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ABSTRACT: Copper has been proposed to play a role in Alzheimer’s disease through interactions with the
amyoid-f (Ap) peptide. The coordination environment of bound copper as a function of Cu:Af
stoichiometry and Af oligomerization state are particularly contentious. Using low-temperature electron
paramagnetic resonance (EPR) spectroscopy, we spectroscopically distinguish two Cu(Il) binding sites
on both soluble and fibrillar AS (for site 1, Ay = 168 £ 1 G and g; = 2.268; for site 2, Ay = 157 £ 2 G
and g = 2.303). When fibrils that have been incubated with more than 1 equiv of Cu(Il) are washed, the
second Cu(Il) ion is removed, indicating that it is only weakly bound to the fibrils. No change in the
Cu(II) coordination environment is detected by EPR spectroscopy of Cu(II) with A (1:1 ratio) collected
as a function of Af fibrillization time, which indicates that the Cu(I) environment is independent of A
oligomeric state. The initial Cu(IT)—A/3 complexes go on to form Cu(Il)-containing A/ fibrils. Transmission
electron microscopy images of Ap fibrils before and after Cu(IT) addition are the same, showing that once
incorporated, Cu(I) does not affect fibrillar structure; however, the presence of Cu(Il) appears to induce
fibril-fibril association. On the basis of our results, we propose a model for Cu(IT) binding to Af during

fibrillization that is independent of peptide oligomeric state.

Alzheimer’s disease (AD)' is a neurological disease that
is the leading cause of dementia in elderly people,
affecting roughly 15 million people in the world (7), 4.5
million of whom are Americans (2). Defining features of
AD are the intra- and extracellular proteinaceous deposits
linked to neuronal apoptosis (3—5). The major component
of extracellular senile plaques in vivo is the 39—42-amino
acid f-amyloid peptide (Af) (6). Metal ions, such as
Cu(II) and Zn(II), are found in senile plaques (7, 8), and
bind to Af in vitro (9-12), suggesting that metal ions play
a role in AD etiology.

Copper in particular has been proposed to have a role in
AD pathology (9, 13—16). Some reports find that Cu(II) acts
as a neuroprotectant by preventing formation of toxic Af
species (17-20), whereas others suggest that Cu(Il) induces
Ap structures that are neurotoxic (27, 22). One proposal for
explaining Af neurotoxicity induced by interaction with
Cu(II) is that it results from changes in the Cu(Il) coordina-
tion environment during A3 oligomerization or as a function
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of Cu(Il) concentration (9, 23). It is particularly important
to characterize the coordination environment of Cu(Il) with
Ap oligomers, an area that has not been explored in detail,
given that AS oligomers are thought to be the principal
neurotoxins in AD (24-28). Because copper also is impli-
cated in AD etiology, unraveling the molecular level influ-
ence of copper on Af3 oligomerization is potentially important
in understanding AD.

On the basis of current literature, soluble Af binds
Cu(Il) in a square planar coordination environment with
predominantly nitrogen coordination (/4, 29, 30). The
number of nitrogen atom donors is at least three on the
basis of simulation of an S-band EPR spectrum collected
for A with Cu(Il) (/4). This result led to the proposed
three-nitrogen, one-oxygen (3N10) coordination environ-
ment for Cu(Il) bound to soluble Ap. The general
consensus is that most, if not all, of the nitrogen atom
coordination comes from histidines at positions 6, 13, and
14 (9, 13, 18, 30-34). The amino terminus also has been
proposed to coordinate the Cu(II) ion as one of the
nitrogen atom donor ligands (30, 32, 33). Alternatively,
Cu(Il) has been proposed to bind Af via histidine and
nonspecific interactions with residues 3-18 (/8). The
identity of the oxygen atom donor ligand has been debated
extensively, with proposals ranging from tyrosine at
position 10 (9, 31) to one of several possible carboxylate
side chains (33, 35, 36). Far less work has focused on
delineating the Cu(II) coordination environment in oli-
gomeric and well-characterized fibrillar Af (37, 38).

To investigate the Cu(Il) coordination environment in
monomeric, oligomeric, and fibrillar AB40, we use low-
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temperature EPR spectroscopy in conjunction with micros-
copy and dye binding fluorescence assays. Our results lead
us to propose a model for the involvement of Cu(Il) in A
oligomerization in which 1 equiv of Cu(II) can bind at any
point during the fibrillization process without affecting the
resulting fibrillar morphology.

MATERIALS AND METHODS

Materials. AB40 and AB16 peptides were purchased
from Bachem (King of Prussia, PA) or rPeptide (Athens,
GA). The amino acid sequence for the AB40 peptide
isDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGL-
MVGGVYV; the amino acid sequence of A316 is the first 16
amino acids of AB40. Biological grade glycerol, sodium
phosphate, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), phos-
photungstic acid (PTA), and sodium chloride were purchased
from Fisher Scientific (Pittsburgh, PA). Bovine serum
albumin (BSA) standards were purchased from Sigma-
Aldrich (St. Louis, MO). Quartz EPR tubes were purchased
from Wilmad (Buena, NJ). Carbon type-B 400 mesh copper
grids were obtained from Ted Pella, Inc. (Redding, CA), and
cross-ruled diffraction grating replicas were purchased from
Structure Probe, Inc. (West Chester, PA). Solutions were
prepared in MilliQ water (resistivity of >18 mQ, total
organic content of <35 ppb).

