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ABSTRACT: X-ray absorption spectroscopy of CuII amyloid-β
peptide (Aβ) under in situ electrochemical control (XAS-EC)
has allowed elucidation of the redox properties of CuII bound
to truncated peptide forms. The Cu binding environment is
significantly different for the Aβ1−16 and the N-truncated
Aβ4−9, Aβ4−12, and Aβ4−16 (Aβ4−9/12/16) peptides, where the
N-truncated sequence (F4R5H6) provides the high-affinity
amino-terminal copper nickel (ATCUN) binding motif. Low
temperature (ca. 10 K) XAS measurements show the adoption
of identical CuII ATCUN-type binding sites (CuIIATCUN) by the first three amino acids (FRH) and a longer-range interaction
modeled as an oxygen donor ligand, most likely water, to give a tetragonal pyramid geometry in the Aβ4−9/12/16 peptides not
previously reported. Both XAS-EC and EPR measurements show that CuII:Aβ4−16 can be reduced at mildly reducing potentials,
similar to that of CuII:Aβ1−16. Reduction of peptides lacking the H13H14 residues, CuII:Aβ4−9/12, require far more forcing
conditions, with metallic copper the only metal-based reduction product. The observations suggest that reduction of CuIIATCUN
species at mild potentials is possible, although the rate of reduction is significantly enhanced by involvement of H13H14. XAS-EC
analysis reveals that, following reduction, the peptide acts as a terdentate ligand to CuI (H13, H14 together with the linking amide
oxygen atom). Modeling of the EXAFS is most consistent with coordination of an additional water oxygen atom to give a quasi-
tetrahedral geometry. XAS-EC analysis of oxidized CuII:Aβ4−12/16 gives structural parameters consistent with crystallographic
data for a five-coordinate CuIII complex and the CuIIATCUN complex. The structural results suggest that CuII and the oxidation
product are both accommodated in an ATCUN-like binding site.

1. INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder, characterized by the presence of amyloid plaques in
the brain. The major constituent of AD plaques is the amyloid-β
peptide (Aβ), which is cleaved from the membrane-bound
amyloid precursor protein (APP). Further evidence for Aβ
involvement in AD ranges from genetic studies indicating that
mutations which increase Aβ production or decrease Aβ clear-
ance enhance disease progression1 to cellular toxicity assays
indicating that the Aβ peptide can form neurotoxic structures.2

Despite this evidence for a role for Aβ in the disease state,
there is no consensus on the specific forms of the peptide
responsible for the pathogenesis of AD. The degree of synaptic
loss correlates more with the small soluble/diffusible species of
Aβ oligomers,3 which in turn are in equilibrium with insoluble
Aβ aggregates.4 The current, most widely accepted theory for Aβ
toxicity is that small, soluble, diffusible Aβ oligomers of undefined
stoichiometry and composition cause synaptic damage.5

Recent biophysical characterization of Aβ aggregates showed
that the full length Aβ1−42 peptide tends to aggregate into inert
amyloid plaques in contrast to N-truncated Aβ4−42 and
pyroglutamate Aβ3−42 (Aβ pyroE3−42) peptides, which have a
higher tendency to stay soluble and maintain their toxic profile
over a longer time period.6,7 N-terminal deletions such as
Aβ4−42 enhance generation of toxic soluble and stable Aβ oligo-
mers.8 The first protein sequencing studies of the amyloid
plaque core (APC) from AD brains identified N-terminal
heterogeneity and the majority (∼64%) of the APC-AD begins
with an F4 residue corresponding to position 4 of the full 42-length
sequence.9,10 Mass spectrometry analyses supported these
findings, demonstrating that Aβ4−42 and Aβ1−42 are the dominant
isoforms present in the hippocampus and cortex of sporadic
and familial AD patients as well as in healthy controls.11,12
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More recent studies13 have revealed actions of human Aβ4−42
aggregates in the mouse brain that are consistent with a role for
Aβ4−42 in the pathogenesis of AD in humans.
There is a marked difference in the metal-binding capabilities

of the N-truncated forms of Aβ. The predominant Aβ4−42
peptide presents a high (femtomolar) affinity amino-terminal
Cu and Ni (ATCUN) H2N−Xaa−Yaa−H sequence motif14

with F4R5H6 residues. This enables the coordination of ter-
minal (F4) amine, two deprotonated backbone amides (R5 and
H6), and the H6 imidazole nitrogen donor atoms in a fused
(5,5,6)-membered chelate ring,15 a coordination mode inacces-
sible to the full-length Aβ1−42 peptide. In this case, the first three
residues (D1, A2, and E3) along with three H6/13/14 and Y10 and
E11 residues were implicated as potential ligands in Cu:Aβ1−42
binding, but of lower (nM) affinity.16−21 Involvement of either
the carboxylate O (E11) or imidazole N atom (H13 or H14) or
solvent coordination in the fifth site of the CuII:ATCUN motif
is possible and will be explored in the present study.
A bis-His (H13H14) motif is predominantly involved in CuI

binding in Aβ peptides.22−26 A role for the H13H14 motif in the
reduction chemistry of Cu:Aβ1−16 has been proposed based on
the modeling of cyclic voltammetry where reduction was sug-
gested to occur through a modified coordination site in equi-
librium with the most stable geometry.27 Following reduction, a
subsequent equilibrium process gives CuI bound to the H13H14
site. Recent attempts to identify more precisely the residues
needed for reduction have been based mainly on probing the
effect of residue exchange on the rate of hydroxyl radical
production. Those investigations suggest coordination by one
H (any) and D1 binding via the carboxyl O atom and the
N-terminal amine.28,29 Neither the voltammetry nor the rates of
hydroxyl radical production give direct structural information,
and this limits the interpretation of the results, particularly
when considering the impact of a change in physical conditions
(e.g., pH) or of the peptide sequence. These issues will be
particularly important for studies of N-truncated peptides
(since D1 plays an important role in metal binding of the full-
length Aβ) or/and for deletion of the H13H14 motif.
ATCUN-like sequence and partial geometric features are

found in ∼2% of known protein structures.30 Specifically, the
ATCUN Cu binding site followed by bis-His and Y exists in Cu
transporters such as the transmembrane Cu transport protein
(CTR1: (1−14)MDHSHHMGMSYMDS...)31 as well as in
human salivary antimicrobial peptides (AMP) such as histatin-5
(Hst5: DSHAKRHHGYKRKFHEKHHSHRGY).32 In these
cases, the bis-His motif is separated by 1aa (CTR1) or 3aa
(Hst5) amino acids (aa) from the ATCUN site compared to
N-truncated Aβ4−y (6aa). A recent study33 showed that the
sequence proximity of ATCUN and bis−His significantly affects
the chemical behavior of peptides, and those with greater
spacing form stable CuI−peptide complexes more slowly. This
H13H14 motif in N-truncated Aβ4−y peptide can be involved in
a potential second binding site for CuII, however, with an
affinity 7 orders of magnitude lower than the ATCUN binding
site.14 At a substochiometric CuII ratio, the high affinity of
the ATCUN sites compete successfully with the secondary
CuII binding site.14 Delineation of the role of the H13H14 site in
Cu-based redox chemistry of Aβ is therefore significant
not only for scrutinizing the metals hypothesis of AD but
more generally for Cu transport and regulation by ATCUN
proteins.
One of the main and early histopathological hallmarks of AD

brains is the elevated oxidative stress preceding the presence of

inflammation and amyloid plaques.34 The debated metals
hypothesis of AD35−38 proposes that oxidative stress is related
to the toxicity from reactive oxygen species (ROS) produced
in the brain by transition metals, primarily Cu, bound to the
Aβ peptide. Cell-free experiments have demonstrated that
Cu:Aβ complexes can be involved in Fenton chemistry to
produce H2O2 and highly reactive OH radicals36,39 mediated
by biological reducing agents such as ascorbate (Asc).36,40

ROSs initiate a variety of reactions leading to post-translational
protein modifications, DNA and RNA damage, and lipid
peroxidation.41 CuII:Aβ4−16 is reported to show negligible
reduction at potentials to −0.8 V vs NHE [all potentials given
further in this paper are referenced to the NHE] in cyclic
voltammetry measurements.14 However, indirect pathways for
oxidative damage by Cu-bound ATCUN[DSH] is shown by
histatin-5 (Hst5), a human salivary antimicrobial peptide
(AMP). These AMPs form Cu:ATCUN complexes with nucle-
ase and protein cleavage activity. This lytic activity is proposed
to be the result of oxidative damage caused by the redox
cycling CuII/CuIII that arises from interaction of the CuII ions
with O2 or H2O2.

