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ABSTRACT: Cu2+ ions are found concentrated within senile plaques of Alzheimer’s disease patients
directly bound to amyloid-β peptide (Aβ) and are linked to the neurotoxicity and self-association of
Aβ. The affinity of Cu2+ for monomeric Aβ is highly disputed, and there have been no reports of affinity
of Cu2+ for fibrillar Aβ. We therefore measured the affinity of Cu2+ for both monomeric and fibrillar
Aβ(1-42) using two independent methods: fluorescence quenching and circular dichroism. The binding
curves were almost identical for both fibrillar and monomeric forms. Competition studies with free glycine,
L-histidine, and nitrilotriacetic acid (NTA) indicate an apparent (conditional) dissociation constant of
10-11M, at pH 7.4. Previous studies of Cu-Aβ have typically found the affinity 2 ormore orders of magnitude
weaker, largely because the affinity of competing ligands or buffers has been underestimated. Aβ fibers are
able to bind a full stoichiometric complement of Cu2+ ions with little change in their secondary structure and
have coordination geometry identical to that of monomeric Aβ. Electron paramagnetic resonance studies
(EPR) with Aβ His/Ala analogues suggest a dynamic view of the tetragonal Cu2+ complex, with axial as
well as equatorial coordination of imidazole nitrogens creating an ensemble of coordination geometries in
exchange between each other. Furthermore, the N-terminal amino group is essential for the formation of
high-pH complex II. The Aβ(1-28) fragment binds an additional Cu2+ ion compared to full-length Aβ,
with appreciable affinity. This second binding site is revealed in Aβ(1-42) upon addition of methanol,
indicating hydrophobic interactions block the formation of this weaker carboxylate-rich complex. A Cu2+

affinity for Aβ of 1011 M-1 supports a modified amyloid cascade hypothesis in which Cu2+ is central to Aβ
neurotoxicity.

Alzheimer’s disease (AD)1 is a progressive neurodegenerative
disorder characterized by deposits of extracellular amyloid
plaques in the brain. Amyloid-β peptide (Aβ) is 39-43 residues
in length and is the main constituent of these deposits. Aβ is
critical in the initial build up of these plaques (1); in particular,
genetic alterations underlying familial AD are associated with
mutations in Aβ or an increase in the production ofΑβ(1-42) in
the brain (2). The accumulation of amyloid plaques is funda-
mental to the pathology of AD, eventually swamping the
extracellular interstitium of the brain. Studies on the neurotoxic
element of Aβ suggest that small diffusible oligomers, or pore-
forming protofibrils, rather than mature amyloid fibers may be
the most toxic form, and these oligomers cause memory loss due
to synapse failure (3).

Notable characteristics of AD are altered metal ion concentra-
tions in the brain anddisruptedmetal ion homeostasis (4, 5). Cu2+

levels in the AD neuropil are 400% higher than in the neuropil of
a healthy brain, with Cu2+ and Zn2+ levels present in amyloid
plaque deposits at 0.4 and 1 mM for Cu2+ and Zn2+, respec-
tively (6). Raman microscopy has provided direct evidence that
copper and zinc are bound via the histidine imidazole rings of Aβ
in isolated senile plaque cores (7). In addition, synchrotronX-ray
fluorescence has identified hot spots inwhich Cu2+ andZn2+ are
concentrated within Aβ-associated amyloid plaques (8).

Normal levels of Cu2+ in the brain are more than sufficient to
be neurotoxic if Cu2+ homeostasis and compartmentalization of
Cu2+ are impaired (9, 10). Oxidative damage is a key feature of
the pathogenesis of AD (11), and the neurotoxicity of Aβ has
been linked to H2O2 production (12). Cu2+ Fenton cycling is the
probable source of reactive oxygen species (ROS) (9). Aβ
chelation of Cu2+ may be a protective antioxidant response to
oxidative stress (13, 14), while diffusible oligomeric forms of Aβ
may concentrate redox active Cu2+ at the neuronal membrane,
causing lipid peroxidation (13, 15). A recent key study shows
transfer of copper from Aβ to a redox-inactive form bound to
metallothionein negates Aβ’s neurotoxic properties (16).
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Soluble Aβ(1-40) and Aβ(1-42) are present in the cerebrosp-
inal fluid (CSF) and blood plasma (17, 18), but the trigger that
promotes oligomerization and fibril formation is a subject
of debate. Physiological levels of Cu2+ and Zn2+ will cause
marked aggregation of Αβ (19-21), and while some studies
suggest Zn2+ and Cu2+ promote amorphous aggregation of
Aβ (19) but inhibit fibril formation (22, 23), others have
suggested fibril assembly occurs only in the presence of Cu2+

ions (24). Specific Cu2+ chelators can reverse the aggregation
that occurs in AD and cause solubilization of amyloid deposits
from post-mortem AD brain tissue (25), and thus Cu2+

chelators represent a possible therapy for Alzheimer’s disease
(26-28). Controversially, it has been shown that trace amounts
of copper in a high-cholesterol diet induce amyloid plaques
and learning deficits in a rabbit model of Alzheimer’s disease
(29, 30).