Sample Preparation. AP peptides were monomerized with
HFIP and stored at —80 °C in HFIP as previously reported
(32, 38). Peptide in HFIP was removed with a Hamilton gas-
tight syringe that had been washed with multiple volumes of
HFIP. An aliquot of the stock was removed for the determi-
nation of the peptide concentration using a BSA calibration
curve (32, 38). Immediately prior to the use of peptide, HFIP
was removed using a spin vacuum system. Preparation of
samples by dissolution in HFIP followed by removal of HFIP
produces homogeneous solutions of monomeric peptide (39).

Samples of soluble A3 were prepared by resuspending
dried peptide into buffer containing 50 mM NaP; and 75 mM
NaCl (pH 7.2). The A316 peptide was used to model Cu(II)
binding to soluble Af because it is well-established that this
region contains the Af Cu-binding domain (30-33) and
because it does not contain the fibrillization domain (residues
17-21) (31). Samples for EPR spectroscopy were prepared
in buffer containing 50% glycerol (v/v). The use of glycerol
as a cryoprotectant for biological samples is an accepted
method for eliminating dipolar-induced broadening of EPR
lines and for ensuring sample fidelity (40, 41). We have
shown previously that inclusion of glycerol in solutions of
Ap does not affect the EPR properties of Cu(Il) bound to
ABA40 fibrils (38).

Samples containing Af3 oligomers were prepared by incubat-
ing freshly resuspended AB40 peptide at 37 °C in 50 mM NaP;
and 75 mM NaCl (pH 7.2) with 50% glycerol (v/v) for 0-7
days under quiescent conditions in the absence of Cu(Il). These
samples were prepared in the presence of glycerol so that they
could be directly transferred to EPR tubes following Cu(Il)
addition. Oligomeric species were not isolated prior to EPR
data collection. Following the collection of EPR spectra for A3
oligomers with Cu(Il), thioflavin T (ThT) assays were per-
formed to determine the f3-sheet content in each sample (42).

Samples containing fibrils were prepared by incubating
freshly resuspended Af40 peptide in 50 mM NaP; and 75
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mM NaCl (pH 7.2) at 37 °C for 7-14 days under quiescent
conditions in the absence or presence of a stoichiometric
amount of Cu(Il). Samples were assayed for fibril formation
by transmission electron microscopy (TEM) and ThT
fluorescence (32, 38, 42). Fibrils for EPR experiments were
separated by centrifugation in a microfuge (60 min, 16000
rcf), washed once with buffer, centrifuged a second time (30
min, 16000 rcf), and resuspended in 100 L of 50 mM NaP;
and 75 mM NaCl (pH 7.2) containing 50% glycerol (v/v).

Cu(Il) stock solutions were generated as previously
reported (32, 38, 43). The Cu(Il) concentration in each EPR
sample was determined on the basis of a calibration curve
generated from Cu(II)-glycine standards (molar ratio of 1:3)
at pH 7.2 containing 75 mM NaCl and 50% glycerol (v/v).
The concentration of Cu(Il) in each of the Cu(Il) EPR
standards was assayed by chelation with bathocuproine
disulfonic acid (BC) and reduction with ascorbate (44). The
quantity of total copper as [Cu(BC),]*>~ was quantified at
483 nm [e453 = 12500 M~! cm™! (44)]. The 0, 25, 50, and
100 uM Cu(II) standards contained 0.4 & 1.5, 27.7 £ 1.2,
54.1 & 0.6, and 108.8 + 0.7 uM Cu(Il), respectively.

Electron Microscopy. Electron microscopy images were
collected with a Zeiss-1OCA transmission electron micro-
scope. Samples were placed on Carbon type-B 400 mesh
copper grids and stained with 1% phosphotungstic acid
(PTA). The actual magnification was within 90% of the
magnification setting as determined by measuring the number
of spaces within a fixed distance on commercially available
cross-ruled diffraction grating replicas (45).

EPR Spectroscopy. EPR spectra were collected on a
Bruker EMX 6/1 spectrometer equipped with a microwave
frequency meter and an Oxford Instruments ESR900 liquid
He cryostat system. All spectra were collected with the
following experimental parameters: microwave frequency,
9.38 GHz; microwave power, 0.5 mW; modulation ampli-
tude, 10 G; time constant, 40.96 ms; conversion time, 40.96
ms; gain, 5 x 10% eight scans; temperature, 20 K.

Addition of increasing amounts of Cu(Il) to Ap40 fibrils
or Af316 (soluble) was performed on samples containing 100
uM peptide. Aliquots of a Cu(Il) solution in MilliQ water
were added to the sample in the EPR tube followed by
mixing and refreezing to 77 K; the total volume change did
not exceed 10%, and the total time for addition of Cu(II)
and refreezing of the sample was approximately 2 min. At
least three separate experiments were performed.

