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X-Ray absorption near-edge spectroscopy (XANES) has been
used to probe the substrate mediated reduction of Cu®>" in Ap-
Cu’* complexes by ascorbate and the neurotoxin 6-hydroxydo-
pamine (6-OHDA), however dopamine and, in particular,
cholesterol are incapable of reducing soluble monomeric
AB-Cu>* complexes.

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder that is characterized by the presence of amyloid
plaques. The major constituent of AD plaques is the amyloid
p-peptide (Af, up to 42 amino acids: DAEFRHDS-
GYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA)

which is cleaved from the membrane-bound amyloid precursor
protein (APP) via the ff/y-secretase pathway. There is evi-
dence'? that the major source of neurodegeneration observed
in AD is related to the toxicity (oxidative stress) from reactive
oxygen species (ROS) produced in the brain by the Af peptide
bound to primarily copper ions. The Af-Cu®>" complexes can
be involved in extensive redox chemical reactions that produce
H,0, and other ROS from molecular oxygen.”® However,
there are inconsistencies in the interpretation of these redox
reactions, which are whether Cu®" can be reduced by Ap
itself,* with Met35 residue proposed as an electron donor>* or
whether the Cu®" reduction is mediated by biological redu-
cing agents.® Catechols (e.g. dopamine), vitamin C (ascorbate)
and cholesterol were considered to be important substrates for
AB-Cu®™ redox activity.>> However, to be capable of reducing
AB-Cu>" these biological agents should have a lower (more
negative) reduction potential (E) than Af-Cu®". Cyclic volta-
metry>> produced a highly positive formal reduction potential
of AB(1-42)-Cu* (~0.50-0.55 V vs. Ag/AgCl or ~0.74-0.79
V vs. NHE). On the contrary, two other independent studies®’
reported significantly lower E values (0.28-0.34 V vs. NHE)
for three AB(1-16, 1-28 and 1-42)-Cu®>* complexes. These
values are in the range of redox potentials for Cu-binding
peptides® and appeared to be lower than the E values
(0.37-0.38 V) for some important neurotransmitters, such as
dopamine, epinephrine and norepinephrine, suggesting that
these substrates are incapable of reducing Af-Cu®*.” On the
other hand, all measured Af-Cu>' E values®” are higher
(more positive) than that for ascorbic acid (0.051-0.058 V vs.

CSIRO Molecular and Health Technologies and P-Health Flagship,
Parkville, VIC 3052, Australia. E-mail: victor.streltsov@.csiro.au;
Fax: +613 9662 7101; Tel: +613 9662 7311

+ Electronic supplementary information (ESI) available: Samples
preparation, data collection and enlarged regions of XANES spectra.
See DOI: 10.1039/b803911a

NHE),” and therefore consistent with the strong reducing
properties of ascorbate in Af-Cu®* complexes.>>7%

In the reduced state, the Cu'™ is in a d'® closed shell
electronic configuration, and thus its geometric and electronic
configuration cannot be probed by EPR or optical methods.
On the other hand, X-ray absorption spectroscopy (XAS) is
direct method of probing the electronic and structural nature
of the metal sites.® In this study, X-ray absorption near-edge
spectroscopy (XANES) was employed to investigate reducing
properties of several substrates (ascorbate, cholesterol, neuro-
transmitter dopamine and neurotoxin 6-hydroxydopamine
(6-OHDA)) in solution with AB(1-16)-Cu>" complexes. As
shown in many studies,®”!? the truncated AB(1-16) peptide is
relatively hydrophilic and highly soluble in the range of
conditions compared to full-length wild type Af(1-42) pep-
tide. Most importantly, both the full-length and truncated
monomeric peptides exhibit similar Cu®* binding and ROS
production properties. A remarkable similarity among the
voltammetric properties of three Af(1-16, 1-28 and 1-42)-
Cu complexes excludes the possibility that monomeric Af
peptides and, in particular, the Met35 residue can donate
electrons for copper reduction.®’ Also, no reduction of
Cu®" by Ap binding was observed in our previous!'! and this
current XAS studies. Therefore, biological reducing agents
have to be recruited to mediate the ROS generation by
monomeric Af-Cu®>" complexes.’

