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Abstract
The fatal neurodegenerative disorder Alzheimer’s disease (AD) has been linked to the formation
of soluble neurotoxic oligomers of amyloid–β (Aβ) peptides. These peptides have high affinities
for copper cations. Despite their potential importance in AD neurodegeneration few studies have
focused on probing the Cu2+/1+ coordination environment within Aβ oligomers. Herein we present
a Cu K-edge X-ray absorption spectroscopic study probing the copper–coordination environment
within oligomers of Aβ(42) (sequence:
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA). We find that the Cu2+

cation is contained within a square planar mixed N/O ligand environment within Aβ(42)
oligomers, which is similar to the copper coordination environment of the monomeric forms of
{CuIIAβ(40)} and {CuIIAβ(16)}. Reduction of the Cu2+ cation within the Aβ(42) oligomers to
Cu1+ yields a highly dioxygen sensitive copper–species that contains Cu1+ in a tetrahedral
coordination geometry. This can be contrasted with monomers of {CuIAβ(40)} and {CuIAβ(16)},
which contain copper in a dioxygen inert linear bis-histidine ligand environment [Shearer and
Szalai, J. Am. Chem. Soc., 2008, 130, 17826]. The biological implications of these findings are
discussed.

Alzheimer’s disease (AD) is one of the leading causes of senile dementia. It has been
estimated that over the next two decades the number of AD patients will double leading to a
major health crisis in the developed world.1 Furthermore, AD is not merely a disease of the
elderly as a small but significant number of patients acquire early on-set AD before the age
of 60.2 Key to the development of AD is the formation of small peptides, amyloid–β (Aβ)
peptides, from the processing of the neuronal membrane amyloid precursor protein (APP).
These Aβ peptides are the key constituent of insoluble extracellular plaques, which are
found postmortem in the majority of AD victims. Variable processing of the APP produces
Aβ peptides of different lengths; the 40 and 42 residue long peptides (Aβ(40) and Aβ(42))
are the largest constituents of extracellular plaques. Despite the prevalence of extracellular
plaques in AD victims it is the oligomers of Aβ, which are the precursors of plaques, that
have been identified as the most potent neurotoxins in AD. There is a high correlation
between dementia and the presence of these oligomers.3 Both Aβ monomers, oligomers, and
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plaques have a high affinity for redox–active transition metal cations. For example, Cu2+

concentrations within extracellular plaques have been found in the high micromolar range,4
while Cu2+/1+ Kd values from Aβ monomers have been reported in the femtomolar range.5,6

Thus, it has been speculated that redox–active copper cations may be involved in AD
etiology via the initiation of oxidative stress.7 To gain insight into the nature of the copper
coordination environment within Aβ oligomers we present X–ray absorption and EPR
spectra probing the coordination environment of Cu2+/1+ within Aβ(42) oligomers (Aβ(42)
sequence: DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA).

SDS solubilized oligomers of Aβ(42) were prepared at pH = 7.2 according to the methods of
Yu et al.8 Three different treatments were considered: oligomers without Cu2+ added,
oligomers with one equivalent of Cu2+ per Aβ(42) added prior to oligomer formation, and
oligomers with one equivalent of Cu2+ per Aβ(42) added after oligomer formation. SDS–
PAGE analysis and Thioflavin T dye-binding assays9 indicate that the addition of Cu2+

either before or after formation of the oligomers does not disrupt their formation (supporting
information). We note that a small amount of flocculant solid forms over time, suggesting
the onset of fibril formation. TEM studies to characterize this solid are ongoing.

X–band EPR spectroscopy was first used to investigate these Cu2+ loaded Aβ(42) oligomers
(with copper added both before and after incubation) (Figure 1). These spectra were
compared to the EPR spectrum of {CuIIAβ(40)},10 which contains all of the copper
coordinating residues within Aβ. We find that the three EPR spectra are nearly identical with
g∥ ~ 2.274 and A∥ ~ 164 ± 4 G in the oligomer samples. The major difference is that the
oligomeric Cu2+ loaded Aβ(42) spectra have hyperfine splitting that is broadened relative to
{CuIIAβ(40)}. Overall these data suggest a similar square–planar (N/O)4 Cu2+ coordination
environment within the monomers vs. oligomers.10,11

These Cu2+ loaded Aβ(42) oligomers were subsequently investigated by copper K-edge X-
ray absorption spectroscopy. The XANES region of the copper K-edge spectrum (Figure 2)
was nearly identical to that observed for the {CuIIAβ(16)} and {CuIIAβ(40)} monomers
previously reported,10 and is consistent with square-planar Cu2+. The only significant
difference in the XANES of the monomers vs. the oligomer is that an edge feature
previously observed in the monomer spectrum at ~8986 eV is blurred into the edge of the
oligomer spectrum. This may suggest a slightly different coordination environment for Cu2+

within the Aβ(42) oligomers relative to the monomers. It was also noted that, unlike the
monomers, the Cu2+ cation within the Aβ(42) oligomers was not prone to photoreduction in
the X-ray beam even after prolonged exposure to the beam.10