Thioflavin T Assay. Samples were assayed for (-sheet
formation using the procedure previously reported (32, 38, 42).
Briefly, 15 uL of sample was mixed with 3 mL of buffer
containing 5 uM ThT in 50 mM glycine-NaOH (pH 8.5)
(ThT assay buffer). Each sample was assayed in triplicate.
Spectra were collected on a Jobin-Yvon Fluorolog-3 fluo-
rometer using a 1 cm path length cuvette and the following
conditions: wavelength range, 600—460 nm; integration time,
0.100 s; excitation slit width, 5 nm; emission slit width, 10
nm. The excitation wavelength was 446 nm, and spectra are
an average of three scans.

RESULTS

A representative example of sequential addition of Cu(II)
to metal-free AB40 fibrils is shown in Figure 1. The EPR
spectrum of a substoichiometric amount of Cu(Il) bound to
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FIGURE 1: Representative EPR spectra recorded after addition of Cu(II)
to fibrils formed from a solution of 100 uM AB40 in 50 mM NaP;
and 75 mM NaCl (pH 7.2) containing 50% glycerol (v/v). The inset
shows the low field hyperfine peaks. Black arrows show hyperfine
peaks positions for the high-affinity binding site, and white arrows
show hyperfine peak positions for the low-affinity binding site.

ApB40 fibrils and the measured EPR parameters for this Cu(II)
species (Ay = 168 = 1 G, g, = 2.268 £ 0.001, g, = 2.061
=4 0.002) are similar to those reported previously (32, 38, 46).
As the total amount of Cu(Il) added increases above a
stoichiometric equivalent, a second set of Cu(Il) hyperfine
peaks become evident (white arrows in Figure 1). This
second set of hyperfine peaks has different EPR parameters
(Ay=157T £ 2 G, gy = 2.303 £ 0.008, g, = 2.072 £ 0.002)
than the first set. It also has different Cu(II) EPR parameters
than component II in spectra of Cu(ll) bound to the
ABL6DIN (A = 156 £ 1 G, g = 2.226) (43) or AB2-16
mutants (A = 153 + 3 G, g = 2.226) (32). Additions were
carried out to approximately 1.5-2.0 equiv of Cu(Il) per
peptide. The second Cu(Il) ion is not retained when metal-
free fibrils incubated with 1.2 or 2.6 equiv of Cu(Il) are
washed with buffer, resuspended, and re-evaluated by EPR
spectroscopy; only Cu(Il) in the first site remains bound
(Figure 2). The second Cu(Il) binding site was not created
as a result of fibril formation because addition of Cu(II) to
soluble AB16 yielded similar results (Figure S1 of the
Supporting Information). Considering these results in con-
junction with previous estimates of the affinity of Cu(II) for
soluble AS in phosphate buffer (70, 32), we estimate that
the binding affinity for Cu(Il) bound in the first site on fibrils
is in the micromolar range. We estimate that the second
Cu(Il) ion binds to fibrils with a much lower affinity (36, 47).
Although a third Cu(Il) ion might bind to AS because the
peptide contains three histidine residues, we did not probe
this possibility.

To test whether the temperature at which our samples are
prepared influences the Cu(Il) coordination environment in the
first site, Cu(Il) was added to AB40 that had been freshly
dissolved in buffer at room temperature (RT) or at a low
temperature (4 °C). At 4 °C, A3 remains monomeric (18, 19, 48),
but at higher temperatures, a mixture of AfS species is
present (49-53). We wanted to determine whether Cu(II) bound
to this mixture of Af species has the same coordination
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FIGURE 2: EPR spectra of two separate sets of fibrils isolated from
metal-free solutions of 100 uM AS40 to which excess Cu(Il) was
added: thin line, 1.2 equiv of Cu(Il) added; thick line, 2.6 equiv of
Cu(Il) added. Fibrils were removed from the sample tubes, centrifuged,
and resuspended in 50 mM NaP; and 75 mM NaCl (pH 7.2) containing
50% glycerol (v/v). EPR spectra collected postwashing show that only
Cu(II) bound in the first Cu(Il) site is retained.
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FIGURE 3: EPR spectra of soluble 100 uM AB40 with 1 equiv of
Cu(I) prepared at 4 °C. (a) Soluble AS40 prepared at 4 °C in 50
mM NaP; and 75 mM NaCl (pH 7.2) containing 50% glycerol
(v/v). Spectrum b was recorded after addition of 1 equiv of Cu(Il)
at 4 °C to the sample used for spectrum a. Spectra c—e were recorded
after 4 °C incubation of the sample used for spectrum b for an
additional (c) 5, (d) 10, or (e) 240 min. (f) EPR spectrum of soluble
AB40 with Cu(Il) prepared at room temperature. Vertical lines show
the alignment of hyperfine peaks.