32,42−44

The present study aims to clarify the metal binding sites in
the copper bound N-truncated Aβ4−y peptides in reducing and
oxidizing environments. This should help to determine
whether the copper-bound N-truncated Aβ4−y peptides are
able to redox-cycle in a manner that might produce ROS under
biologically relevant conditions. X-ray absorption spectroscopy
(XAS) can deliver simultaneously structural and oxidation state
information for both forms of a redox couple and play a central
role in resolving questions related to the reaction path. In this
investigation, methods that permit in situ XAS measurement of
solutions under potentiostatic electrochemical control (XAS-
EC) at ambient temperatures45 have been applied to Cu-bound
Aβ peptides, including the N- and C-truncated forms (Aβx−y),
which alter, or delete, the CuII and CuI binding sites.
The starting structures of the Cu-bound peptides have been
deduced using low temperature XAS measurements of CuII:Aβ
peptides as frozen solutions (ca. 10 K). The study of C-truncated
peptides with y ≤ 16 is based on their solubility relative to the
full-length wild type Aβ1−42 and Aβ4−42 (Aβ1/4−42) peptide.14,21

The metal binding residues are contained within the peptide
truncated at y = 16 and as such are considered to be a valid
model of Cu coordination and reactivity studies. The measure-
ments were designed to (i) establish the CuII binding geometry
for the high affinity sites in the Cu:Aβx−16 (x = 1 or 4), (ii) exam-
ine whether there are minor differences in binding to the
ATCUN motif of N-truncated peptides, Cu:Aβ4−9/12/16,
associated with the presence of Y10 and E11, as suggested by
recent CuII pH-metric titrations,14 (iii) identify the conditions
and products of reduction of the CuII-bound N-truncated
peptides, Cu:Aβ4−9/12/16, according to whether they include the
bis-H13H14 binding site, and (iv) identify the XAS signatures
for CuIII so as to provide a framework for interpretation of
the oxidation chemistry of CuII:Aβ4−y. We used a novel XAS-EC
method combined with uncertainty estimation to allow and
inform hypothesis testing to address these critical questions.

2. EXPERIMENTAL SECTION
2.1. Aβ Peptide Samples. Aβ4−9/12/16 (F4RHDSG9YEV12-

HHQK16, Aβ4−9/12 amidated) and Aβ1−16 (DAEFRHDSGYEVHHQK)
were commercially synthesized by Mimotopes (Australia) and Modpep
Pty Ltd. (Melbourne, Australia), respectively, by solid-phase peptide
synthesis and purified to >98% as a trifluoroacetate salt and products

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b01255
Inorg. Chem. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.inorgchem.8b01255


verified by reverse-phase HPLC and ESI-MS. Lyophilized peptides were
dissolved in deionized water with a resistivity of 18 MΩ cm−1 (Millipore).
The concentrations were determined using a SPECTROstar Nano
UV−vis spectrometer (BMG LABETCH) with 1 cm path-length quartz
cuvette, using extinction coefficients at 275 nm of 1400 M−1 cm−1

(Aβ1−16) or 1375 M−1 cm−1 (Aβ4−12/16) or of 16 078 M−1 cm−1 at
214 nm (Aβ4−9) using the literature method.46

For XAS data collection, aliquots of Aβ peptides were dissolved in
phosphate buffer, PB (pH 7.4), then complexed with CuCl2 as des-
cribed21 at a Cu/peptide molar ratio of 0.9:1, with the final concen-
tration up to 2 mM. Complexes were incubated for about 1 h at room
temperature before the experiments.
For electron paramagnetic resonance (EPR) measurements, a

stock solution of 65CuSO4 was prepared by dissolving 65CuO (>99%,
Cambridge Isotope Laboratories) in concentrated H2SO4, followed by
removal of excess acid under heat and the addition of deionized water
to a final concentration of 20 mM. Concentrated stock solutions of pep-
tide and 65CuSO4 were combined with a Cu/peptide ratio of 0.9:1 and
diluted in HEPES buffer to yield final concentrations of 0.225 mM
65CuII, 0.25 mM Aβ, and 20 mM HEPES. The final pH was measured
using a Biotrode combined glass electrode (Metrohm) and adjusted
where necessary using concentrated NaOH. Solutions of 100 mM
reduced glutathione (GSH) or the sodium salt of Asc, prepared fresh
in deionized water and stored on ice, were then added to a final con-
centration of 2.5 mM.
2.2. X-ray Absorption Spectroscopy at Low Temperatures

(XAS-LT). All XAS experiments were conducted at the Australian syn-
chrotron XAS beamline (1.9 T Wiggler) with liquid nitrogen (LN2)
cooled Si (111) double crystal monochromator (ΔE/E 1.5 × 10−4)
with a Rh-coated focusing mirror to give a focused X-ray beam with a
harmonic content better than 1 part in 105. The incident and trans-
mitted X-ray intensity was monitored using ionization chambers with a
continuous stream of He gas. Fluorescence measurements were obtained
using a 100-element LN2-cooled Ge detector (Canberra). Energy cali-
bration was achieved by the simultaneous accumulation of a Cu foil
spectrum (transmittance) where the inflection point of the first
absorption feature was set to an energy of 8980.4 eV. Ice formation
was inhibited by the addition of glycerol (∼15%) to samples imme-
diately prior to their injection into the 40 μL cavity of polycarbonate
cells (2 mm × 2 mm × 10 mm) with Kapton (Goodfellow
Cambridge, Cambridge, UK) front and back windows. Samples were
frozen in LN2, then stored under LN2 until transfer to the beamline
closed-cycle pulse tube He cryostat (“Optisat”, Oxford Instruments).
A series of Cu K-edge XAS scans up to k = 14 Å−1 were obtained from
samples in a fluorescence mode at 5−10 K. Radiation damage of
samples was tested by quick XANES (X-ray absorption near edge
spectroscopy) measurements from the same sample position with 30 min
exposure intervals and also checked by comparison of the first two full
EXAFS (extended X-ray absorption fine structure) spectra. The spec-
tra recorded from each sample position were averaged to obtain the
final spectra.
2.3. X-ray Absorption Spectroscopy with Electrochemical

Control (XAS-EC). The XAS-EC measurements were obtained using
a new flow electrosynthesis cell based on an approach recently
described in the literature.45 The XAS-EC cell (Figure S1, Supporting
Information) permits anaerobic handling of the solutions and
minimizes the sample requirement for the measurement of XAS spec-
tra. The working electrode (WE) consists of a 2 × 2 × 12 mm3

reticulated vitreous carbon (RVC; 500 ppi, Destech corporation) block
in a cavity bounded by the cell body and the Kapton film window.
A 6-mm-diameter RVC cylinder serves as the counter electrode (CE),
and a partly oxidized polypyrrole-coated stainless-steel rod served as
the reference electrode (RE).47 The potential of this RE was +0.55 V.
The RVC used for the WE and CE were made hydrophilic by immer-
sion in concentrated H2SO4 followed by repeated (three to five times)
washing in Milli-Q water and, finally, buffer solution. Mixing of
solution between the WE and CE was minimized by packing the space
with glass beads (45−60 mesh; Selby) of a diameter sufficiently large
to be excluded from the cavities of the RVC electrodes. Liquid
chromatography fittings were used to seal the narrow bore (0.01 in.)