The EXAFS region of the copper K-edge spectrum for Cu2+ loaded Aβ(42) oligomers
(Figure 3) was best modeled with Cu2+ in a four coordinate mixed N/O ligand environment.
Based on a multiple scattering analysis, a best fit to the EXAFS data was obtained using
three imidazole donors (from histidine residues) and one additional nitrogen or oxygen
ligand per Cu2+ cation (Figure 4). Two of these imidazole donors are included in one shell,
while the third was significantly different and was included in a different shell. Although
consistent with an EXAFS analysis of monomers of {CuIIAβ(40)} by Stellato et al.,12 this 3-
imidazole 1-N/O donor copper–coordination environment is different than our previous
analysis of both {CuIIAβ(16)} and {CuIIAβ(40)} monomers.10 In that study we obtained a
best fit to the EXAFS data for Cu2+ containing Aβ monomers using only two histidine
imidazole donors and two additional N/O ligands. That 2 N/O 2 imidazole solution was
consistent with our own and others’ previous work on Cu2+ containing Aβ
monomers.11,13,14 Although a 2 imidazole 2 N/O solution to the EXAFS data for the Cu2+

loaded Aβ(42) oligomers could be located, this yielded a significant decrease in the quality
of the fits to the experimental data, and yielded unrealistic Debye-Waller values for the
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shorter imidazole shell (see supporting information). We therefore excluded this as a valid
model for the copper coordination environment for the oligomers.

Reduction of the Cu2+ centers in copper-loaded Aβ(42) oligomers was effected by the
addition of two equivalents of ascorbate to the XAS sample under anaerobic conditions. The
XANES spectrum of the resulting species was consistent with the reduction of the copper–
center to the +1 oxidation state as signified by the −2.1(2) eV shift in the energy of the edge
(Figure 2).15 The edge region of the XANES for reduced copper–loaded Aβ(42) oligomers
is most consistent with a 4-coordinate (i.e. tetrahedral) Cu1+ center.15 This is in stark
contrast to the XANES spectrum of both {CuIAβ(16)} and {CuIAβ(40)} monomers, which
is consistent with a linear 2-ccordinate Cu1+ coordination environment (Figure 4).10 Thus,
on the basis of the XANES spectra alone it is apparent that there is a dramatic difference in
Cu1+ coordination environments within Aβ monomers vs. Aβ(42) oligomers. This was
confirmed by a examination of the EXAFS region of the reduced copper–loaded Aβ(42)
oligomers. An analysis of the EXAFS region yielded only nonsensical refinements, and is
most easily rationalized by considering that Cu1+ is contained in a mixture of coordination
motifs.

The time it takes for the reoxidation of Cu1+-loaded Aβ(42) oligomers is consistent with
tetrahedral Cu1+ as well. Unlike both {CuIAβ(16)} and {CuIAβ(40)} monomers, which
require 16+ hours of air oxidation to achieve reoxidation of the copper–center back to
Cu2+,10 the reoxidation of the reduced copper-loaded Aβ(42) oligomers by air was complete
upon warming of the XAS sample. The XANES and EXAFS spectra of the resulting
reoxidized copper-loaded Aβ(42) oligomers were nearly identical to what was observed
prior to oxidation (supporting information). In contrast the XANES spectrum of the re-
reduced copper-loaded Aβ(42) oligomer, although consistent with tetrahedral Cu1+, is
considerably different than that observed upon reduction by ascorbate the first time. Thus, it
seems reasonable to suggest that a variety of structurally ill-defined redox active Cu1+

coordination motifs are found within Cu1+ containing Aβ(42) oligomers.

One of us has shown that Cu1+ is the thermodynamically preferred oxidation state of copper
within Aβ monomers.6 Also, in a recent study concerning the structure of Cu1+ co-ordinated
monomers of Aβ(40) and Aβ(16) we noted that the sluggish O2 reactivity of these copper
adducts would preclude significant oxidative damage resulting from such species. These two
findings are both at odds with the supposition that redox active copper coordinated to Aβ
peptides are responsible for the oxidative damage observed in AD patients.7 This study, in
contrast, demonstrates that copper coordination within Aβ oligomers does produce a highly
O2 reactive Cu1+ center. If such a situation occurs in vivo then it is likely that significant
oxidative damage could result from the rapid redox cycling of copper in the O2 rich reducing
environment of the extracellular fluid. We are currently investigating the properties of these
copper–loaded oligomers and how they pertain to AD processes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
X–band EPR spectra of Cu2+ loaded Aβ(42) oligomers and {CuIIAβ(40)}.
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Fig. 2.
XANES region of the Cu K-edge spectrum of copper loaded Aβ(42) oligomers before
(Cu2+) and after (Cu1+) first ascorbate reduction.
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Fig. 3.
Magnitude FT k3 EXAFS spectrum for Cu2+ loaded Aβ(42) oligomers. The solid spectrum
is the experimental data, the thick dashed spectrum is the best fit to the experimental data,
and the thin dotted line is the difference spectrum. The inset depicts the FF k3 EXAFS
spectrum (FT from 2.0 to 12.0Å−1; backtransformed from 1.0 to 4.0 Å). Best fits to the data:
N–shell (n = 1.0; r = 1.939(4)Å; σ2 = 0.005(2)Å2); 1st imidizole–shell (n = 2.0; r = 1.96(2)Å;
σ2 = 0.007(3)Å2; θ = 3(2)°; ψ = 48(2)°); 2nd imidizole–shell (n = 1.0; r = 2.03(2)Å; σ2 =
0.004(2)Å2; θ = 27(3)°; ψ = 51(11)°); Eo = 8985.2 eV; GOF = 0.67.
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Fig. 4.
Copper coordination motifs within Aβ monomers and oligomers.
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