environment as Cu(Il) bound to exclusively monomeric A
prepared at 4 °C. EPR spectra for Cu(II) bound to soluble A540
prepared at RT or 4 °C and frozen immediately are shown in
Figure 3. EPR spectra for a sample containing Cu(Il) bound to
ABA40 and incubated at 4 °C for a total of 4 h also are shown
in Figure 3. The EPR spectrum of the Cu—ApS40 sample
prepared at RT is indistinguishable from that of the EPR
spectrum of the Cu—Ap40 sample prepared at 4 °C. The
spectral features of Cu(Il) bound to AB40 prepared and
incubated at 4 °C do not change over the time period measured;
however, the doubly integrated EPR spectral intensity (Figure
S2 of the Supporting Information) for this sample increases in
the first 10 min, signifying that Cu(II) binding to A40 is slow
at this temperature in our buffer. Note that after the initial 10
min period, the doubly integrated signal intensity remains
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FIGURE 4: (A) EPR spectra of soluble 100 uM AB40 collected as a
function of incubation time in the presence of Cu(Il). Spectrum a is
that of A40 in 50 mM NaP; and 75 mM NaCl (pH 7.2) containing
50% glycerol (v/v) before addition of 1 equiv of Cu(II). Spectrum b
was recorded after addition of 1 equiv of Cu(Il) and incubation for 2
min at RT. Spectra c—i were recorded following 37 °C incubation of
the sample used for spectrum b for the following times: (c) 2, (d) 3.5,
(e) 6, () 12, (g) 24, (h) 48, and (i) 94.5 h. Vertical lines show the
alignment of hyperfine peaks. (B) Doubly integrated EPR signal
intensity of spectra shown in panel A.

constant over the period of 6 h monitored by EPR spectroscopy.
At the final time point (14 days), this sample shows increased
ThT fluorescence (Figure S3 of the Supporting Information),
confirming the presence of Af fibrils.

Previously published literature suggests that the Cu(Il)
coordination environment changes as a function of ApS
oligomeric state (9, 31, 37). Figure 4A shows EPR spectra
of a stoichiometric amount of Cu(Il) incubated with AS40
as a function of 37 °C incubation time. Cu(II) bound to AB40
at the first incubation time point represents Cu(II) bound to
small oligomeric Af340 species, whereas each successive time
point represents Cu(Il) bound to a distribution of AS species
with an increasing average size (gray arrow in Scheme 1).
The measured EPR parameters for the initial Cu—AS40
spectrum are as follows: Ay = 169 G and g = 2.265. These
parameters remain constant in each subsequent EPR spec-
trum. The doubly integrated signal intensity, which reflects
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Scheme 1: Cu(II)—A40 Oligomer Experimental Design®

AP G———p Cu(ll):AB
Cu(l
cu(ly
\\(AB)n<—> (Cu(ll):AB),, == (Cu(ll):AB);

“ The gray arrow depicts Cu(IT) binding to Af prior to the formation
of Af oligomers. The white arrow depicts the formation of metal-free
Ap oligomers to which Cu(Il) was added. Note that both pathways
result in formation of Cu(Il)-containing A/ fibrils. The distribution of
oligomer sizes (or types) was not measured in our experiments.

the bound Cu(II) concentration, plateaus to a constant level
(Figure 4B). After quiescent incubation at 37 °C for 7 days,
a ThT assay confirmed the presence of f3-sheet (Figure S4
of the Supporting Information), showing that the inclusion
of a stoichiometric amount of Cu(II) in the fibrillizing A540
solution does not prevent the formation of Af fibrils in our
hands.

The previous experiment probed the Cu(Il) coordination
environment in solutions containing A540 and Cu(Il) from the
outset of the experiment. In other words, oligomers are forming
in the presence of Cu(Il) during the incubation time. It is
possible that oligomers generated in metal-free solutions of
AB40 might bind Cu(Il) differently than oligomers that form
in the presence of Cu(II). Therefore, we investigated binding
of a stoichiometric amount of Cu(Il) to preformed metal-free
AB40 oligomers. AB40 oligomers were prepared by 37 °C
incubation of Af340 solutions without added Cu(Il) for varying
times (white arrow in Scheme 1). This preparation produces a
distribution of metal-free Af3 species with an increasing average
size over time (49, 52, 53) and allows us to probe the Cu(Il)
coordination environment of Af oligomers. Figure 5A shows
the EPR spectra of Cu(Il) bound to AB40 oligomers; the
measured EPR parameters are listed in Table 1. A ThT assay
confirms increasing S-sheet content in these samples as a
function of oligomerization time (Figure S5 of the Supporting
Information). Figure 5B shows EPR spectra of the Cu(ID)-
containing Af40 fibrils isolated from preformed metal-free A3
oligomer samples to which Cu(Il) was added. The measured
EPR parameters for these fibrillar samples are listed in Table
2. The EPR spectra of Cu(II) bound to metal-free Af3 oligomers
and the resulting fibrils show that Cu(II) binds to A oligomers
in a coordination environment that does not change. TEM
images confirm the presence of fibrils after 7 days for each
ABA0 oligomer/Cu(Il) sample (not shown).

