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Abstract
Copper coexists with amyloid-β (Aβ) peptides at a high concentration in the senile plaques of
Alzheimer’s disease (AD) patients and has been linked to oxidative damage associated with AD
pathology. However, the origin of copper and the driving force behind its accumulation are
unknown. We designed a sensitive fluorescent probe, Aβ(1–16)(Y10W), by substituting the
tyrosine residue at position 10 in the hydrophilic domain of Aβ(1–42) with tryptophan. Upon
mixing Cu(II), Aβ(1–16)(Y10W), and aliquots of Aβ(1–42) taken from samples incubated for
different lengths of time, we found that the Cu(II) binding strength of aggregated Aβ(1–42) has
been elevated by more than two orders of magnitude with respect to that of monomeric Aβ(1–42).
Electron paramagnetic spectroscopic measurements revealed that the Aβ(1–42) aggregates, unlike
their monomeric form, can seize copper from human serum albumin (HSA), an abundant copper-
containing protein in brain and cerebrospinal fluid. The significantly elevated binding strength of
the Aβ(1–42) aggregates can be rationalized by a Cu(II) coordination sphere constituted by three
histidines from two adjacent Aβ(1–42) molecules. Our work demonstrates that the copper binding
affinity by Aβ(1–42) is dependent on its aggregation state and provides new insight into how and
why senile plaques accumulate copper in vivo.

INTRODUCTION
Senile plaques, comprising mainly amyloid β (Aβ) peptides1, 2 and constituting one of the
pathological hallmarks of Alzheimer’s disease (AD), accumulate abnormally high
concentrations of metals (e.g., Cu(II) at ~0.4 mM and Fe(III) at ~0.9 mM)3 in AD-afflicted
brains. Efforts to understand the interaction between metals and Aβ have been made to
correlate the presence and amounts of metals to AD pathogenesis.4, 5 In particular, copper
has received a considerable amount of attention in the field, owing to its involvement in
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redox cycling to produce reactive oxygen species (ROS) and to exert possible oxidative
damage in AD.4–13 A Raman spectral analysis of postmortem tissues from AD brains
revealed that methionine residues of Aβ peptides are oxidized and the oxidation was
attributed to ROS facilitated by copper redox cycling.14 Nevertheless, the origin and driving
force behind copper accumulation in senile plaques have remained entirely unclear. At odds
is that monomeric Aβ peptides bind copper with a moderate affinity constant (109–1010

M−1; or a dissociation constant Kd around nM).15–18 Such a binding strength is not
sufficiently high for Aβ monomers to sequester copper from copper-transporting
proteins.19, 20 Human serum albumin (HSA) is the major copper chelator and transporter
protein in blood plasma,19, 20 with a Ka value around 1012 M−1 or a dissociation constant Kd
value in the pM range.21, 22 It is also the major protein in the cerebrospinal fluid (CSF) that
is known to be in contact with senile plaques.23 Although HSA is a viable source of copper,
a recent study by Faller and coworkers showed that in vitro copper bound by monomeric Aβ
can be readily taken out by HSA.24 Thus, the Aβ monomer is clearly not responsible for the
copper accumulation in senile plaques. The Kd value of monomeric Aβ(1–42) was measured
by Serell et al. to be 60 pM,18 which is substantially (1–5 orders of magnitude) lower than
values determined by other studies (cf. Table S1 in the Supporting Information for a
comprehensive list of the Kd values reported in the literature). Even such a binding strength
was considered to be insufficient to seize copper from HSA.18

The high abundance of Aβ fibrils in senile plaques suggests the possibility that Aβ
aggregates might possess a higher strength in binding copper and consequently be involved
in the sequestration and enrichment of copper in senile plaques. The finding that senile
plaques can be dissolved by strong copper chelators implies that copper helps stabilize Aβ
aggregates.25 Thus far, there is a lack of direct evidence showing the aggregation-dependent
enhancement of the copper binding strength of Aβ. It is worth noting that zinc, another
metal accumulated in senile plaques, appears to bind to Aβ aggregates at a slightly higher
(approximately two fold) affinity than to the Aβ monomers.26, 27

Here we report the use of a non-aggregating, copper-binding Aβ mutant, Aβ(1–16)(Y10W)
(Table 1), as a fluorescent probe to monitor the elevated copper binding strength of
aggregated Aβ. The intrinsic Tyr residue at position 10 of Aβ(1–42) has been widely used
for fluorescence measurements of the copper binding constants of various Aβ peptides (cf.
Table S1 and references therein). As shown in this work, substitution of the Tyr-10 of Aβ(1–
16) with a Trp residue affords a much higher fluorescence quantum yield and a different
wavelength from that of native Aβ(1–42). Furthermore, unlike Aβ(1–42), such a probe does
not aggregate and become insoluble when complexed with Cu(II). Consequently, in
competitive binding assay, the use of a soluble probe with a similar Cu(II) binding strength
should be largely free of interferences such as loss of fluorescence accompanied by
sedimentation of Aβ(1–42) aggregates or light scattering by suspended Aβ(1–42)
aggregates. Owing to these advantages, competitive Cu(II) binding assays between this
probe and Aβ(1–42) allowed us to observe a dramatic elevation of the apparent binding
constant of Aβ(1–42) aggregates over its monomeric counterpart. This finding is further
supported by electron paramagnetic resonance (EPR) measurements of copper sequestration
from HSA by Aβ(1–42) aggregates. The elevation in the copper binding strength could be
rationalized by a structure in which three histidine residues from two different Aβ molecules
and the C-terminal carboxylic group in the Aβ aggregates could also provide a substantially
stronger copper coordination sphere that is otherwise unavailable in the Aβ monomers.
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METHODS
Chemicals and reagents