1/16-in. outer-diameter Teflon tubing into the XAS-EC cell. Gas-tight
syringes and fittings (Hamilton) were used to transfer solutions
anaerobically, where all solutions were degassed prior to loading into
the syringe. During cell operation, exclusion of air was achieved by
prepurging the cell with a flow of N2. Solvent/supporting electrolyte
was then introduced through the CE filling port while maintaining a
flow of N2 through the WE inlet port. Once full, the flow of N2 was
stopped and solvent/supporting electrolyte was collected, in turn,
from the WE inlet and outlet ports.

In operation, flow of solution through the XAS-EC cell was
achieved using a reciprocating pair of stepper-motor driven syringes.
This avoided generation of a pressure wave which could distort the
Kapton window of the XAS cell. Mass transport of the solute to the
WE and minimization of sample radiation photodamage was achieved
by application of a pulsed flow pattern during electrochemical reac-
tions and throughout the collection of XAS-EC spectra. No detectable
photodamage of the Cu complexes was observed at a cycle of 50:45
(forward/back) stepper motor pulses (one stepper-motor pulse displaces
0.053 μL from a 1 mL syringe). The applied potential, current, and
operation of the syringe pumps were computer-controlled using locally
written programs.45 The current and potential output from the poten-
tiostat were integrated into the data collection file for the XAS-EC
measurement.

2.4. X-ray Absorption Data Processing. The XANES and
EXAFS were preprocessed by the software package SAKURA48 at the
Australian synchrotron XAS beamline and also processed from the
binary files for uncertainty estimations of individual data points. Inclu-
sion of spectra from individual detector channels of the Ge fluo-
rescence detector was based on the absence of distortions due to low
sensitivity or baseline artifacts. Data points affected by monochromator
glitches were also removed. The variance of the normalized fluoresc-
ence signal was used to provide a reasonable estimate of the measure-
ment uncertainty.

For initial structural refinements, oscillations, χ(k), were extracted
from the experimentally measured absorption coefficient using an
automated background subtraction AUTOBK algorithm with a cubic
spline fit to the data implemented in the program ATHENA.49 Edge
step normalization for each spectrum was performed by subtracting
the pre-edge and post-edge backgrounds in ATHENA. The EXAFS
oscillations χ(k) were quantitatively analyzed by the ARTEMIS49 pro-
gram. ATHENA and ARTEMIS are based on the IFEFFIT50 library
on numerical and XAS algorithms. Experimental data were fit to the
following EXAFS function:

∑χ φ= [ − ]σ λ

=

− −k S
N

kr
F k kr k( ) ( )e e sin 2 ( )

i

i

i
i

k r k
i i0

2

1

shells

2
2 2 / ( )i i

2 2

The amplitude of the contribution from each coordination shell in
the EXAFS function is summed to generate a fit to the data. S0

2 is the
amplitude reduction factor (core-hole factor) estimated by fitting the
experimental data. Ni and ri are the coordination number and half-
path length between the central absorbing atom and a scattering atom,
respectively. The mean-square disorder in the distance from the cen-
tral absorbing atom to a given shell due to thermal fluctuation and
structural disorder is represented by σi

2 and is estimated by fitting the
experimental data. The photoelectron inelastic mean free path is
represented by λ(k). Fi(k) is the backscattering amplitude and φi(k) is
the phase factor for a given coordination shell. These parameters are
calculated using FEFF6.51

Restrained refinement procedures were used to minimize the
number of free parameters in the least-squares refinement to increase
the degree of determinacy of the model. The chemical bond distances
were restrained to their values based on crystallographic structural
data.52 Individual spectra recorded from each sample were used to
obtain averaged spectra for each peptide fragment after testing for
consistency and quality of the data sets. The fitting procedure con-
sisted of successive cycles of restrained simultaneous refinements with
k1, k2, and k3 weighted χ(k) data. The final cycle of refinement was
conducted with k3 weights with 1 ≤ r ≤ 5 and 3.0 ≤ k ≤ 12.0/10.0/
11.0 Å−1 for XAS-LT CuII:Aβ4−16, Cu

II:Aβ4−12, and CuII:Aβ4−9 data,
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respectively; 2.5 ≤ k ≤ 10.5 for XAS-EC CuI:Aβ4−16; and 3.0 ≤ k ≤ 9.0/
9.0 Å−1 for CuIII:Aβ4−12 and CuIII:Aβ4−16 data, respectively (Table 1).
The usable k-range in XAS-EC data is somewhat lower than accepted
for the conventional experiments collected for frozen samples of higher
concentrations. We should emphasize that our XAS-EC data were
collected at fluorescence mode up to k = 14 Å−1 for low concen-
trations (∼1 mM) of flowing solution samples at room temperature.
The level of noise was expectedly higher at high k, and therefore the
data were truncated more aggressively. Extending the data range to
regions in which the signal is negligible does not help to resolve trans-
form peaks. Further optimization of the cell, solution flow, and data
collection strategy should help to improve signal/noise of the data.
All multiple scattering (MS) contributions >10% and up to l = 4

(triple scattering paths with four legs) were included in the refined
model with σi

2 values for MS paths defined from σ2 parameters for
single scattering paths according to the geometry of the MS paths.53

Since the XANES and EXAFS regions of XAS-LT measurements for
all CuII:Aβ4−9/12/16 (Figure 1) samples suggested that the CuII coordi-
nation geometry does not change noticeably across the samples, a
multiple EXAFS data refinement has been performed. The density
functional theory (DFT) optimized global model14 was used to fit
simultaneously the EXAFS regions for all three CuII:Aβ4−9/12/16 com-
plexes. The simultaneous refinement of the three XAS-LT
(CuII:Aβ4−9/12/16) to one global model allowed individual fitting of
23 structural parameters (single scattering path length up to 5 Å) with
chemical bond length restraints within their standard uncertainties.52

The additional four parameters were overall ΔEo − adjustment of the
photoelectron energy threshold, overall S0

2, and 2 × σi
2 (Table 1).

Initial values of Eo of 8991.6, 8991.9, and 8991.4 eV for CuII:Aβ4−16,
CuII:Aβ4−12, and CuII:Aβ4−9 data, respectively, were set to the zero
crossing of the second derivative nearest to the starting ATHENA/
IFEFFIT’s default theoretical value. In the case of one XAS-EC

CuI:Aβ4−16 data set, the whole DFT optimized model31 was adjusted
symmetrically based on the refined first-shell four structural para-
meters for two nitrogen and two oxygen atoms. Five additional para-
meters were ΔEo (initial Eo = 8992.2 eV was set as described above),
S0

2, and 3 × σi
2 (Table 1). The refined CuII:Aβ4−y model was simul-

taneously fit to two XAS-EC CuIII:Aβ4−9/12/16 data sets. The whole
model was adjusted symmetrically based on the refined first-shell four
structural parameters for four nitrogen and one oxygen atom. The addi-
tional four parameters were overall ΔE0 (initial E0 = 8993.8 eV
CuIII:Aβ4−12 and E0 = 8993.2 eV for CuIII:Aβ4−16 were set as described
above), overall S0

2, and 2 × σi
2 parameters (Table 1). The ΔEo and

S0
2 parameters were restrainted or fixed (0.8 < S0

2 < 1 and ΔEo = 0) at
the start of the optimization and allowed to vary at the final stages of
refinement along with the first shell parameters and scaling parameter,
α, for the remaining structural parameters (Table 1). The data sets
were weighted in ARTEMIS by the estimated average uncertainties εk
(replacing the value of ε54 provided by ARTEMIS) in k-space. The deter-
mination and extraction of standard deviations for input data points from
the normalized pixel-based variance, as performed herein, is generally a
far more robust estimate of ε than in the standard ARTEMIS/IFEFFIT
fitting procedure. Hanning windows were used with slope parameter
dk = 1 and dr = 0.1 for the forward and backward Fourier transforms,
respectively. The values of the R factor and χ2 (reduced goodness-of-
fit) are calculated as follows50