TEM images in Figure 6 show the effect of addition of
Cu(Il) to metal-free AB40 fibrils. The metal-free fibrils were
formed in 50 mM NaP; and 75 mM NaCl (pH 7.2), and then
Cu(Il) was added to the fibrils. Images were collected at three
different magnifications to show fibril characteristics. Panels
A-C are the TEM images of the metal-free fibrils; panels
D-F are the TEM images collected after addition of 1 molar
equiv of Cu(Il) to the fibrils. The measured widths for the
metal-free Af fibrils and the ASB40 fibrils after addition of
Cu(II) are within error.
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FIGURE 5: (A) EPR Spectra of 1 equiv of Cu(Il) added to 100 uM
metal-free A340 oligomers prepared in 50 mM NaP; and 75 mM
NaCl (pH 7.2) containing 50% glycerol (v/v). Oligomers were
prepared by quiescent 37 °C incubation of Af40 for 0, 3, 5, or 7
days prior to the addition of Cu(Il). Samples were frozen to 77 K
immediately after Cu(Il) addition. (B) EPR Spectra of 1 equiv of
Cu(Il) added to 100 uM metal-free Af340 oligomers prepared in
50 mM NaP; and 75 mM NaCl (pH 7.2) containing 50% glycerol
(v/v) after 0, 3, 5, or 7 days and then incubated at 37 °C for a total
of 7 days before isolation of fibrils. Vertical lines show the
alignment of hyperfine peaks.

Table 1: Cu(Il) EPR Parameters for AS40 Oligomeric Samples

sample A (G) 8l gL

day 0 167 £ 1 2.266 = 0.001 2.059

day 3 167 £2 2.267 + 0.002 2.060

day 5 167 £ 2 2.269 + 0.002 2.061

day 7 168 =2 2.269 + 0.002 2.060
DISCUSSION

The majority of literature on Cu(Il) binding to AfS deals
solely with binding to the soluble form of Af3, with no reports
characterizing the Cu(Il) binding site(s) on A fibrils or
oligomers on the pathway to fibrils. Both fibrils (54) and
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Table 2: Cu(Il) EPR Parameters for Af40 Fibrillar Samples

sample A (G) 8l 8L

day 0 171+3 2.261 £ 0.003 2.059
day 3 166 + 1 2.266 + 0.001 2.059
day 5 167 £ 1 2.265 £ 0.001 2.061
day 7 170+ 5 2.263 £ 0.006 2.061

oligomers (22, 25-28, 55-57) are neurotoxic. Here we report
on Cu(Il) binding to A fibrils and are the first to show well-
resolved EPR spectra that clearly illustrate two different
Cu(II) binding sites on fibrils and soluble peptide. Although
previous work has shown that 2 equiv of Cu(Il) binds to
AB (30, 36, 58), we present spectroscopic characterization
of the distinct coordination environments of the two bound
Cu(II) ions. The second Cu(Il) binding site on Af fibrils is
not created by the fibrillar architecture because Cu(Il) EPR
titrations of soluble AS16 show the same second Cu(II)
binding site. Upon addition of >1 equiv of Cu(Il) to Af, no
change in the spectral features of the first Cu(Il) binding
site is observed. Deconvoluted EPR spectra for the first and
second binding sites on Af indicate that the EPR spectrum
of Cu(Il) bound in the first site is unaffected by Cu(Il) in
the second binding site. This means that the Cu(II) coordina-
tion environment in the first site is not affected by the
addition of excess Cu(II), an observation that is inconsistent
with other work in which a broadened EPR spectrum is
observed when >0.3 equiv of Cu(Il) is added to soluble
AB40 (9). Because those spectra were collected at higher
temperatures, which decreases the signal-to-noise ratio in the
spectra, it is possible that the broadened spectrum is due to
incomplete resolution of the two sets of hyperfine peaks we
observe or because the sample preparation and handling
differ from our protocol.

Although there are some data on the affinity of Cu(Il) for
Ap aggregates (58), to our knowledge, we are the first to
probe Cu(Il) bound to ApB40 fibrils prepared in vitro and
characterized by electron microscopy. We estimate that the
two Cu(Il) binding sites we observe by EPR spectroscopy
have micromolar and millimolar binding affinities for both
fibrillar and soluble A (10, 59). This puts the binding
affinity of the first Cu(Il) site on AB40 fibrils in the range
of previous reports of soluble AB40 for Cu(Il) (32), whereas
the second Cu(Il) binding site has a much weaker affinity.
These results corroborate isothermal titration calorimetry
(ITC) work reported by Guilloreau et al. (36), who also
observe high- and low-affinity (K4 values of 2 x 107 and 1
x 10° M, respectively) Cu(I) binding sites for soluble
AB16 and AB28.