We have prepared AB(1-16)-Cu®>" complexes in phosphate
buffer saline (PBS) as described'' and mixed them with 10-fold
molar ratio of substrates dissolved in water, except for cho-
lesterol which was dissolved in chloroform and added at a
5-fold molar ratio. AS(1-16) was obtained from Auspep Pty
Ltd. Immediately after preparation, the samples were injected
into solution cells and rapidly frozen. The Cu®" concentration
in solution cells was up to 2.2 mM. Two additional AS(1-16)-
Cu samples with added dopamine and ascorbate were incu-
bated at room temperature for 1 and 10 h, respectively and
then measured again. There were no marked changes in XAS
spectra of these samples after the incubation. A series of Cu
K-edge (8980.4 eV) XAS scans were obtained from samples in
a fluorescence mode at 15-20 K using a helium displex
cryostat. The experiments were conducted at the PNC-CAT
20BM bending magnet beamline at the Advanced Photon
Source (APS), USA. The experimental set up and data proces-
sing were identical to those reported previously.!! Energy
calibration was accomplished using the first inflection point
of a Cu foil spectrum measured simultaneously with each scan.
Up to 15 40 min scans were measured for each sample. No
X-radiation reduction of Cu®>* to Cu'" was detected by
comparing edge spectra for consecutive scans. Each scan was
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collected from a freshly exposed region of the sample by
moving the sample stepwise within the cell window area. The
XANES regions were extracted from the experimentally mea-
sured absorption coefficient using background subtraction
and normalization methods implemented in the program
ATHENA,'? an interface to IFEFFIT."?

Fig. 1 compares absorption edges for an oxidized Af(1-16)-
Cu®" complex recently measured'! with substrate treated
peptide complexes. As expected for the Cu " site, the oxidized
AB(1-16)-Cu®>* complex exhibits a featureless edge with a
half-maximal position around 8990 eV.'*!° Interestingly, a
similar edge was produced by the Ap-Cu complex with
cholesterol, strongly suggesting that cholesterol did not reduce
Cu?" bound to soluble monomeric AS(1-16). On the other
hand, both ascorbate and 6-OHDA treated AfS-Cu complexes
exhibited a well-resolved peak at about 8984 eV. XANES of
Cu'" is normally characterized by a pre-edge feature, the
strong 1s — 4p transition peak, in the 8980-8985 eV region
and it serves as an immediate and definitive indication of the
+1 oxidation state of Cu.'* Further convincing evidence of
the conversion of Cu?>" to Cu'" comes from the significant
shift (>5 eV) in the position of the edge near 8987 eV after
adding reducing agents, such as ascorbate or 6-OHDA. This
difference in edge position is typically observed between Cu® "
and Cu'" species.'*!® These edge features strongly support
the suggestion that ascorbate and 6-OHDA can reduce Af-
Cu®". The high-intensity of the pre-edge peaks suggests that
the majority of Cu is in the Cu'!* state under these conditions.

The edge spectrum of the AB-Cu complex treated with
dopamine shows a small bulge (normalized absorption ampli-
tude of 0.21) at about 8984 eV and a slight reduction of the
white line intensity (~9000 eV) compare to oxidized Af-Cu>"
complex. This can be interpreted as a minor reduction of Cu*™
to Cu'" in the AB-Cu complex which occurred when dopa-
mine was added. No X-ray reduction was detected and no
marked changes were observed in the spectrum after the
retention of the sample at room temperature for about 1 h.
No oxidation of dopamine prior to addition was detected by
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Fig. 1 The XANES regions of normalized absorption amplitude vs.
energy E (vertical dotted lines indicate 8984 and 8997 eV) for oxidized
(AB(1-16)-Cu® " —red, with dopamine—purple and with cholesterol—
orange) and reduced (Af(1-16)-Cu' * with vitamin C—blue and with
6-hydroxydopamine (6-OHDA)—green) complexes. The oxidized
Cu®" complexes show less featureless edges than reduced Cu'™
complexes which exhibit a well-resolved peak at about 8984 eV.

mass-spectroscopy. Therefore, the dopamine can be consid-
ered as a very weak reducing agent or more likely that some
limited reduction of Cu®>* occurred due to formation of Cu-
dopamine complexes with associated oxidation of dopamine.'”

