1). Interestingly, with the addition of different concen-
tration of Zn(II), the fluorescence intensity of Ab(1–16)–Cu(II)
increased (e.g., compare curve V with curve II, III and IV). Therefore,
the fluorescence experiment clearly confirms that Zn(II) interacts
with Ab and alters the configuration of Ab(1–16)–Cu(II). There are
two mechanisms that could mediate this interaction: (1) the
configuration of Ab(1–16)–Cu(II) is modified by the additional Zn(II)
binding, or (2) Zn(II) is forced to interact with Ab by displacing Cu(II)
from its favored metal-binding site. To clarify this point, we
determined the amounts of free metal ions in the Zn(II)/Ab/Cu(II)
mixtures using DPV. The mixtures were filtered through MY-1
centrifugal filter membranes with a molecular cutoff 1 KDa. The
molecular weight of Ab is 1955 Da, while the weights of Zn(II) and
Cu(II) are each below 1 KDa. Therefore, the Ab or metal–Ab
complexes remained at the top of the filter membrane, whereas
the free metal ions were eluted through the pores of the membrane
and became separated from the metal complexes.

Fig. 2A presents the DPVs of the anodic stripping of Zn(II) eluted
from the membranes in the absence (curve I) or presence (curve II)
of the Ab(1–16)–Cu(II) species. The anodic peaks at approximately
�1.127 V can be attributed to the stripping of the Zn deposited
onto the Hg film. As can be seen, the anodic peak in curve I is much
smaller than in curve II, thereby suggesting that Zn(II) ions are
largely sequestered by Ab. The small amount of zinc released in
curve II can be ascribed to the breakage of the Zn(II)–Ab bonds.



Fig. 2. DPVs of Zn(II) ions at the thin mercury film electrode (A) and Cu(II) ions at the GC electrode (B). In panel A, curves I and II represent the DPVs of the material eluted
through the YM-1 membrane from the Zn(II) and Zn(II)/Ab(1–16)/Cu(II) solutions, respectively. In panel B, curves I, II and III represent those from the Cu(II), Ab(1–16)/Cu(II)
and Zn(II)/Ab(1–16)/Cu(II) solutions, respectively. The initial concentrations of Ab(1–16), Zn(II) and Cu(II) were 100 lM each. Before each assay, the eluents were diluted 20-
fold in Tris–HCl buffer (pH 7.4). Pulse height: 50 mV; pulse width: 50 ms. The arrow indicates the scan direction.
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To examine the influence of Zn(II) on Cu(II) binding, we performed
DPV to determine the amount of free Cu(II) released from the Ab–
Cu(II) complex. As shown in Fig. 2B, the signal at 0.052 V is related
to the oxidation of Cu at the GC electrodes. Comparing the anodic
peak in curve III to the peaks in curves I and II, we found that the
addition of Zn(II) did not result in the release of Cu(II) from Ab(1–
16)–Cu(II). The small anodic peaks that were exhibited in curves II
and III may be due to the breakage of the Ab–Cu(II) bonds. Overall,
these results indicate that Zn(II) ions form a ternary complex with
Ab–Cu(II) but do not displace the Ab-bound Cu(II) ions. This results
in a change in the configuration of Ab(1–16)–Cu(II) and the fluores-
cence increase shown in Fig. 1. Our results are also strongly sup-
ported by the CD and EPR spectroscopic studies carried recently
by Damante et al. [27].

3.2. Influence of Zn(II) on the activity of Ab–Cu(II)

Through voltammetric and spectroscopic studies of complexes
of Cu(II) with Ab or prion peptide as a ligand (denoted as L), we
have demonstrated that the biological species ascorbic acid (AA)
can be catalytically oxidized to dehydroascorbate (DA) by the
Cu(II) complexes to produce H2O2 [14,28]:

2L� CuðIIÞ þ AAþH2O ¼ 2L� CuðIÞ þ DAþ 2Hþ ð1Þ

2L� CuðIÞ þ O2 þ 2Hþ ¼ 2L� CuðIIÞ þH2O2 ð2Þ
Fig. 3. (A) The change in AA (100 lM) absorbance as a function of reaction time in the ab
Cu(II) (green curve), Ab(1–42)–Cu(II) (blue curve), Zn(II)–Ab(1–16)–Cu(II) (cyan curve), Zn
H2O2 generated by Ab(1–16)–Cu(II) (green bar), Ab(1–42)–Cu(II) (blue bar) (cyan bar), Zn
Ab(1–16), Ab(1–42), Cu(II) and Zn(II) were all 5 lM. (For interpretation of the references t
To investigate the influence of Zn(II) on the activity of Ab–Cu(II),
we determined the kinetics of AA oxidation by O2 in the presence
of different Cu(II) species by monitoring the change in AA absor-
bance at 265 nm. As can be seen in Fig. 3A, in the absence of
Cu(II)-containing species, the rate of AA auto-oxidation is excep-
tionally slow (0.050 ± 0.005 nM s�1). However, AA is rapidly con-
sumed when free Cu(II) (122.8 ± 14.5 nM s�1) is present. As
reported previously, Ab(1–16)–Cu(II) and Ab(1–42)–Cu(II) catalyze
the oxidation of AA at a rate of 40.4 ± 5.8 and 38.7 ± 4.1 nM s�1,
respectively. Interestingly, we found that the rates decreased to
19.5 ± 2.6 and 14.5 ± 2.1 nM s�1 upon the addition of Zn(II) into
the solutions of Ab(1–16)–Cu(II) and Ab(1–42)–Cu(II), respectively.
To determine the amount of H2O2 generated from the O2 reduction,
we used the same commercial electrochemical detection kit em-
ployed in our previous studies on H2O2 generation by Cu(II)–prion
peptide complexes. As depicted in Fig. 3B, after a 1-h reaction, the
amount of H2O2 generated in the presence of the Cu(II) species in-
creased in the order of Zn(II)–Ab(1–42)–Cu(II) < Zn(II)–Ab(1–16)–
Cu(II) < Ab(1–42)–Cu(II) � Ab(1–16)–Cu(II). From these results,
we conclude that the incorporation of Zn(II) decreases the catalytic
activity of Ab–Cu(II). It has been suggested that the reactivity of
Ab–Cu(II) depends on the length of the peptide because of steric
hindrance to the accessibility of the Cu(II) center to oxygen [14].
In this study, we propose that the change in the Cu(II) coordination
environment, induced by Zn(II) binding, may underlie the differ-
ence in the activity.
sence (red curve) and the presence of different Cu(II)-containing species: Ab(1–16)–
(II)–Ab(1–42)–Cu(II) (yellow curve) and free Cu(II) (black curve). (B) The amounts of
(II)–Ab(1–16)–Cu(II) and Zn(II)–Ab(1–42)–Cu(II) (yellow bar). The concentrations of
o color in this figure legend, the reader is referred to the web version of this article.)



Fig. 4. The DPVs of Ab(1–16)–Cu(II) and Zn(II)–Ab(1–16)–Cu(II). The concentrations
of Ab(1–16), Cu(II) and Zn(II) were 100 lM each. The arrow indicates the scan
direction.
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Electrochemical studies can provide direct evidence to define
the aforementioned reactivity of the Cu(II) complexes. Therefore,
it would be informative to determine if the redox potential of Ab–
Cu(II) is affected by the coordination of Zn(II) ions. Accordingly,
we performed DPV to determine the oxidation potential of the
Ab(1–16)–Cu(II) complex in the presence or absence of Zn(II) ions.
As shown in Fig. 4, the signal at 0.132 V can be attributed to the ano-
dic peak of Ab(1–16)–Cu(II). There is an apparent potential shift to
0.168 V with the addition of Zn(II) ions. The positive shift indicates
that Zn(II)–Ab(1–16)–Cu(I) is more stable than Ab(1–16)–Cu(I), and
the oxidation of Cu(I) to Cu(II) by O2 is kinetically slow. Thus, the
rate of reaction 2 becomes slower. This result explains the above-
mentioned kinetic data extremely well.

4. Discussion

Although it is commonly accepted that the interaction between
Zn(II) and Cu(II) and Ab is linked to AD, how the metal ions func-
tion and why they bind to Ab only in AD but not under healthy con-
ditions remain poorly understood. In the present work, we have
identified the formation of a Zn(II)–Ab(1–16)–Cu(II) ternary com-
plex and investigated the influence of Zn(II) on the activity of
Ab(1–16)–Cu(II). The obtained results indicate that Zn(II) ions de-
press the catalytic activity of the Cu(II) center, due to the formation
of mixed metal complex.

Our finding has significant biological relevance and may offer
some insight into the role of Ab and metal ions in the etiology of
AD. It has been estimated that concentrations of up to 300 lM Zn(II)
are present at the synaptic cleft of glutaminergic neurons [29]. This
so-called synaptic Zn(II) pool is thought to be the source of the
Zn(II) bound to amyloid plaques in AD. The concentration of Zn(II)
is higher than that of Cu(II) in the same region. We hypothesize that
in healthy brains, Zn(II) ions play a neuroprotective role by binding
to Ab monomers or aggregates in the presence or absence of bound
Cu(II). Although Zn(II)–Ab–Cu(II) can promote the production of
low levels of H2O2 in vivo, low levels of H2O2 are readily scavenged
by enzymes, such as catalase and glutathione peroxidase, as well as
by antioxidants, such as AA and uric acid. When most of the Zn(II)
ions are sequestered by Ab species in the brain, excess Ab mono-
mers or aggregates deprive Cu(II) from other physiologically rele-
vant Cu(II)–peptide and –protein complexes to form Ab–Cu(II)
aggregates. The high propensity of Ab to aggregate and precipitate
facilitates the accumulation of Cu(II) near the cell membrane. With-
out the protection of Zn(II), Ab–Cu(II) aggregates promote the
incessant production of large quantities of H2O2 in the proximity
of the cell membrane, causing more severe membrane damage
and resulting in faster neuronal cell death.
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