A widespread controversy in the literature surrounds
determination of the K4 of Cu(Il) for Af3. There are several
methods that have been employed to determine this Kg,
including tyrosine fluorescence quenching (32, 60, 61),
ITC (36, 62), and competitive chelation assays combined
with fluorescence (30, 36, 63). In the case of the ITC
measurements in HEPES buffer by Guillereau et al. (36),
the peptide concentration was 70 uM, which is much
higher than the high-affinity K4 of 100 nM extracted from
fits to the ITC data. Using competitive chelation and
fluorescence, these authors observed that addition of
histidine to the Cu(Il)—Ap complex recovered the quenched
tyrosine fluorescence and concluded that this recovery was
in line with the value of 107 M~! determined by ITC. They
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observed the same effect upon addition of glycine to the
Cu(Il)—Ap complex, which they state substantiates the
K4 value for the low-affinity site they determined by ITC
(36). Most recently, Talmard et al. (62) stated that the Ky
of Cu(Il) for AB is 1 uM in Tris buffer as measured by
ITC. The Viles group (30) used competitive chelation
fluorescence in N-ethylmorpholine buffer to determine the
K4 of Cu(Il) for Af16 and concluded that the Ky is
between 10 and 100 nM. In the absence of buffers or salts,
Ma et al. (64) obtained the same K4 range as Viles et al.
(30) using an identical assay.

The measured affinity of metal ions for biomolecules
depends heavily on the speciation of the metal ion in the
medium. With respect to our work, Cu(II) binds to phosphate
buffer, which means that A5 competes with buffer for Cu(Il)
ions. Thus, although a micromolar Ky for the high-affinity
site estimated from our EPR data is higher than that measured
by other groups using competitive chelation or ITC, the
interaction of Cu(Il) with phosphate buffer suppresses
binding to A, which results in a higher apparent Ky. Our
estimate of the high-affinity site K4 matches well with that
measured by Garzon-Rodriguez et al. (/0) and our own
previous measurements (32) using direct tyrosine fluores-
cence quenching. Note that we use the estimated apparent
affinities only as a means to compare the first and second
sites on fibrillar and soluble peptide in our buffer medium.
Because the composition of cerebral spinal fluid (CSF) is
not well-modeled by buffer systems in which Cu—Ap

FIGURE 6: TEM images of fibrils formed from a solution of 100 uM AS40 in 50 mM NaP; and 75 mM NaCl (pH 7.2) before (A—C) and
after (D—F) Cu(Il) addition. Samples were negatively stained with 1% phosphotungstic acid. Magnification: 10000x (A and D), 50000 x
(B and E), and 100000x (C and F).

interactions have been investigated, the K4 values in the
literature cannot be taken as equivalent to the K4 of Cu(Il)
for A in vivo.

The second binding site for Cu(Il) on Af is not revealed
with every physical and analytical method used to probe
binding. Recent mass spectrometry of Cu(I) bound to AfS
reported that only one Cu(Il) ion binds to A5 even when a
10-fold excess of Cu(Il) is added to solutions of soluble AS
(47). Likewise, previous fluorescence experiments used to
determine the binding affinities of Cu(Il) for AS did not
indicate the presence of a second Cu(Il) binding site (32, 36).
One reason the low-affinity binding site might not have been
detected is the fact that the ligands for the second Cu(Il)
ion are not derived exclusively from Af. Absorption spectra
of Cu(II)-Ap indicated that the second binding site has labile
ligands (36). As noted by Guilloreau et al., this low-affinity
binding site is most likely not relevant in vivo because the
copper concentration in amyloid plaques is lower than that
of Af3. We note, however, that the total copper concentration
in CSF is in the micromolar range (8, 65-67) and the ApS
concentration is in the nanomolar range (50), which means
that during oligomerization the local copper:Af ratio might
be higher than unity.

There have been conflicting reports about whether Cu(Il)
promotes or inhibits Af fibril formation. Here we show EPR
spectra of Cu(II) bound to AB40 as a function of incubation
time at 37 °C. These EPR spectra represent snapshots of
the Cu(Il)-containing oligomeric species formed during the
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process of fibril formation. The Cu(II) EPR spectra do not
change over time as the sample fibrillizes, indicating that
the Cu(Il) coordination environment does not change. The
total concentration of copper bound to A does not change
during the oligomerization time which shows that as Af
organizes into oligomers and then fibrils it retains Cu(Il).
Previous work from our laboratory has shown that fibrils
formed in the presence of Cu(Il) contain Cu(Il) as determined
by ICP-MS (38). For low-temperature EPR experiments, our
samples contain glycerol, which has been reported to
accelerate fibrillization kinetics without affecting fibril
structure (68). We did not attempt to determine the kinetics
of A oligomerization in the presence of Cu(Il), but rather
the Cu(Il) coordination environment as the oligomeric state
of AB40 changes. At the end of the experiment, the presence
of B-sheets was detected, consistent with Af fibril formation.

In our hands, Af340 incubated with a stoichiometric amount
of Cu(Il) consistently forms fibrils (38) rather than amor-
phous aggregates (17, 18, 23, 37). TEM images of AB40
fibrils before and after addition of 1 equiv of Cu(Il) confirm
that a stoichiometric Cu:peptide ratio does not disrupt fibril
morphology. The average fibrillar widths of the metal-free
and metal-containing fibrils are within error of each other,
showing that binding of Cu(Il) to A fibrils does not
drastically change the fibrillar structure (38). However, it
does appear that the addition of Cu(Il) causes some associa-
tion of A fibrils with each other. Fibril deposits appear to
be more dense in samples that contain Cu(Il), whereas the
deposits in metal-free samples are more dispersed.