∑

∑

χ
χ

ε
χ

ε

=
∑

∑
=

=
−
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i
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2
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2
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2

ind
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2

2

Table 1. Best Fits of EXAFS Regions of Data

complex CuII-Aβ4−9/12/16
a CuI-Aβ4−16 CuIII-Aβ4−12/16

a

no. of data setsa 3 1 2
T, K 10 298 298
ΔE0 (eV) 6.33(47) 1.52(1.18) 1.62(77)
S0

2 0.950(10) 0.90(12) 0.912(91)
r-N(Phe4) (Å)b 2.09(14) 2.022(26)
r-N(Arg5) (Å) 1.958(35) 1.932(12)
r-N(His6) (Å) 1.957(42) 1.943(89)
r-ND1(His6) (Å) 1.966(42) 1.927(91)
r-N(His13) (Å) 1.885(35)
r-N(His14) (Å) 1.945(39)
r-O(His13) (Å) 1.935(13)
r-O(Water) (Å) 2.358(19) 2.231(29) 2.590(23)
σ2(Å2)c 0.00351(36) 0.0068(27) 0.0020(10)
σO(His13)

2 (Å2)c 0.0045(17)
σw

2 (Å2) 0.0119(35) 0.0266(47)e 0.0163(45) 0.0043(33) 0.0121(48)e

αg 1.00(34) 1.25(11) 0.96(12)
R-factor 0.029 0.036d 0.029e 0.014 0.026d 0.082f 0.023 0.037d 0.023e

χreduced
2 1.052 1.257d 1.066e 1.105 1.721d 4.754f 1.490 2.304d 1.511e

χ2 52.683 65.459d 53.377e 13.481 24.445d 77.032f 29.767 50.638d 30.195e

nind/nvar. 60/10 60/8d 60/10e 22/10 22/8d 22/6f 30/10 30/8d 30/10e

F/F0.05
h 6.063/3.183 15.059/3.739 7.011/3.493

4.880/3.885
εk 0.0015/0.0025/0.001 0.001 0.0025/0.003

aModel simultaneously fitted to three data sets for Aβ4−9/12/16 peptides complexed with CuII and to two data sets for Aβ4−12/16 peptides complexed
with CuIII. bThe refined structural r parameters are given for the first shell of N and O atoms only. cDisorder/thermal parameters for the first shell
N and O atoms were refined only, and for higher shells these parameters were adjusted as follows: σ2(rshell > 3.0 Å) = 2σ2 (first shell); σ2 (rshell > 4.0
Å) = 2.5σ2 (first shell). Fitting of the model dWithout the O(water) ligand. eWith two O(water) ligands. fTwo-coordinate (2N) model without
O(His13) and O(water) ligands.

gα-overall scaling parameter for remaining higher shell structural r parameters at the final cycle of fitting. hF-test values
calculated vs tabulated at 5% significance level as defined in the Supporting Information. ΔE0 (eV), the refined adjustments of the photoelectron
energy threshold; nind, the number of independent data points; nvar, the number of refined parameters; εk, the data uncertainty for each data set
estimated from experimental errors. χ2 and R factor are defined in the text; the estimated standard deviation from least-squares is given in parentheses.
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where the magnitude of the residual f(ki)
2 = f xafs(ki)

2 + ∑(wΔrestraint/
σrestraint)

2 with f xafs(ki) defined as f xafs(ki) = χdata(ki) − χmodel(ki), where
f(ki) is the minimized function which consists of the real and
imaginary parts of the difference between data χdata(ki) and model
χmodel(ki) XAFS over the fit range ki. The residual (penalty) function
Δrestraint for the restrained parameter evaluates zero if the restraint
expression is satisfied or is the difference between the two sides of the
restraint expression; σrestraint is the uncertainty value given for the
restraint and derived here from the standard deviation of crystallo-
graphic structural parameters, and the weight w (the amplifier)
determines the magnitude of the penalty. Further, N is the number of
measured data points; Nvar is the number of variables in the fit; Nind is
the number of independent data points, which is given by the relation
2δkδr/π, with δr and δk the data ranges (max-min) in r and k space,
respectively.55,56

The analysis of the XAS-LT and XAS-EC experiments yielded
structural information with all the refined parameters (Table 1) within
the range of typical XAS parameters: the energy shift ΔE < 10 eV, the
amplitude reduction factor (core-hole factor) S20 ∼ 0.9 for copper
compounds,57 and thermal/disorder parameters σ2 < 0.020 Å2 being
in agreement with the values obtained for similar systems.58,59

2.5. EPR Spectroscopy of Chemically Reduced CuII:Aβ
Solutions. Immediately following addition of the reductant, samples
were transferred to a quartz flat cell (Wilmad, WG-808-Q) and X-band
(9.86 GHz) continuous-wave EPR spectra were obtained at room tem-
perature (22 °C) using a Bruker Elexsys E500 spectrometer fitted with
a Bruker superhigh-Q probe head (ER4122SHQE). First-harmonic
EPR spectra were acquired every 10 min using the following instru-
mental settings: microwave power, 20 mW; magnetic field modulation
amplitude, 8 G; field modulation frequency, 100 kHz; receiver time

Figure 1. (a) XANES of CuII:Aβ1−16 and CuII:Aβ4−9/12/16 showing both the sensitivity of the XANES to the Cu coordination environment and the
highly conserved geometry for the N-truncated peptides having an ATCUN sequence. (b) Pre-edge XANES region highlighting the Cu 1s-3d
transitions. Analysis of the EXAFS regions for CuII:Aβ4−y data and simultaneous multidata fit in (c) k and (d) r space, respectively, of the DFT-
optimized model of the peptide with additional axial water coordination. (e) CuII:FRHD·H2O, the best fit model (EXAFS/DFT) of the ATCUN
binding site for CuII in the N-truncated Aβ4−y peptides.
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constant, 82 ms; receiver gain, 80 dB; sweep rate, 10 gauss s−1.
As expected, the lineshapes show a qualitative dependence on the
peptide length, with the shortest peptide giving the narrowest line
shape. The spectra of CuII:Aβ4−9/12/16 are comparable with those of
the previously characterized CuII:Aβ4−9−OH.

60 Chemical reduction
of the CuII:Aβ complexes by Asc and GSH was monitored by the
change in intensity of the EPR signals with time. Baseline correction
of all spectra was performed by weighted subtraction of the spectrum
obtained using a water blank. The CuII signal was quantified using the
maximum peak-to-peak intensity of the spectra. The chemical reac-
tions were confirmed by duplicate measurements.

3. RESULTS AND DISCUSSION
3.1. XAS-LT of CuII:Aβ. The XANES and EXAFS regions

of the low-temperature XAS of CuII:Aβ4−9/12/16 are indis-
tinguishable within experimental uncertainty (Figure 1a, b),
suggesting that the CuII coordination geometry does not change
noticeably for the three peptides. This observation is consistent
with the expectation that neither Y10 nor E11 are bound to the
Cu atom at pH of 7.4.14 The spectra of CuII:Aβ1−16, while
markedly different from those of the Aβ4−y peptides, are iden-
tical to previously measured spectra under similar conditions21

(Figure 1a).
3.1.1. XANES. The XANES region is sensitive to both the

electronic and molecular structure of the absorber and shows
that the CuII binding geometry of CuII:Aβ4−9/12/16 is domi-
nated by the high-affinity ATCUN site which is unaffected by
residues beyond 9. The high-affinity CuII site is significantly
different from that of Aβ1−16, which has previously been shown
to be highly pleomorphic and to involve from one to all three
histidine residues: H6H13H14 (Figure 1a, b).18,20,21,28,61

The predicted ATCUN binding site is formed by the first three
residues of CuII:Aβ4−y peptides and appears not to involve either
the carboxylate O (E11) or histidine N atom (H13 or H14)
coordination in the fifth site. XANES shows the presence of a
weak pre-edge peak21,62 at 8978 eV for CuII:Aβ1−16, (Figures 1b
and S3b) and a very weak feature at 8979 eV for CuII:Aβ4−16
(Figures 1b and S4b), assigned to the 1s-3d electric dipole
forbidden transition of CuII. The intensity of this feature has
been shown to increase with the increase of the dihedral angles
between ligands.63 The lower intensity of the pre-edge feature
of CuII:Aβ4−y complexes indicates a more symmetric (square
planar N4) environment of the ATCUN site than in the
CuII:Aβ1−16 complex (e.g., ref 21). Similar behavior of this pre-
edge peak has been observed for the ATCUN-type CuII:DAHK
(the N-terminal fragment of the human serum albumin) peptide
complex.64 The weak shoulder at 8987−8988 eV, which stems
from either a vibronically allowed 1s-4s transition or 1s-4p
transitions with a metal−ligand charge-transfer shakedown, has
been assigned primarily to scattering by the axial ligands
including distant (solvent) atoms, and its intensity and relative
energy has been related to the number and geometry of these
ligands.21,65 Similar features have also been observed in the
XANES of CuII:DAHK peptide complexes.64