Aβ(1–42) was obtained from American Peptide Company Inc. (Sunnyvale, CA), and Aβ(1–
16) and Aβ(1–16)(Y10W) were obtained from rPeptides Inc. (Bogart, GA). Aβ(1–16)
(Y10W) synthesized in house with an automatic peptide synthesizer (Symphony Quartet,
Tucson, AZ) was also used for some of the experiments. Acid- and globulin-free HSA (99%
purity), sodium hydroxide, sulfuric acid, CuCl2, copper acetate, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), and other chemicals were acquired from Sigma-
Aldrich (St. Louis, MO). All of the aqueous solutions were prepared using water purified by
a Simplicity® Water Purification System (Millipore, Bellerica, MA) to a resistivity of 18
MΩ·cm.

Sample preparation
Aβ(1–16) and Aβ(1–16)(Y10W) stock solutions (1–2 mM) were prepared by directly
dissolving the lyophilized samples in 10 mM NaOH. They were then diluted with 10 mM
HEPES buffer (pH 7.4) to desired concentrations. Prior to use, the Aβ(1–42) sample was
treated with hexafluoroisopropanol (HFIP) to dissolve any pre-existing oligomers, and the
solution was centrifuged for 30 min at 13000 rps to decant undissolved oligomers. The final
solution was then lyophilized on a freeze-drier (VirTis Benchtop K, SP Scientific, Gardiner,
NY). The Aβ(1–42) solutions were then prepared with our previously reported procedure.8, 9

Samples treated with the method by Teplow and coworkers28 were also used and did not
show obvious difference than the HFIP-treated samples. The concentration of soluble
peptides was determined with the UV-vis absorbance at 280 nm and the extinction
coefficients of tryptophan (ε279 = 5400 cm M−1 for Aβ(1–16)(Y10W)) and tyrosine (ε276 =
1410 cm M−1 for Aβ(1–16) and Aβ(1–42)). To avoid denaturation, a high-purity HSA
sample (99%) was accurately weighed to prepare fresh and concentrated stock solutions, and
mixtures of HSA, Cu(II), and various Aβ(1–42) peptides were used immediately for the
competitive EPR assays. The Cu(II) stock solution was prepared by dissolving 1 mM CuCl2
or copper acetate in 1 mM H2SO4 solution.

Fluorescence spectroscopy
Fluorescence measurements of Aβ(1–16) and Aβ(1–16)(Y10W) peptide solutions were
carried out at room temperature using a Cary Eclipse spectrofluorimeter (Agilent
Technologies, Santa Clara, CA). An excitation wavelength (λex) of 280 nm was used, and
fluorescence intensities were recorded for Aβ at 307 nm and for Aβ(1–16)(Y10W) at 360
nm. The entrance and exit slits were 10 and 5 nm, respectively. Fluorescence measurements
were performed at least three times, and the standard deviations were plotted as the error
bars. For determining apparent Cu(II) binding constants of aggregated Aβ(1–42), samples
were prepared following two procedures. In the first procedure, 1.5 mL of 12.5 μM Aβ(1–
42) was prepared and incubated in a 37 °C water bath. An aliquot was removed from the
incubation solution, mixed with equimolar Aβ(1–16)(Y10W) and/or Cu(II) before the
fluorescence intensities of Aβ(1–16)(Y10W) were measured. The final Aβ(1–16)(Y10W)
and Cu(II) concentrations were both 12.5 μM and the sampling times were 0, 20 min, 50
min, 3 h, 24 h and 48 h. In the second procedure, 12.5 μM Cu(II) and 12.5 μM Aβ(1–42) in
1.2 mL HEPES buffer was co-incubated. At different times of incubation aliquots of the
mixture were withdrawn and mixed with 12.5 μM probe. The fluorescence intensity was
monitored incrementally with a higher sampling frequency at the beginning of the
aggregation. In both cases, to avoid light scattering by suspended aggregates during the
fluorescence measurement, after the mixtures were allowed to stand for 10 min for
equilibration, they were centrifuged and the supernatants were analyzed.
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Atomic force microscopy
AFM images were obtained in air on an MFP-3D-SA microscope (Asylum Research, Santa
Barbara, CA) equipped with the tapping mode. The AFM probes (MikroMasch, San Jose,
CA) are single beam cantilevers. Aliquots were taken out of an Aβ(1–42) solution or an
Aβ(1–42)/Cu(II) mixture at predetermined incubation times, cast onto Ni(II)-treated mica
sheets, and kept in contact with the mica sheets for 15 min. Afterwards, the sheets were
gently rinsed with water to remove salt, and then dried with nitrogen.