The observation that Cu(Il) induces changes in fibril—fibril
association has previously been reported with prion fibrils
(69). Two possible scenarios could explain our observation
of fibril—fibril association. The first is that fractional oc-
cupancy of Cu(Il) in the low-affinity binding site induces
cross-linking of Af fibrils through an interpeptide coordina-
tion mode. If this is the case, our Cu(I) EPR titrations
showing the presence of the same second Cu(Il) binding site
on AB16 as on AB40 fibrils might mean that intermolecular
Ap association occurs at Cu:Af ratios of > 1, consistent with
other work (31, 61, 70). The second possible scenario is that
binding of Cu(II) to metal-free Ap fibrils in the high-affinity
site increases the hydrophobicity of Af fibrils. Depending
on the exact ligands from Af involved, binding of Cu(II) to
the N-terminal region of A5 might change its overall charge
and/or structure, thereby slightly disrupting the structure of
the N-terminal region of Af fibrils. Although it is widely
agreed that the Cu(Il) binding domain in Af is in the first
16 amino acids of the peptide sequence (30—33), the residue
at which f-sheet propagation begins in AB40 fibrils is
not (71-74). Thus, binding of Cu(Il) at the N-terminus in
Ap fibrils might increase the hydrophobicity the Af fibrils,
which in turn promotes fibril association as a means of
reducing the solvent-exposed surface area. This proposal is
significant because it means that Cu(Il) could cause an
increase in the local concentration of A deposits through
an indirect structural effect rather than through direct
participation in peptide oligomerization and/or deposition.

Because the interstrand distance in S-sheets is 5 A, one
might expect Cu(Il) ions to interact via dipolar coupling if
each peptide in fibrils binds one high-affinity Cu(Il) ion. It
is well-established that Cu(II) binds to the N-terminal amino
acids of AS. These same amino acids are solvent-exposed
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and structurally flexible in metal-free fibrils (54, 75-78).
Therefore, one explanation for the lack of observation of
dipolar interactions in Cu-containing fibril spectra is that the
N-terminal regions of the fibrils splay apart to minimize
electrostatic interactions when Cu(Il) is bound. Another
possibility is that the 5-sheet of the fibrils “unzips” slightly
to accommodate Cu(II) binding. Without further direct
experimental information, it is difficult to speculate about
the molecular structure of Cu-containing fibrils.

Initially, we used Ap40 samples that were prepared at
room temperature to monitor the Cu(Il) coordination envi-
ronment as a function of fibrillization. This protocol produces
mixtures of Af species (49, 52, 53) rather than a homoge-
neous population of monomeric Af3. To address this issue,
we repeated the experiment using AB40 that had been
prepared and handled at 4 °C, a protocol that produces
monomeric peptide (48). When Cu(Il) is added to AB40 at
4 °C, the Cu(Il) EPR spectra look identical to those for
peptide samples prepared at room temperature. These data
indicate that the Cu(Il) coordination environment in mono-
meric peptide and in a solution of peptide that contains a
mixture of oligomers is the same.

A further question is whether Af3 oligomers bind Cu(Il)
differently than fibrillar or soluble Af3, two species that have
been characterized in detail by us and others (14, 30-32, 38).
We conducted two different experiments to investigate this
question (Scheme 1). First, we incubated Af340 with Cu(Il) and
collected EPR spectra as a function of time at 37 °C (gray
arrow). In the second experiment, A340 samples were prein-
cubated at 37 °C and then Cu(Il) was added (white arrow).
Samples from this second type of experiment were either frozen
directly after addition of Cu(Il) or permitted to incubate for a
total of 7 days prior to isolation of fibrils. The EPR spectra of
all of these samples at all times points are spectroscopically
similar with g, and A values within error of each other. These
results illustrate that the Cu(Il) coordination environment is
unaffected by the AB40 oligomeric state and that the Cu(Il)
binding is retained at all stages of the assembly process. Our
data are consistent with recent NMR work showing Cu(Il)
remains bound to AS throughout the oligomerization process
(79).