3.1.2. EXAFS. The initial three-dimensional structural model
for fitting the EXAFS spectra was constructed based on the
reported DFT optimized structure for the CuII:Aβ4−16
complex.14 The first shell of CuII coordination in the ATCUN
binding site of CuII:Aβ4−y is formed by four nitrogen ligands in
equatorial positions: N(F4), the phenylalanine amino group;
N(R5) and N(H6), two deprotonated amides from the first two
peptide bonds; and ND1(H6), a N atom of the imidazole side
chain of the histidine residue. However, the best fit was
obtained with additional fifth coordination site along the apical

Jahn−Teller distortion axis occupied by O(water), analogous
to the single-crystal X-ray diffraction structure of the
CuII:DAHK peptide complex.64 The fit of this model to the
EXAFS in k (Figure 1c) and r space (Figure 1d) and the
resulting structural parameters (Table 1) reveal a good level of
statistical agreement. The final EXAFS fitted structure is shown
in Figure 1e. With two additional refined parameters for the
water molecule, the R factor and χ2 are decreased (Table 1)
and the significance of this improvement is supported by the
statistical F-test (Supporting Information), which shows that
the calculated F2,50 = 6.063 value is much greater than the
tabulated value of F distribution, F2,50,0.05 = 3.183, at the com-
mon significance level of 5%. The CuII ion of the CuII:Aβ4−y
complexes is in a distorted tetragonal pyramid (penta-coordi-
nated) environment with the distances in the range of 1.920(4)−
2.07(1) Å for the equatorial atoms and 2.36(2) Å for apical water
(Table 1). These values are within error estimates of the N1−N4
distances (1.967(2)−2.03(3) Å) and the water distance
(2.565(3) Å) obtained for the CuII:DAHK complex from
crystallography.64 To test if the D7 side chain may obscure one
apical coordination site (e.g., of water) as previously sug-
gested,14 a model with the D7 carboxyl oxygen only in the
apical position instead of water was refined. The resultant fit
was significantly worse (R factor and χ2 indexes were higher for
the model with an extra five parameters), and this model was
rejected. The final structure agrees well with the X-ray struc-
ture of the CuII:DAHK complex,64 where the carboxyl oxygen
from D1 does not occupy the apical position. However,
contrary to EXAFS analysis,64 an attempted fit to the model
including two axial oxygen atoms at similar distances resulted
in nonphysically high values of σ2 > 0.02 Å for O(water).
The σ2 parameters in Table 1 are in agreement within the
errors with the values obtained by XAS for the CuII:Aβ1−16
complex21 and other CuII−imidazole systems.66

The low-temperature XAS demonstrates that all peptides in
the CuII:Aβ4−9/12/16 series coordinate CuII similarly through
ATCUN-type coordination axial water oxygen in tetragonal
pyramid geometry (Figure 1e). The observation of an axial
water molecule indicates that other external ligands (small mole-
cules, solvent) can occupy, transiently, this weak coordination
site; for example, H2O2 can interact with the CuII−peptide
complexes at an apical position, resulting in oxidation of CuII

to CuIII.42

3.2. XAS-EC of CuI:Aβ, Reducing Potential. The in situ
XAS-EC data of CuII:Aβ1−16 and Cu:Aβ4−9/12/16 have been
measured at room temperature under potentiostatic control in
the XAS-EC cell. The electrochemical performance of the cell
was assessed using the current response to a step potential and
scanning the potential (Figure S2, Supporting Information).
Owing to slow electron transfer kinetics, the reduction of
solutions containing CuII:Aβ4−y did not give a current response
that was discernible from the background. Solute reduction
was identified by changes in the XAS spectra, vide supra.

3.2.1. XANES. The XANES for all CuII:Aβ solutions at
reducing potentials (ca. −0.45 V) are shown in Figure 2a, and
this is supplemented by the spectra recorded at intermediate
potentials (Figures S3−S5). The spectra recorded at −0.45 V
are interpreted as having near-quantitative conversion to the
reduced CuI form. This is justified by (i) the insensitivity of the
spectra to a modest change (100 mV) in potential, (ii) the flow
characteristics of the experiment ensuring that there is effective
contact of solution with the WE, and (iii) further reduction
processes of CuI (to Cu0) that can be accessed with the
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application of a much more strongly reducing potential. Impor-
tantly, reduction at these potentials does not result in signifi-
cant change in the XANES spectra of the Cu:Aβ4−9/12 com-
plexes, indicating that even over the long time scale of the
experiment (ca. 30 min) no observable reduction (electro-
chemical or photoinduced) was observed. These experiments
show that it is not the binding of CuII to the ATCUN motif
that prevents reduction of Cu but accessibility to a coordi-
nation site suitable for CuI. The spectra show the expected
metal-based reduction of CuII:Aβ1−16 but also reduc-
tion of CuII:Aβ4−16 (Figure 2a). In both cases, the spectra exhibit
a peak at ∼8984 eV (Figure 2b and Figures S3 and S4, Supporting
Information) which is attributed to the strong 1s-4p transition of
CuI, which is known to occupy the 8980−8985 eV region.40,67

The high intensity of the pre-edge peaks has been correlated
with the linearity of two-coordinate CuI species.22−26,68 How-
ever, the peak heights in Figure 2a,b are somewhat smaller than
observed before for Cu:Aβ1−16 complexes reduced by
ascorbate24,40 This may be an indication of incomplete reduction

of CuII with a lower intensity pre-edge peak at ∼8984 eV.68 A
three-coordination geometry for CuI with positions corre-
sponding to Nδ (His13), O (His13), and Nδ (His14) was
obtained in CuI:Aβ1−16 by first-principles molecular dynamics
simulations in the Car−Parrinello scheme and this structure
developed toward tetrahedral geometry during the whole
simulation with possible engagement of the His6 side chain.

23

In order to explore if the XAS-EC data could be simply
explained by a mixture of CuI and CuII species previously
observed in XAS-LT experiments, linear combination fitting
(LCF) to the CuI:Aβ4−16 XAS-EC data was performed using
the ATHENA package. The LCF standards included our
previous unpublished CuI:Aβ1−16 XAS-LT data similar to that
in ref 24 and the present CuII:Aβ4−16 XAS-LT data. The LCF
for the XANES normalized μ(E) data region was extremely
unstable and sensitive to data noise with significant misfits
throughout almost the entire fitting region. Alternatively, the
LCF performed using EXAFS χ(k) data (k = 3−11A−1)
showed almost no sensitivity to data noise and converged to

Figure 2. (a) XANES-EC near edge regions for all Cu:Aβ peptides at a reducing potential of −0.45 V. (b) Enlarged XANES region showing
CuI peaks at 8984 eV. EXAFS regions of CuI:Aβ4−16 data with best fit of the DFT-optimized model of the bis-His (H13H14) site with additional axial
water coordination in (c) k and (d) r space, respectively, and (e) the best fit model (EXAFS/DFT) of the H13H14 binding site for Cu

I in the N-
truncated Aβ4−16 peptides.
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the CuI/CuII ratio of 97:3% (Figure S6, Supporting Information).
It should be noted that LCF is strongly dependent on the choice
of good standards. Standards used here are from the experi-
ments conducted at quite different conditions (low temperature
and no applied voltage) and do not necessary reproduce all
features observed in in situ XAS-EC experiments. In particular,
higher data noise, higher temperature (disorder), and applied
voltage (atomic polarization and distortion of the electron
levels) broadens and softens the pre-edge features, which can
conceal the relevant contributions of oxidation state observed
in standard XAS-LT experiments. Together with all other
arguments presented above, it seems reasonable to assume that
the CuI:Aβ4−16 XAS-EC data can be modeled by a predomi-
nantly CuI species as EXAFS LCF may indicate. Obviously,
further careful investigations should explore the completeness
of Cu reduction and experimental effects on XAS-EC spectra
under applied voltage and at ambient T, possibly using a high-
energy resolution fluorescence detection approach.69