Size exclusion chromatography
Size exclusion chromatography was performed with a Waters 600 HPLC system equipped
with a photodiode array detector (Model 2996). The mobile phase was 100 mM phosphate
buffer (pH 7.4) and the flow rate was 0.2 mL/min. Two columns (GFC 2000 from
Phenomenex Inc., Los Angeles, CA) were connected in series and retention times were
calibrated with the following five standards: blue dextran (2000 kD), bovine serum albumin
(66 kD), chymotrypsinogen A (25 kD), aprotinin (6.7 kD), and vitamin B12 (1.35 kD). From
a 600 μL Aβ(1–42) solution incubated in a 37 °C water-bath, a 20-μL aliquot was taken at
each specific incubation time and then injected into the HPLC columns. Elution of Aβ
species was monitored with the detector set at 220 nm.

Electron paramagnetic resonance spectroscopy
EPR spectra were recorded using an X-band (~ 9.4 GHz) spectrometer (Elexsys E580)
equipped with an HSQE resonator and a temperature controller (Oxford Instruments,
Abingdon, England). EPR spectra were obtained at 123 K using N2 gas flow with a
microwave power of 1 mW and a modulation amplitude of 5 G. The concentration of Cu(II)
bound by HSA at pH 7.4 is proportional to the integrated peak area in the CW-EPR
absorption spectrum. A control experiment performed in a 60 μM HSA solution showed
rather small Cu(II) EPR peaks (<5% of HSA fully loaded with Cu(II)), suggesting that the
HSA samples we prepared were largely free of copper contamination. To ensure that free
Cu(II) was absent in the mixture of HSA and Cu(II), the Cu(II)/HSA ratio was maintained at
0.8/1. The frozen sample proportionality constant for Cu2+ was determined via titrations of
CuCl2 with an excess of EDTA and 25% (V/V) glycerol. EPR spectra were baseline-
corrected and peaks were integrated with LabVIEW 7 Express software (National
Instruments, Austin, Texas). A sample of 76 or 306 μM Aβ(1–42) was loaded in an EPR
quartz tube (4 mm O.D. and 3 mm I.D.) and incubated for 6 and 24 h at 37 °C. The solution
was then mixed with the Cu(II)–HSA complex. Cu(II)–HSA was added to the pre-incubated
Aβ(1–42) so that the final concentrations of HSA, Cu(II), and Aβ(1–42) were 61, 49, and 76
or 306 μM, respectively. All solutions were mixed thoroughly, sonicated for 2 min, and
flash-frozen in liquid N2.

RESULTS
Aβ(1–42) aggregates have a substantially elevated copper binding strength in comparison
with the monomer

The black curve in Figure 1A corresponds to the fluorescence spectrum of the Aβ(1–16)
(Y10W) probe, which clearly exhibits an emission peak at 360 nm. With the addition of
Cu(II), the Trp fluorescence of the probe is decreased (Figure S1A). This behavior is highly
comparable to that of Aβ(1–16) and Aβ(1–42),15, 29 although the fluorescence signal is
much stronger than the emissions of Aβ(1–16) and Aβ(1–42) at 307 nm. The Cu(II) binding
constant of the probe can be measured by fitting the curve of fluorescence plotted against
Cu(II) concentration (cf. Figure S1B and details of the fitting procedure in the Supporting
Information).15, 29 When an equimolar amount of a freshly prepared Aβ(1–42) sample was
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mixed with the probe and Cu(II), about 50% of the fluorescence was quenched (red curve in
Figure 1A). This suggests that the Cu(II) ions are equally distributed between Aβ(1–42) and
the probe. The equal distribution is understandable since the Cu(II) binding strength of the
probe is similar to that of Aβ(1–42) (cf. Figure S1 and description). Surprisingly, the
fluorescence signal was partially recovered when Aβ(1–42) was pre-incubated for 20 min
before being mixed with the probe (green curve in Figure 1A). More fluorescence recovery
was observed after the Aβ(1–42) solution had been pre-incubated for a longer time (1440
min; blue curve in Figure 1A). In contrast, when the non-aggregating Aβ(1–16) sample was
pre-incubated and then added into the solution, little recovery was observed (green and blue
curves in Figure 1B). Since Aβ(1–42) is prone to rapid aggregation, the fluorescence
recovery must have resulted from a stronger copper binding strength of Aβ(1–42) oligomers
and other higher-ordered aggregates. To confirm the fidelity of using Aβ(1–16)(Y10W) to
report on Cu(II) transfer, we added EDTA, a much stronger Cu(II) chelator, into a mixture
of Aβ(1–16)(Y10W) and Cu(II) and observed a complete recovery of the probe fluorescence
(Figure S2). We therefore conclude that from our experiments that, as the aggregation
proceeds, Cu(II) initially bound by the probe is lost to the Aβ(1–42) aggregates.