A systematic study'* of 19 Cu'* and 40 Cu®>" complexes
showed that the intensity and position of near-edge features
are strongly correlated with oxidation state and coordination
mode. The pre-edge peak positions of 8983.7 and 8983.6 eV
and normalized absorption amplitudes of 0.82 and 0.64 for
AB-Cu'™ complexes with ascorbate and 6-OHDA, respec-
tively, are in the range of values for the Cu'* centers with
the coordination number of either 2 or 3, as well as close to
mixed 2+3 or 244 coordinate shells in binuclear Cu'"
complexes.'* The difference in the edge profiles of the reduced
AB-Cu'" complexes in Fig. 1 also suggests the formation of
different coordination structures. It should be noted that in
some samples with coordination 2 of the Cu' " centres'®!? and
with strong interactions between molecular groups, such as in
crystalline solids, the Cu'* pre K-edge peak cannot provide
reliable stereochemical information due to anomalous reduc-
tion of the peak by intense exciton formation.'> However, this
is unlikely to be the case for diluted solutions studied here.

The absorption edges of the oxidized AB-Cu®>* with
cholesterol and dopamine resemble, in energy and position,
those of Ap-Cu®* (Fig. 1). AB-Cu®>" complexes have very
weak peaks at 8§979-8980 eV which have been assigned as
originating from 1s — 3d quadrupolar allowed transitions in
Cu?”" species.'"*!” The increase in the intensity of the XANES
peak at about 8997 eV (assigned as a 1Is — 4p or a 1s —
continuum resonance'®) observed for the Cu?" complexes
relative to that for the Cu' " complexes (see Fig. 1 and ESIt),
is consistent with formation of the new coordination structure.
There are three other important features in these XANES
region of Cu®" spectra, which are represented by shoulders at
9002, 9010 and 9045 eV. These features were assigned to be
due to multiple scattering from equatorial ligands of tetra-
gonally-distorted octahedral coordination of Cu®* species'®°
and depend, for example, on the orientation of the imidazole
rings with respect to the CuN, plane in Cu®>* imidazole
complexes.'> Recent studies (reviewed in ref. 10) indicated
the involvement of the three histidines His6, His13 and His14
in coordination of Cu®>" in AB-Cu®>" complexes. The fourth
ligand is most likely an oxygen atom donor. There is a strong
evidence that tyrosine (Tyr10) is not the oxygen atom donor,
while the glutamic acid (Glull) and the N-terminal aspartic
acid (Aspl) are involved when Zn?>* is bound to human
AP(1-16)>' and AB(1-28)** and when Cu*" is bound to rat
AP(1-28).% Furthermore, in an analysis®* of metal binding
sites in metalloproteins, aspartate and glutamate were often
found in the coordination sphere of Cu or Zn, while tyrosine
was rare. It is reasonable to suggest that the same His6,13,14 and
Glull or Aspl residues can be also involved in Cu' " binding in
reduced Ap-Cu complex, however with different coordination
geometry. Further XAS analysis,!! including EXAFS regions,
for A-Cu>* and A-Cu' " is required to verify the involvement
of those residues in copper coordination.

In this study, we have used XANES to probe directly the
substrate mediated reduction of Cu®>" in Ap(1-16)-Cu>*
complexes by ascorbate and the neurotoxin 6-OHDA.
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However dopamine and, in particular, cholesterol are incap-
able of reducing soluble monomeric AB(1-16)-Cu’*" com-
plexes at least under the current experimental conditions.
This conclusion is valid for the full-length monomeric
AB(1-42)-Cu®* complex with high affinity Cu®>* binding site,
since the redox behaviour of truncated and full length peptides
are similar.®’ The results are in agreement with assignment of
the redox potentials for A-Cu®*, ascorbic acid and dopa-
mine.®’

Finally, we note that inconsistencies in the interpretation of
the redox reactions of the Af-Cu complexes and in particular
whether the Cu?* reduction can be mediated by dopamine or
cholesterol, can be related to the indirect detection methods.
These methods are usually based on measurement of H>O,
production using either TCEP (tris(2-carboxyethyl)phosphine)
or DCFH (2'-7'-dichlorofluorescein) and its diacetate
(DCFHDA) based assays. But TCEP may serve as the source
of electrons to form H,O, from O, because it is also a reducing
agent.’ Other findings®® demonstrated that the DCFH/
DCFHDA assay could be subject to a serious artifact. The
H>0, production is inherent in the oxidation of DCFH,
which, therefore, cannot be used to prove the formation
of ROS.”
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