Reduction of CuII:Aβ1−16 is proposed
27 to proceed through a

POET (preorganization electron transfer) mechanism with
relaxation of the CuI product to an almost linear H13H14 bind-
ing site. The characteristic features of the XANES spectrum for
CuI:Aβ1−16 were apparent following the application of mild
potentials (0.05 V) and further gradual changes with the
potential stepped from −0.25 to −0.65 V (Figure S3, Supporting
Information). Reported pE values for CuII:Aβ1−16/28/42
complexes are in the range of 0.28−0.34 V.70,71 The time
frame for XAS-EC experiments is much slower than that of
cyclic voltammetry where, owing to the high internal resistance
of the XAS-EC cell, establishment of an equilibrium concen-
tration of the reduced and oxidized species following a change in
potential can require several tens of seconds. For CuII:Aβ1−16,
the rate of reduction depends on the time constant for the cell
rather than the rate of heterogeneous electron transfer.
While not observable in conventional electrochemical

measurements,14 reversible reduction of CuII:Aβ4−16 evident
in the XAS-EC experiments (Figure 1) has been observed for
chemical reduction using Asc and GSH.72 If it is assumed that
similar thermodynamic equilibrium constants apply for binding
CuI for the Aβ1−16 and Aβ4−16 peptides, then the ca. 3000 times
stronger binding of CuII by the ATCUN motif of the Aβ4−16
peptide would shift E(CuII/I:Aβ4−16) by ca. 0.21 V more nega-
tive than E(CuII/I:Aβ1−16). Both the requirement for more
forcing conditions to reduce CuII:Aβ4−16 than CuII:Aβ1−16 and
the slow rate of reduction contribute to the potential dependence
of the XANES measured for the reduction of CuII:Aβ4−16
(Figure S4, Supporting Information). The rate of reduction is
dependent on the energy difference and kinetics of the equi-
librium between the ATCUN binding site and the postulated
preorganization site of the POET mechanism. This intermediate
site (IS) may be structurally related to the low affinity CuII

binding site, which was identified in experiments with
CuII/Aβ4−16 ratios of 1.8:1.14 The structural rearrangements
due to reduction or oxidation of the Cu:Aβ4−16 complex are
more dramatic than in Cu:Aβ1−16 with potential involvement
of the H13H14 residues separated by six residues from the initial
CuIIATCUN center. Furthermore, the absence of the H13H14 resi-
dues for the CuII:Aβ4−9/12 complexes has a more profound
impact on reduction, which is reflected both by the potential
needed for metal-based reduction to reduce CuII:Aβ4−9/12 and
by the instability of a CuI product with respect to dispropor-
tionation, as evidenced by direct formation of Cu0 (Figure S5,
Supporting Information).

3.2.2. EXAFS. XAS-EC data of CuII:Aβ4−16 recorded at a
reducing potential of −0.45 V gave XANES consistent with
quantitative conversion to the reduced, CuI, form of the com-
plex and were used for the structural analysis. The XANES pre-
edge peaks suggest that CuI is bound most likely in three-
coordinate geometry. Therefore, the starting model for fitting
the EXAFS region of the XAS-EC data used the DFT opti-
mized geometry31 for N2O coordinated CuI with two
imidazole δ nitrogen atoms (ND1) in a trans coordination
arrangement and a carbonyl oxygen atom from H13 of the
peptide backbone amide between H13 and H14. This is
analogous to one of the stable simulated models proposed for a
CuI complex with Cu-transporter (Ctr1) N-terminal peptide
Ctr11−14.

31 This three-coordinate model gave reasonable fits to
the experimental data, while the reduction of the model to a two-
coordinate geometry with removal of the O(H13) ligand
significantly worsened the fit (R and χ2 factors in Table 1).
The preference of the three-coordinate model is supported by
the statistical F test, which shows that the calculated F2,14 =
15.059 value is much greater than the tabulated value of F
distribution, F2,14,0.05 = 3.739, at the significance level of 5%
(Table 1). The addition of a fourth coordinating O (water)
atom slightly improved the agreement between the calculated
and observed EXAFS (Table 1). The significance of this
improvement is supported by the F test that the calculated
F2,12 = 4.880 > F2,12,0.05 = 3.885 (Table 1). However, the small
difference between values suggests the addition of a water ligand
to the three-coordinate model is moderately supported by the
statistical accuracy of the available data. The fitting of the EXAFS
of CuI:Aβ4−16 data is given in Figure 2c,d. Refined parameters
are given in Table 1, and the best fit model with a quasi-
tetrahedral environment is depicted in Figure 2e. The final
four-coordinate quasi-tetrahedral N2O2 center geometry for
CuI:Aβ4−16 is similar to the best fit obtained with a N2OS center
for Ctr11−14 XAS data.31 Analogously, the water coordination
site in the CuI:Aβ4−16 peptide complex can be substituted with
other ligands such as the S of GSH or M35 thioether (S) group,
which is available in the full length of Aβ4−42. The involvement
of M35 with CuI can be facilitated by formation of Aβ
oligomeric or plaque species, and recent studies are consistent
with the notion that M35 of Aβ is critical to Aβ-induced
neurotoxicity.73−75 The availability of soft donor atoms, either
from an intra- or interpeptide source, can also significantly impact
the kinetics of reductionparticularly for the POET mechanism
where equilibrium with the kinetic in-between state precedes
reduction. In this case, the conformation of the individual
peptide, or tangle of peptides (oligomers), is of critical
importance. This would account for the apparent difference
between the ROS-generating ability of the monomeric and
oligomeric forms of Aβ.
These results demonstrate clearly that, despite the near

identical cyclic voltammetric response14 and binding geometry
of CuII to the Aβ4−9/12/16 peptides, there is a marked difference
in reduction chemistry for Aβ forms which incorporate the bis-
His site. In this case, the reduction to a stable CuI form can be
achieved at relatively mild potentials, albeit with a low rate of
reaction. Just as for CuII:Aβ1−16, it is likely that a POET
reaction path is followed (Scheme 1) in CuII:Aβ4−16, where the
difference in kinetics results from the more stable ATCUN
binding of CuII. Access to the CuII/I couple is critical for Cu
homeostasis and catalytic generation of ROS. In cases where
Cu binding is limited to the residues associated with the
ATCUN binding site (CuII:Aβ4−9/12), reduction only occurs at
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strongly reducing potentials and is accompanied by the
deposition of Cu metal. Reoxidation of the solution in the
XAS-EC cell results in quantitative reformation of the
CuII:Aβ4−9/12 complex (Scheme 1, Figure S5).
These XAS-EC experiments do not reveal the details of the pre-

equilibrium IS geometry, nor the rate of electron transfer; however,
transfer of CuII from the ATCUN site (CuIIATCUN:Aβ4−16) to the
bis-His site (CuIH13H14:Aβ4−16) could reasonably proceed via
H6−H13/H14 IS and reduction, similar to the CuII:Aβ1−16
reduction path27 (Scheme 1). In fact, an additional low affinity
CuII binding site was shown to be accessible at the CuII/Aβ4−16
ratios of 1.8:1.14 This extra binding site is most likely formed
by the bis-His motif with additional residues, possibly including
bridging H6. This may be facilitated by formed three (or four)-
coordinate structures best fitted to the EXAFS region and
manifested in the lower XANES pre-edge CuI peak at ∼8984 eV.
The lower value of Kd for CuIIATCUN:Aβ4−16 over CuII:Aβ1−16
translates into a more negative reduction potential and a slower
rate of electron transfer as reflected by the absence of an
observable current response above the background for
conventional voltammetry experiments.14 The rate of reduc-
tion of ATCUN-bound CuII is highly dependent on the barrier
to equilibrium to the intermediate binding site(s). This has been
measured in terms of the sequence separation between the bis-
His and ATCUN sites.33 Clearly, both the conformation and
sequence of the peptide is important in the case where a single
amino acid separated the two binding motifs defining the reduc-
tion properties of the Cu:protein complexes. This is further
complicated in cases of peptide aggregation in the form of
oligomers or plaques.
Together, these results suggest that the redox processes for