We can define the collective binding strength of all Aβ(1–42) species (monomers and
aggregates) to Cu(II) with the apparent (overall) binding constant, K:

(1)

(2)

where K′ is the Cu(II) binding constant of Aβ(1–16)(Y10W), which remains unchanged
with time (cf. Figure S1). Since the binding constant of HEPES to copper (pK = 3.22)30 is
six orders of magnitude smaller than that of the probe (pK = 9.49) and the Aβ peptides are in
excess with respect to the Cu(II) concentration, the effect of HEPES buffer can be
neglected.31 Let θw be the percentage of Aβ(1–16)(Y10W) bound to Cu(II) and the initial
(formal) concentrations of Aβ(1–42), Aβ(1–16)(Y10W), and Cu(II) be A, L0 and C,
respectively. K is related to K′ and θw as follows (cf. Supporting Information for the
detailed derivation and the correction of the buffer effect in Figure S3):

(3)

At any given incubation time, θw can be readily obtained from the percentage of quenched

fluorescence of the probe,  (F0 is the fluorescence intensity of the probe-only
solution and FL the fluorescence intensity of the probe in a mixture). Although the apparent
binding constant varies with the Aβ(1–42) aggregation or incubation time, the formal
concentration of the Aβ(1–42) monomer at the inception of incubation is known. Hence,
using eq. 3, the apparent binding constant of a mixture of Aβ(1–42) aggregates and
monomers can be accurately determined.

We took aliquots from an Aβ(1–42) solution incubated for different times and mixed them
with the probe and Cu(II). Figure 2A reveals that the apparent binding constant of Aβ(1–42)
aggregates has increased by ca. 20 times over a 24 h incubation and more than two orders of
magnitude (ca. 120) over a 48 h incubation.

Jiang et al. Page 5

Biochemistry. Author manuscript; available in PMC 2014 January 22.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Corresponding to the change in the apparent binding constant, atomic force microscopic
(AFM) images (inset of Figure 2A) clearly display changes in the Aβ(1–42) aggregate
morphology expected from the main Aβ(1–42) oligomerization/fibrillation pathway.32–34 In
this pathway, the aggregation process begins with the formation of globular oligomers (cf.
AFM images for 20 and 50 min of incubation), some of which subsequently transform into
protofibrils (AFM image for 180 min incubation) and fibrils (images for 1440 and 2880
min). We also verified that the presence of the Aβ(1–16)(Y10W) does not alter the Aβ(1–
42) aggregation/fibrillation pathway (cf. Figure S4). In addition, we followed the Aβ(1–42)
aggregation/fibrillation process with the ThT assay (cf. Figure S5). Notice that the plateau in
Figure S5 (ca. 24 h) is consistent with the time when fibrils were observed by AFM (cf. the
inset of Figure 2 at 1440 min). The trend depicted in Figure S5 is in contrast to that in
Figures 2, which does not show a lag phase. Therefore, it is evident that oligomers formed
soon after the incubation begin to bind Cu(II). Furthermore, oligomers, protofibrils, and
fibrils of Aβ(1–42), with a conformation different from that of the natively unstructured
Aβ(1–42) monomer, possess a substantially stronger Cu(II) binding strength. We also
plotted the percentage of Cu(II) transferred from the probe to Aβ(1–42) over the entire
incubation period (Figure 2B) to illustrate the extent of copper transfer resulting from the
elevated copper binding strength.

While the AFM image (inset of Figure 2) of the sample incubated for 20 min shows only a
few globular oligomers, Figure 2B indicates that a considerable amount of Cu(II) (~20% of
that originally bound by the probe) was lost. Thus, Cu(II) must be partially transferred to
low-mass oligomers (i.e., dimers and pentamers), which are too small to be observed by
AFM. The low-mass oligomers can be readily identified by size exclusion chromatography
(Figure 3). Consistent with other reports,32, 35 the amount of soluble oligomers decreases
with incubation time, while insoluble globular oligomers are formed as incubation prolongs
(cf. the red and blue curves in Figure 3). Even after one day of incubation (yellow curve at
1440 min), a trace amount of monomers is still present in the solution, suggesting that Aβ
fibrils remain in equilibrium with the monomeric Aβ. Overall, our results clearly indicate
that the elevation of the Cu(II) binding strength in the incubated solution is proportional to
the number of β-sheets inherent in all of the Aβ(1–42) oligomers (including the dimers) and
aggregates.