There are a number of models in the literature about the
involvement of Cu(Il) in Af oligomerization (17-19, 23,
79-83). Most authors report a decrease in the level of -sheet
formation by Af in the presence of Cu(lIl), as assayed by
ThT fluorescence assays (/7-19, 37, 79, 83). This decrease
in the level of 3-sheet formation in the presence of Cu(Il) is
explained by a model in which Cu(II) binding to monomeric
Ap creates a stable monomeric Cu—Af complex that does
not progress to -sheet-containing oligomers and/or fibrils (18,
82, 83). Hou et al. (/8) additionally propose that when Cu(II)
binds to preformed Af oligomers, the end point is nonfibrillar
aggregates. As the Cu:Af ratio is increased above a
stoichiometric level, several groups report that nonfibrillar
intermediates and/or amorphous aggregates predominate (23,
37, 83). In contradiction to these reports, Zou et al. (/9) found
that at a 5:1 Cu(Il):peptide ratio, all forms of in vitro
aggregation of AB42 (to form fibrils or amorphous ag-
gregates) are inhibited. A final proposed role for Cu(Il) in
the formation of Af oligomers is through formation of
dityrosine cross-links via redox-mediated processes (23,
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Scheme 2: Model for the Involvement of Cu(Il) in Af
Oligomerization and Fibrillization”
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“ The top pathway shows the oligomerization of monomeric Af into
oligomers and then fibrils. The bottom pathway shows that Cu(II) binds
to any of the metal-free A species. No distinction between “prefibrillar”
and “fibrillar” oligomers is made (52, 53).

80, 81). Clearly, a comprehensive description of the role of
Cu(Il) in Af aggregation is not yet available.

These seemingly conflicting models are not surprising
given that different techniques provide information about
discrete portions of the oligomerization mechanism. There
is widespread disagreement in the literature regarding
the treatments and conditions that provide the most repro-
ducible results for association of metal-free Af3 (39, 84-86).
A wide diversity of conditions is necessitated by each specific
type of experiment, which could explain the disparate reports
regarding fibril versus amorphous aggregate formation of Af
in the presence of metal ions. If oligomers on the pathway
to amorphous aggregates have a different molecular structure
than oligomers resulting in fibrils and if the distribution
of these two types of oligomers depends on factors other
than the presence or concentration of copper, some of the
conflicting reports in the literature could be explained.

Although consensus about how Cu(Il) participates in AfS
oligomerization is not imminent, we propose a model to explain
our finding that the Cu(Il) coordination environment when
bound to Af in phosphate buffer is invariant as a function of
peptide oligomeric state (Scheme 2). We present two parallel
paths representing the oligomerization process in the absence
(top) and presence (bottom) of a stoichiometric amount of
Cu(Il). We show only a single population of oligomers in our
model, but it is likely that more than one population is present
(see below). A pathway to amorphous aggregates has not been
included in our model. In the presence of Cu(Il), the starting
point is formation of a monomeric Cu—Ap complex (20, 82).
This Cu—Af monomer subsequently generates Cu(Il)—Ap
oligomers that, under our conditions, ultimately lead to Cu(Il)-
containing fibrils (38). Incubation of solutions of Af lacking
Cu(II) produces oligomers that also lead to fibrils (5/-53, 77, 87).
These metal-free oligomers can bind Cu(II) and proceed to make
Cu(II)-containing fibrils. Finally, fibrils formed in the absence
of Cu(Il) can bind Cu(Il) in the same coordination environment
as that found for fibrils assembled in the presence of Cu(Il),
and the fibrils remain intact (83).

Our experimental data provide detailed information about
the coordination environment of Cu(Il) but do not provide
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direct information about the global oligomeric structure of
Ap adopted in the presence of Cu(II). Electron microscopy
measurements demonstrate that AB40 fibrils form when
Cu(II) is introduced at any time during the assembly process,
which means that solutions containing Cu(Il) and Af
generate oligomers that can go on to fibrils. Recent work
with oligomer-specific antibodies indicates there are two (or
more) populations of oligomers that can go on to form
fibrils (27, 52, 53). “Fibrillar oligomers” are monomers,
dimers, and other oligomers that contain the same molecular-
level structure as fully formed fibrils. A second population,
called “prefibrillar oligomers”, consists of oligomers that
assemble and then undergo a conformational change prior
to fibril formation. It is possible that addition of Cu(Il) to
solutions of metal-free A changes the distributions of
prefibrillar oligomers and fibrillar oligomers. In this regard,
Cu(Il) might prove to be a valuable probe if it induces a
shift from one pathway to another. Talmard et al. (82)
propose that formation of a monomeric Cu(Il)—Af complex
retards a key peptide conformational change required for
formation of [(-sheets. Although they did not characterize
the aggregates (molecular mass of >75 kDa) they observed
by EM or other methods that can detect -sheets and/or
fibrils, their results are consistent with Cu(Il) participating
in the fibrillar oligomer pathway (52), which consists of
monomer—dimer and higher-molecular mass species (mo-
lecular mass of >50 kDa), but no intermediate-molecular
mass species (52). Our results also suggest that Cu(II) might
participate in a fibrillization pathway shift, but further work
with samples containing predominantly prefibrillar or fibrillar
oligomer populations along with detection of these popula-
tions using antibodies is required to fully test this hypothesis.

SUPPORTING INFORMATION AVAILABLE

EPR spectra for addition of Cu(Il) to A516, ThT assay
and doubly integrated EPR signal intensity of AS40 with 1
equiv of Cu(Il) as a function of 4 °C incubation, ThT assay
data for an Af340 sample prepared at RT and incubated at
37 °C in the presence of Cu(Il), and ThT assays of A40
oligomers to which Cu(Il) had been added. This material is
available free of charge via the Internet at http://pubs.acs.org.
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