ATCUN-bound CuII are highly dependent on the availability
of alternate ligands and/or binding sites and the dynamic
equilibria linking Cu binding to these sites.
3.3. XAS-EC of CuIIIAβ, Oxidizing Potential. The elec-

trochemical response of solutions of Aβ4−16, Cu
II:Aβ1−16, and

CuII:Aβ4−16 at near-neutral pH has allowed assignment of the
CuII to CuIII oxidation to an irreversible wave near 1.04 V.14

This process occurs at potentials near those for oxidation of
uncoordinated residues Y (0.8−0.9 V), H (1.1−1.4 V), and M
(1.5−1.7 V),76−78 complicating the assignment of metal and
ligand-based redox reactions. In general, the CuII presence
slightly shifts oxidation peaks to a more positive potential.79

These problems are amenable to resolution using XAS where
the XANES signatures for CuII and CuIII bound to cyclic

peptides62 provides a framework for interpretation of the
oxidation chemistry of CuII:Aβ4−y.

3.3.1. XANES. The pre-edge XAS-EC XANES region for
CuII:Aβ4−y (y = 12, 16) peptides at an oxidative potential E of
0.95−1.35 V shows changes which are consistent with the
onset of an oxidation process which may be associated with
the generation of CuIII (Figures 3a,b and Figures S4, S5).
The Y10-lacking CuII:Aβ4−9 does not show any significant
changes in XAS-EC at 0.85 V which would be consistent with a
Y-centered oxidation. The weak feature at 8978−8979 eV is
assigned to the 1s-3d electronic transition in Cu and is a direct
probe of the unfilled d orbital population.62 The slight shift to
higher energy (∼8979.5 eV, Figure 3b, also Figure S4b and S5b
(Supporting Information) for CuII:Aβ4−16 and CuII:Aβ4−12
respectively) and small increase in the pre-edge intensity
may indicate some involvement of CuIII but may also reflect a
change in site symmetry.

3.3.2. EXAFS. In order to examine whether the pre-edge
changes are due to a change in geometry, the structure was
investigated by fitting the EXAFS regions of the data sets
measured at oxidative potentials of 0.95 and 1.05 V for
CuIIIAβ4−12 and CuIIIAβ4−16, respectively, using the refined
structure for CuII:Aβ4−9/12/16 complexes shown in Figure 1e as
a starting model (Figure 3c, d and Table 1). The best fit was
obtained with ATCUN-type five-coordinate square-based
pyramidal arrangement about the Cu atom with the four
N atoms in the square plane unchanged, and the axial water
molecule is slightly farther away from the Cu center. The F test
(see SI) confirms that the addition of an axial water molecule
still gives significant improvement to the fit (Table 1).
The calculated value, F2,20 = 7.011 is greater than the tabulated
value, F2,20,0.05 = 3.493, at a significance level of 5%.
The thermal/disorder σ2 factors are within the expected
range for N ligands but lower for the O (water) atom than for
CuII and CuI structures (Table 1), suggesting that it could be
either two water molecules at similar distances coordinating
CuIII (Table 1) or a heavier ligand, e.g., Cl available in solution.
The involvement of two deprotonated and highly polarizable
backbone amides (R5 and H6) in the ATCUN site is important
since they are able to provide sufficient electron density to
stabilize high oxidation states of Cu.80 The similarity of the
EXAFS between CuII and CuIII complexes indicates that the
structures about the Cu center are similar in the oxidized form
and allows assignment of the 8978−8789 eV feature in the
XANES as a 1s-3d electronic transition of Cu, indicating signi-
ficant metal contribution to the redox process. Under these
circumstances, it is necessary to explain the irreversibility of the
voltammetry. The XAS-LT data (section 3.1) indicate that
Y10 is not directly involved in coordination to CuIIATCUN, and
this suggests that the oxidative redox chemistry would formally
involve sequential redox processes, Ep1/Ep2 and Ep3, where the
equilibrium between the Cu- and Y10-centered oxidation
depends on the relative magnitudes of the Ep1 and Ep2 couples:

→ ++ −Cu , Y Cu , Y e (E )ATCUN
II

10 ATCUN
II

10 p1

→ + −Cu , Y Cu , Y e (E )ATCUN
II

10 ATCUN
III

10 p2

→ ++ +· − (Cu , Y Cu , Y e E )ATCUN
II

10 ATCUN
III

10 p3

Here, Y10
+ is a one-electron oxidized form of Y10, and the

oxidation corresponding to Ep3 may be followed by rearrangement

Scheme 1. Modified Latimer Diagram Summarizing the
Redox Chemistry of N-Truncated Aβ Peptides Based on the
XAS-EC and Electrochemical Studiesa

aThe predominant component of the equilibrium is indicated by
the equilibrium arrows. Under the conditions of the experiment,
peptide-free CuI is unstable with respect to disproportionation (i.e.,
E(CuII/I) < E(CuI/O)).
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and net two-electron oxidation (Y′102+) as summarized in the
following reaction:

′+ +FCu , Y Cu , Y (K )ATCUN
III

10 ATCUN
II

10
2

CuY

Analogous steps have previously been suggested for the homo-
geneous intramolecular electron-transfer reactions of Cu.79 If the
redox potential of the Cu-based couple (Ep2) is more positive
(CuIII/CuII ∼ 1.0 V)80 than that of the Y10-based one (Ep1),
then the equilibrium KCuY will favor the products.
The kinetics of the Y-based redox reactions will depend on

the sequence position and local environment of the Y residue.79

This sequence of reactions would accommodate well-defined
irreversible oxidation of CuII:Aβ with only minor changes in
the coordination environment of the Cu. It should be noted
that the ATCUN Cu binding sites in CRT1 and Hst5 are also
followed by Y at positions 11 and 10, respectively. The alter-
nate interpretation, metal-centered irreversible oxidation, is
unlikely, as this would require significant changes to molecular
structure and significantly impact the XANES and EXAFS.
Furthermore, redox activity would be expected for the
Y10-lacking CuII:Aβ4−9. The slight reduction in bond length
for ND1(H6) (Table 1) may reflect the generation of CuIII in
an equilibrium such as that represented by KCuY. Oxidation of
H6 is highly unlikely as the imidazole side chain of coordinated
H is outside the range of potentials used in the experiments:
1.55 V at pH 7.81 While it is noted that the distances obtained

for the oxidized CuIIATCUN species agree well with crystallo-
graphic data for a five-coordinate CuIII complex,82 these
observations correlate with the potential formation of active
CuIII−peptide complexes (including AMPs in vivo) resulting
from the oxidation of CuII by H2O2, which react further to
facilitate oxidative damage to the peptide.32,42−44 It has been
proposed42 that further H2O2 molecules interact specifically at
an apical position of Cu. This would correspond to the site
modeled as water in the XAS-LT and XAS-EC analysis.79

Further investigation of the potential dependence of the
spectra of the different Cu:Aβ complexes will be directed into
characterizing this process.