Binding constants of Aβ(1–42) at different incubation times with Cu(II) present initially
We also co-incubated Cu(II) and Aβ(1–42) for different times. At predetermined incubation
times, aliquots from this mixture were withdrawn and mixed with the probe for fluorescence
measurements. Figure 4 shows the changes in the copper binding strength obtained by
processing the fluorescence recovery data, together with the AFM images of the aggregates
and distribution of copper between the probe and Aβ(1–42). Remarkably, both the trend and
extent of changes in the K values (Figure 4A) are analogous to those in Figure 2A, even
though amorphous aggregates are the predominate species at and beyond 3 h of incubation
(inset of Figure 4A). Our observation is consistent with previous finding that copper binding
to Aβ(1–42) alters the main aggregation pathway of Aβ(1–42) from fibrillation to the
formation of amorphous aggregates.36 Nevertheless, the comparability of the K values
deduced at intermediate and extended incubation times between Figures 2A and 4A suggest
that the amorphous aggregates bind to Cu(II) almost as strongly as protofibrils and fibrils.
Despite the current debate regarding whether fibrils evolve out of amorphous
intermediates37 or are produced as a result of stacking of oligomers,37 it is believed that
amorphous aggregates contain misfolded and β-sheet-rich Aβ(1–42) molecules.38 Again, the
results in Figure 4 support our earlier contention that formation of β-sheets during the Aβ(1–
42) aggregation is crucial to the elevation of the copper binding strength. We also conducted
an experiment by continuously monitoring the fluorescence signals in a single solution of
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Cu(II), Aβ(1–16)(Y10W), and Aβ(1–42). The fluorescence recovery monitored as a
function of incubation time is shown in Figure S6. The good comparability between Figure
4A and Figure S6 suggests that Aβ(1–16)(Y10W) does not alter the interaction of Cu(II)
with Aβ(1–42) monomer and aggregates. In a separate experiment, we found that co-
incubating Aβ(1–16)(Y10W) with Aβ(1–42) and Cu(II) does not alter the Aβ(1–42)
aggregation pathway (i.e., amorphous aggregate formation caused by Cu(II); cf. Figure S7).
However, monitoring the fluorescence recovery in a single solution prevents us from
centrifuging the solution to remove large aggregates that can scatter light. As a consequence,
light scattering (much like in the fluorescence scattering measurement of aggregation of
amyloidogenic molecules34) is more serious in the solution beyond 24 h. Thus, we believe
that the apparent binding constants deduced from Figure 4A are more reliable. Finally, we
should add that, if all of the monomers in the incubated solution had been converted into
fibrils or amorphous aggregates, the K values would be even greater than those shown in
Figure 2 or Figure 4. Since in the yellow curve of Figure 3 monomers were still observed
after 24 h of incubation, it is clear that the incubated solutions used to obtain Figures 2 and 4
were mixtures of Aβ(1–42) monomers, oligomers, and large aggregates.

Aβ(1–42) aggregates are capable of sequestering Cu(II) from HSA
With electron paramagnetic resonance (EPR), we investigated whether any Cu(II) transfer
from HSA to Aβ aggregates is possible. Shown on the left of Figure 5 are EPR spectra of the
Cu(II)–HSA complex (curve A), a freshly prepared Aβ(1–42) solution mixed with Cu(II)–
HSA (curve B), and Cu(II)–HSA mixed with Aβ(1–16) (curve C). We have also obtained an
EPR spectrum from a solution comprising Cu(II)–HSA and preformed Aβ(1–42) oligomers
and protofibrils (curve D) as well as a spectrum of Cu(II) complexed with Aβ(1–42)
oligomers and protofibrils (curve E). The right panel of Figure 5 is an overlay of EPR
spectra A, D and E, which clearly exhibits the differences in g⊥ and g// peaks among the
three solutions. The line shape of and parameters calculated from curve (A) (g// = 2.160, A//
= 182 G for component 1) are consistent with those previously reported for the Cu(II)–HSA
complex,24, 39, 40 with two negative peaks at 3329 and 3423 G and two distinctive hyperfine
peaks. Notice that curves B and C are highly comparable to curve A, suggesting that neither
Aβ(1–16) nor the Aβ(1–42) monomer can remove Cu(II) from HSA, a result expected from
the aforementioned large difference in the binding strengths between monomeric Aβ and
HSA. These data are also in line with the report by Faller’s group who showed that both
monomeric Aβ(1–40) and Aβ(1–16) cannot seize Cu(II) from HSA.24 However, with the
addition of a pre-incubated Aβ(1–42) solution into a Cu(II)–HSA solution, the negative peak
at 3329 G increases at the expense of the negative peak at 3423 G (cf. right panel of Figure
5), concurrent with the appearance of three new hyperfine peaks (g// = 2.275 and A// = 168
G; cf. curve D for component 2 in the right panel of Figure 5). The parameters of these new
peaks are consistent with those of the copper complex of aggregated Aβ(1–42) shown in
curve E.41, 42 Therefore our data clearly demonstrate that pre-incubated Aβ(1–42) sample
can sequester copper from the Cu(II)–HSA complex.

We also estimated the copper binding constant (K) of aggregated Aβ(1–42) by
deconvoluting the two components in curve D to yield a ratio of Cu(II) bound to HSA over
that complexed by the Aβ(1–42) aggregates. An increase in the copper binding strength by
about one order of magnitude was observed for Aβ(1–42) aggregates after a 6 h incubation
(Table S2 in the Supporting Information), consistent with the results obtained by our
fluorescence measurement. Both the EPR spectra shown in Figure 5 and the binding
constants estimated from the competitive EPR assay (Table S2) have unequivocally
validated the significantly elevated copper binding strength of aggregated Aβ(1–42).