3.4. EPR of CuII
ATCUN:Aβ in the Presence of Chemical

Reductants. The differing reduction chemistry of the
N-truncated Aβ4−y peptides identified in the XAS-EC experi-
ments should be evident in the reactions of the peptides with
chemical reducing agents such as Asc and GSH. The progress
of these reactions was monitored by EPR spectroscopy, where
the loss of signal due to the CuII species is interpreted in terms
of the formation of diamagnetic (CuI) species. Room temper-
ature EPR measurements of Cu:Aβ4−9/12/16 as 0.25 mM
solutions with 10-fold excess of Asc (E0 = 0.051 V) or GSH
(E0 = −0.228 V) are shown in Figure 4. With Asc as the reduc-
tant, there is no significant loss of EPR signal over a period of
24 h for Cu:Aβ4−9/12 but a small (ca. 10%) loss of signal for
Cu:Aβ4−16 (Figure 4a). Over the same time period, the

Figure 3. (a) XANES-EC near edge regions for CuIII:Aβ4−y (y = 12, 16) peptides at oxidative potentials. (b) Enlarged XANES region showing CuIII

pre-edge peaks at ∼8979.5 eV. Analysis of the EXAFS regions for CuIII:Aβ4−y data (y = 12, 16) and simultaneous multidata fit to the ATCUN
model shown in Figure 1e in (c) k and (d) r space, respectively.
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stronger reductant GSH effects a significant loss of the CuII

signal where the rate of decay of the signal is almost 2 times
higher for Cu:Aβ4−16 than for Cu:Aβ4−9/12 (Figure 4b).
The rate of reduction will be sensitive to the driving force
for the reaction for outer-sphere electron transfer, although fur-
ther work is needed to establish whether factors such as metal−
ligand (Asc or GSH) binding to the metal or the peptide also
make a significant contribution to the dynamics of the reaction.
While the pathways of the chemical and electrochemical reduc-
tions will not necessarily be the same, it is clear that the avail-
ability of the H13H14 site enhances significantly the ability of
the CuIIATCUN:Aβ center to undergo reduction. This is a key
conclusion of our XAS-EC studies of the electrochemically
modulated solutions. Also consistent with the XAS-LT findings,
the N-truncated Cu:Aβ4−9/12/16 complexes give similar EPR
spectra (Figure 4c) where the peptide both provides the
ATCUN binding sequence and controls access of a fifth or
sixth ligand to the CuII center (Figure 4c).

4. CONCLUSIONS
XAS measurements from frozen solutions of CuII:Aβ4−9/12/16
complexes have been shown to have virtually identical XANES
and EXAFS where this is consistent with CuIIATCUN-type
binding by a regular 4N array of ligands provided by the first
three amino acids (FRH). There is strong evidence for binding
by a fifth, axial, ligand, which is best modeled by an oxygen
atom (water) to give a tetragonal pyramidal geometry. Neither
Y10 nor E11 give a geometry which is able to account for the
fifth ligand, an observation consistent with the XAS similarity
for the CuII:Aβ4−9/12/16 complexes. This provides support for
the argument that the same high affinity ATCUN-type
Cu binding site also persists for the N-truncated Aβ4−42
peptide, a major Aβ isoform detected in AD brains.9

The benefits of XAS-EC measurements for complexes which
undergo slow electron transfer are clearly demonstrated by the

differing reduction chemistry of CuII:Aβ4−9/12/16. Whereas
previous electrochemical measurements14 failed to give a
response significantly different from the background for
CuII:Aβ4−16 the XAS-EC measurements demonstrate that reduc-
tion occurs at comparatively mild potentials to yield a reduced
product analogous to that obtained for CuII:Aβ1−16, that is, Cu

I

binding by the bis-His (H13H14) binding site in a quasi-
tetrahedral environment geometry. These observations
show that a combination of kinetic and thermodynamic effects
drive the CuII/I redox chemistry of the Cu:Aβ complexes and
that this is most reasonably accommodated within the POET
pathway suggested for CuII:Aβ1−16.

27 Despite a more than
3 orders of magnitude higher CuII binding constant for the
N-truncated peptides, redox reactions involving the CuI state are
still accessible, where the rate of reaction depends on access to
an IS geometry. For the soluble CuII:Aβ complexes, this requires
involvement of the H13H14 residues. Since the kinetics of
transfer to the bis-His site are very slow, the potential ROS
generation by Aβ4−y is not the same as that by Aβ1−y. However,
it is important to note that for full-length (Aβx−42), aggregated
forms of the peptide, the IS may be accessed through involve-
ment of residues from different peptides and the conformation
of the interpeptide bundles, and this may lead to a spectrum of
redox activities, even for the CuIIATCUN forms. Being able to
study IS structure during reduction by XAS-EC potentially
with a high-energy resolution fluorescence detected approach69

would be the future goal now that the CuIIATCUN and
CuI(H13H14) data are at hand.
Electrochemical oxidation of CuII:Aβ4−12/16 may indicate the

presence of mixed states of CuII/CuIII bound by the ATCUN
binding site with structural parameters consistent with
crystallographic data for five-coordinate CuIII complexes.82

This also includes CuIIATCUN-catalyzed oxidation of residues
not directly coordinated to the metal (e.g., Y10 and H13H14).
The current XAS data do not allow determination of the redox
state of the oxidizable ligands not bound to the Cu.
There is some evidence that N-truncated Aβ variants

represent better drug targets than full-length Aβ.6 Therefore,
knowledge of the atomic structure of the complexes made by
Cu compounds with N-truncated Aβ and their redox
properties would help to understand the native function of
N-truncated Aβ variants and greatly facilitate Aβ-specific
therapeutic and diagnostic development. The behavior of
CuIIATCUN:Aβ4−y has been demonstrated to be closely related
to that of transmembrane Cu transport protein (CTR1), where
binding to the high-affinity ATCUN[MDH] sequence with
bis-His motif separated by 1aa allows sequestration of CuII, but
a pathway for reduction to CuI provides a means for further
chemistry (Cu release in the case of CTR1, generation of ROS
for oligomeric Aβ4−42). It remains possible that monomeric
Aβ4−y is a copper transfer partner or opponent for CTR1. Also,
our results suggest that structural and chemical properties of
N-terminal truncated peptides Aβ4−y and their complexes with
Cu are similar to those of antimicrobial peptides AMPs like
Hst5, with the ATCUN[DSH] and bis-His motif separated by
3aa and Y at similar position 10, which function via modes of
intracellular killing associated with inhibition of mitochondrial
respiration and potentially via both transient and localized
production of ROS and oxidation stress.44 A high level of
hydrogen peroxide production was observed in solutions with
Hst5 and Cu, in the presence of a reductant such as Asc.83

The results of chemical redox reactions62,84 indicate that the
ability of CuIIATCUN-type complexes to generate hydroxyl-like

Figure 4. (a and b) Time-dependence of the EPR-active CuII signal
for Cu:Aβ4−9/12/16 solutions in 20 mM HEPES at pH 7.4, derived
from the maximum peak-to-peak intensity of the room temperature
EPR spectrum. Aβ4−9/12/16 0.25 mM, GSH/Asc 2.5 mM. (c) Room
temperature X-band EPR spectra of Cu:Aβ4−9/12/16 in 20 mM HEPES
at pH 7.4. Aβ4−9/12/16, 0.25 mM.
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radicals correlates with the formation of active CuIII complexes
in a strong oxidative environment resulting from the oxidation
of CuII by H2O2, which interact with further H2O2.
Cu:ATCUN complexes of the N-truncated forms of Aβ may
have a similar Hst5-type mode of antimicrobial activity and
may play the role of an effector molecule in the innate immune
system. This could be an additional mode of the antimicrobial
activity to that based on membrane binding and trans-
membrane pore formation.85,86 Our earlier structural studies87

demonstrated that the hydrophobic part (Aβ17−42) of Aβ forms
dimers with striking structural similarities to dimeric forms
of some human AMPs (e.g., defensins), and a recent report88

confirmed the antimicrobial activity of Aβ1−40 in mice and
C. elegans.
Our experiments demonstrate (1) the role that XAS can play

in characterizing the electronic and molecular structure of the
absorbing atom in a metalloprotein complex and that this
provides the structural information needed to understand the
metal chemistry of truncated peptides, (2) the viability of the
strategy for the collection of solution XAS spectra from poten-
tiostatically controlled metalloprotein/peptide samples with
small sample quantities (<1 mL, 1 mM) and obtaining spectra
of a quality sufficient to allow structural analysis, (3) additional
insight into the path of redox reactions gained from XAS-EC
methods, and (4) the possible role of less stable coordinating
sites within proteins in redox/catalytic reactions. These experi-
ments reveal a more subtle form of redox dependent metal
homeostasis, which appears to be important in the chemistry of
Cu:Aβ aggregates but must be of more general significance in
the biochemistry of labile metal centers.
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