Finally, we should add that, if all of the monomers in the incubated solution had been
converted into fibrils or amorphous aggregates, the apparent affinity constants exhibited in
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Figure 2 or Figure 4 would be even greater. Since in Figure 3 Aβ(1–42) monomers were still
observable even after 24 h of incubation, it is clear that the solutions shown in Figures 2 and
4 contained monomers at the beginning and mixtures of Aβ(1–42) monomers, oligomers,
and large aggregates at later stages of the incubation. Thus, the affinity constants we
measured only reflect portions of the true Cu(II) sequestration power of the Aβ(1–42)
fibrils. Notice that in Figure 2A, the dissociation constant converted from the K value at
2880 min is about 3 pM, which is close to the Kd value of the Cu(II)–HSA complex.21 In
Figure 5, the changes in the EPR spectra and parameters are likely to be caused solely by the
Aβ(1–42) fibrils whose actual Kd value should be less than 3 pM.

DISCUSSION
Employing two independent methods (fluorescence and EPR competitive binding assays),
we demonstrate that Aβ(1–42) oligomers and aggregates bind copper more strongly than
their monomeric counterpart. Our finding contradicts the recent study by Sarell et al. who
reported a dissociation constant (Kd) of ca. 60 pM for both monomeric and aggregated
Aβ(1–42).18 Such a Kd value is at least more than an order of magnitude lower than values
reported by many other studies for Aβ monomers even after buffer correction (see Table
S1). As shown by our comparative studies detailed in the Supporting Information (cf.
Figures S8, S9, and S10), the discrepancy stems from the uncertainties inherent in the
Tyr-10 fluorescence measurement as well as in the sample preparative method. Specifically,
changes in the Tyr-10 fluorescence of Aβ(1–42) at 307 nm can be caused by both Cu(II)
binding and the precipitation and suspension of the Cu(II)-containing Aβ(1–42) aggregates
in solution. The effects of the aggregate precipitation and suspension are particularly acute
when large and insoluble aggregates are formed. The former process decreases the
fluorescence intensity, while the latter process scatters light to cause signal fluctuation.
When the relatively weak Tyr fluorescence is quenched to a low level, the interference of
the adjacent Raman peak of water (313 nm) becomes more pronounced (cf. Figure S10A)
and can also affect the accurate measurement of the fluorescence intensity. Our method
allows the removal of the Cu(II)-containing Aβ(1–42) aggregates prior to the fluorescence
measurements. Moreover, the fluorescence quantum yield of Trp is much higher than that of
Tyr and Trp fluoresces at a longer wavelength. Consequently, the water Raman peak does
not interfere (cf. Figure S10B) with the fluorescence of the Aβ(1–16)(Y10W) probe. We
should also caution that sample pretreatment is crucial to the accurate measurement of the
Cu(II)-binding affinity values of Aβ(1–42). We noticed that the pretreatment procedure
employed in the work of Viles and coworkers is different from procedures used by other
studies.18 We found that after such a pretreatment Aβ(1–42) samples generally contain a
large number of oligomers (cf. Figure S8). These samples behave differently from those
treated with the HFIP method.28, 43 As shown in Figure S9, the presence of oligomers at the
beginning of Cu(II) addition results in the appearance of a higher Cu(II) binding strength. In
other words, if in the initial solution oligomers are present at a high concentration, there will
be little difference in the binding affinity values between the presumed “Aβ(1–42)
monomers” and the actual oligomers. This factor, together with effects from other
experimental conditions (buffer, pH, concentrations of competitive ligands, etc.; cf. the
comprehensive review by Faller and co-workers31) must be taken into account in deducing
the final affinity constants.

The metal binding strength increase in oligomers (including dimer) and other higher-ordered
aggregates of Aβ(1–42) most likely originate from a tighter coordination structure that
cannot be rendered by the monomer. His-6, His-13 or His-14, and the N-terminus are the
three N-containing moieties that account for the 3N1O coordination sphere identified by
EPR in the Cu(II) complex of the Aβ monomer.44, 45 Because His-13 and His-14 are
adjacent to each other, they are on the opposite sides of the peptide backbone. Such an
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orientation prevents them from simultaneously participating in a tight Cu(II) binding when
only one Aβ(1–42) monomer is involved.44, 46 Aβ(1–42) dimers are formed with a β-sheet
comprising two pairs of β-strands withheld by hydrogen bonding.47, 48 Consequently, all of
the metal binding sites are located in the N-termini that extend out of the β-sheet. Larger
oligomers, protofibrils, and fibrils are produced from stacking of the β-sheet-containing
oligomers (or “aggregation units”),49, 50 again positioning all of the hydrophilic N-termini
on the same side of the stacked β-sheets.49 Although amorphous aggregates lack higher
regularity for ordered β-sheet stacking, they have been shown to contain many β-sheets.38

Therefore, a plausible cause for the enhanced Cu(II) binding strength in both ordered and
amorphous Aβ aggregates is that more histidine residues (one of the strongest metal-binding
ligands among amino acid residues51) have become available for Cu(II) binding and are
favorably spaced out to coordinate Cu(II). Binding by three histidine residues is a more
stable configuration than those in other modes.52 As shown in our proposed model (Figure
6), upon aggregation His-13 in one Aβ molecule and His-14 from another can concurrently
coordinate Cu(II), tightly locking the Cu(II) ion in position. In addition, the C-terminal
carboxylic group is folded back and has been shown to provide additional ligation.52 Such a
Cu(II) coordination sphere is also unlikely to exist in the monomeric form. Other
possibilities can also contribute to the enhanced Cu(II) binding. For example, the ligand
crowding brought about by the β-sheet formation could allow some amide groups or other
dangling carboxylic groups to participate in additional binding. We also cannot rule out the
possibility that the binding strength increase is caused by the change near the copper center
from a more hydrophilic environment in the Aβ monomers to the more hydrophobic setting
in the Aβ aggregates. The rather small increase (almost within experimental error) in the
Zn(II) binding strength from Aβ monomers to aggregates26, 27 might also be resulted from
one or more of the factors mentioned above.

The intermolecular coordination model posited above is supported by a growing body of
evidence. For example, Pedersen et al. suggested that, unlike soluble Aβ(1–16), Aβ(1–40),
which is also prone to β-sheet formation and aggregation, could rapidly form the Aβ–
Cu(II)–Aβ linkage prior to oligomerization.53 We hypothesize that such a linkage might be
preserved in the copper-complexing Aβ(1–42) oligomers and aggregates. Szalai and
coworkers, using X-ray absorption spectroscopy, demonstrated that the Cu(II) coordination
sphere in oligomers is different from that in monomers. Specifically, only two histidines
participate in the Cu(II) binding, whereas three histidines are involved in the copper
coordination by Aβ oligomers54 (even though it is not clear whether the three histidines are
from the same or different Aβ molecules). From the present study, it is evident that the rapid
formation of small, soluble oligomers (cf. chromatograms in Figure 3) synchronizes with the
copper transfer from the probe to Aβ(1–42) aggregates.

The significantly elevated Cu(II) binding strength of Aβ aggregates has two major
biological implications. First, it has been long proposed that overproduction of Aβ peptides
(e.g., in the case of early onset AD55) and inefficient clearance are at least partially
responsible for the Aβ accumulation/deposition and aggregation in vivo. Even when the
regulation of cellular Cu(II) is normal, the higher Cu(II)-binding strength inherent in Aβ
oligomers and fibrils due to Aβ overproduction and/or inefficient clearance would facilitate
and aggravate Cu(II) sequestration from copper-transporting proteins such as HSA, which
may explain why there exists a high level of copper in senile plaques.

The second implication is related to the high toxicity of diffusible oligomers of Aβ56, 57 and
their enhanced copper binding strength. In normal brain Aβ monomer and its oligomeric
forms are in an equilibrium and their relative abundance is dependent on how each species is
metabolized (cleared). When copper homoeostasis is disrupted in AD,58 excess copper59 in
cellular milieu is capable of binding Aβ oligomers and stabilizing the Aβ aggregates.
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Consequently, the equilibrium between the Aβ monomer and its aggregates is shifted to the
direction of Aβ oligomerization/aggregation. Since the Aβ–Cu(II) complex catalyzes the
ROS generation,5, 9, 10 the copper-containing oligomers could potentially behave as a
mobile ROS generator, leading to an extensive oxidative stress that is commonly found in
AD brain.14, 60 Given the significant role of albumin in regulating copper in normal brain
and the possible link between albumin deficiency and AD development,40, 61, 62 in vivo Aβ
aggregation may be triggered by albumin deficiency and/or its lower copper chelating
capacity.59, 63 This is supported by an interesting fact that 60–90% of AD cases are
associated with cerebral ischemia,64, 65 which has been shown to decrease the metal binding
capacity of albumin.66 As a consequence, transfer of copper from albumin to Aβ aggregates
is likely to be favored. Indeed, treatment of AD patients with plasma exchange, in which
their albumin is replaced with that in donors’ plasma, is undergoing clinical trials and has
shown promising results.67

CONCLUSION
In summary, our fluorescence and EPR measurements both clearly demonstrate that Aβ(1–
42) oligomers and aggregates bind copper much more strongly than their monomeric
counterpart. The novel application of a highly fluorescent, Aβ-derived probe enabled us to
interrogate the increasing copper sequestration by aggregating Aβ(1–42) species. The Aβ(1–
16)(Y10W) probe also mitigates uncertainties inherent in the use of the intrinsic Tyr-10
fluorescence of Aβ peptides for Cu(II) binding studies. The discovery of the aggregation-
dependent copper binding of Aβ(1–42) suggests that Aβ(1–42) aggregates could be the
species that accumulate copper and possibly other metals in senile plaques. The elevated
Cu(II) binding strength of Aβ(1–42) aggregates strengthens the hypothesis of copper-
induced oxidative stress in AD. Results from this study also manifest the importance of
intact albumin and a possible linkage between disruption of copper homeostasis and AD
pathology.
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HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid

AFM Atomic force microscopy
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Figure 1.
(A) Fluorescence spectra of the Aβ(1–16)(Y10W) probe without (black) and with additions
of Cu(II) and aliquots of Aβ(1–42) taken from solutions incubated at 37 °C for 0 (red), 20
(green) and 1440 min (blue). (B) Control experiments using Aβ(1–16) instead of Aβ(1–42).
The concentration of each species in the final solution was 12.5 μM.
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Figure 2.
Changes of apparent copper binding constant (A), morphology of Aβ(1–42) aggregates
(inset), and distribution of copper (B) between the probe and Aβ(1–42) pre-incubated for
different times. Cu(II) and the probe (12.5 μM each) were mixed with aliquots of Aβ(1–42)
taken out from a continuously incubated solution. The formal (initial) Aβ(1–42)
concentration in the incubated solution was 12.5 μM. In (B), the percentage of transfer is
(θw

0 − θw
t)/θw

0. The AFM images in the inset have areas of 5 μm × 2.5 μm.
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Figure 3.
Size-exclusion chromatograms of 80 μM Aβ(1–42) solutions incubated for different times,
with the monomer (~4.5 kD), dimer (~9 kD), pentamer (~20 kD), and a soluble oligomer
(740 kD) identified. The small peak corresponding to 1.3–2 kD was verified by mass
spectrometry as a cluster of minor impurities in the synthetic Aβ(1–42) sample. Notice that
during the ca. 40-min separation of a fresh Aβ(1–42) solution (i.e., no incubation), a
noticeable amount of dimers and pentamers had already formed.
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Figure 4.
Changes of copper binding strength, morphology of the aggregates, and distribution of
copper between the probe and Aβ(1–42) co-incubated for different times. (A) K values of
Aβ(1–42) at various incubation times when Cu(II) was present from the beginning.
Equimolar amounts (12.5 μM) of Aβ(1–42), Aβ(1–16)(Y10W), and Cu(II) were first mixed,
followed by incubation at 37 °C for different times. (B) Percentages of Cu(II) transferred
from the probe to Aβ(1–42) at different incubation times. Inset: aggregates imaged by AFM
at the corresponding incubation times (image area = 5 μm × 2.5 μm).
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Figure 5.
Left: EPR spectra of (A) Cu(II)–HSA, (B) a mixture of Cu(II)–HSA and freshly prepared
Aβ(1–42), (C) a mixture of Cu(II)–HSA and Aβ(1–16), (D) a mixture of Cu(II)–HSA and
Aβ(1–42) aggregates (6 h incubation), and (E) the complex formed between Cu(II) and
aggregated Aβ(1–42) (6 h incubation). Right panel: an overlay of spectra A, D, and E with
the hyperfine peaks of the Cu(II)–Aβ(1–42) complex denoted as component 2 and Cu(II)–
HSA as component 1. The arrow indicates the decrease of the negative peak at 3423. The
concentrations of Cu(II), HSA, and Aβ were 49, 61, and 306 μM, respectively. Aggregation
of Aβ(1–42) was performed by placing the sample inside the EPR tube and incubating it at
37 °C for 6 h.
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Figure 6.
A model proposed for the Cu(II) coordination sphere in Aβ(1–42) oligomers and higher-
ordered aggregates: Histidine residues from two different Aβ(1–42) molecules (denoted as
Aβ1 and Aβ2, respectively) provide three of the four Cu(II)-binding ligands. One histidine
is shown in purple while the other two in an adjacent Aβ(1–42) molecule in the same
aggregate are depicted in grey.
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Table 1

Aβ peptides used in the study and their sequences+

Peptide Sequence

Aβ(1–16)(Y10W) DAEFRHDSGWEVHHQK

Aβ(1–42) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAI IGLMVGGVVIA

+
 The boldface in the probe indicates the mutation of Tyr-10 with Trp and the hydrophobic segment of Aβ(1–42) is underlined.
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Table 2

EPR parameters extracted from Figure 5

Sample Sample Description A// g// g⊥

A Cu(II)–HSA 182 G (1) 2.160 (1) 2.052

B Freshly prepared Aβ (1–42) + Cu(II)–HSA 182 G (1) 2.160 (1) 2.052

C Aβ(1–16) + Cu(II)–HSA 182 G (1) 2.159 (1) 2.052

D Cu(II)–HSA + Aggregated Aβ(1–42) (6 h incubation 182 G (1)
168 G (2)

2.161 (1)
2.275 (2) 2.055

E Cu(II) + Aggregated Aβ(1–42) (incubated for 6 h) 168 G (2) 2.278 (2) 2.059

The numbers in the parentheses denote components 1 and 2.
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