We have previously described the characterization of Cu2+

binding to solubleAβ(1-28) (theCu2+ binding domain ofAβ) in
aqueous solution (31) as well as a 1H NMR study on Zn2+

binding to Aβ(1-28) (32). A number of biophysical techniques
have been applied to probe the coordination geometry of
monomericAβ and itsmetal coordinating fragments (for reviews,
see ref 33 and in particular ref 34). Recent studies include pulse
EPR (35) (36) potentiometry (37) (38), extended X-ray absorp-
tion (39), and 1H NMR (40). There are also data on the
coordination of Cu2+ binding to Aβ(1-42) in its fibrillar form
(41, 42), although affinity- and pH-dependent Cu2+ coordina-
tion to Aβ fibrils has not been reported.

Potentially, the Cu2+ complex formed byAβ in a fibrillar state
may be very different from that formed by monomeric Aβ in
solution. Current models of Aβ fibrils indicate in-register stack-
ing of Aβmonomers (43). This causes histidine side chains (which
have a high affinity for Cu2+ ions) at positions 13 and 14 to stack
close together in successive peptides creating a possible Cu2+

coordination site containing four histidine residues. Thus, poten-
tially, fibrils may be created or stabilized by inter-molecular
histidines linking to each other via Cu2+ ions.

The affinity of Cu2+ for Aβ is key to its physiological
significance, and there is certainly a need for further experimental
data in this area. There are large discrepancies between the
affinities reported for monomeric Aβ and no reports of affinities
of Cu2+ for fibrillar Aβ. Dissociation constants for monomeric
Aβ range frommicromolar to nanomolar (31, 44-46) and, in one
report, up to attomolar [Kd ∼ 10-18 M (47)].

We use two independent techniques, fluorescence quenching
and circular dichroism, to determine the Cu2+ affinity for
fibrillar Aβ. We also determine both the stoichiometry and pH
dependence of Cu2+ binding. EPR- and fluorescence-based
affinity measurements are used to identify the ligands coordinat-
ing to the two Cu2+ ion binding sites within Aβ. This is achieved
by the use of peptide analogues, in which the N-terminal amino
group is acetylated or histidines are replaced with alanines.

EXPERIMENTAL PROCEDURES

Peptide Syntheses and Purification. Peptides representing
various fragments of the amyloid-β peptide were synthesized by
employing solid phase Fmoc chemistry and produced by the
ABC facility at Imperial College (London, U.K.). After removal
from the resin and deprotection, the samples were purified using
reverse phase HPLC and characterized using mass spectrometry
and 1H NMR.

Design of Peptides. Peptides were synthesized of the human
sequence of Aβ(1-40) and Aβ(1-42) in which the N-terminus
and C-terminus were left as the native amino and carboxyl
groups, respectively. In the fragments, the truncated C-terminus
was blocked as the corresponding ethyl ester but Asp1 retains
a free amino group. Together with the wild-type Aβ(1-28), four
analogues of Aβ(1-28) were synthesized in which His6, His13,
and His14 residues are replaced with alanine and one in which
the N-terminus was acetylated, Aβ(Ac1-28). Two shorter frag-
ments were also synthesized, Aβ(1-11) and Aβ(Ac10-16).
Aβ(1-42); DAEFRHDSGYEVHHQKLVFFAEDVGSNKG
AIIGLMVGGVVIA, Αβ(H6A); DAEFRADSGYEVHHQKL
VFFAEDVGSNK,Αβ(H13A); DAEFRHDSGYEVAHQKLV
FFAEDVGSNK, Αβ(H14A); DAEFRHDSGYEVHAQKLV
FFAEDVGSNK, Αβ(Ac1-28); Ac-DAEFRHDSGYEVHH
QKLVFFAEDVGSNK, and Aβ(Ac10-16); Ac-YEVHHQK.
Solubilization of Aβ(1-40) and Aβ(1-42). Lyophilized

full-length Aβ was solubilized at 0.7 mg/mL in water (ultra high
quality, >18 Ω cm resistivity) at pH 10.5 and gently rocked at
5 �C for a minimum of 48 h. To achieve minimal fibrillar content
in the “monomeric Aβ”, samples were freshly prepared from the
pH 10.5 stock and spectral data immediately obtained. Although
even freshly prepared Aβ may contain some dimers and low-
molecular weight oligomers, thioflavin T (ThT) and CD mea-
surements suggest no detectable fibrillar or β-sheet content in
these samples.
Fibrillization of Aβ(1-42). The solubilized peptide (pH

10.5, 0.7 mg/mL) was diluted to 50 μM in the appropriate buffer,
with 160 mMNaCl at pH 7.4. The peptide was then left for 72 h
at 37 �C with agitation. Fibril growth was monitored and
confirmed by the sigmoidal thioflavin T fibril growth curve as
shown in Figure S1 of the Supporting Information. Conversion
of irregular to high β-sheet content was detected by UV circular
dichroism. Furthermore, fibril content was confirmed by seeding
studies, in which small aliquots of Aβ deemed to be fibrillar and
added to monomeric Aβ reduced the lag phase of fibril growth
curves by typically 10 h, to less than 30 min. In addition,
transmission electron microscopy (TEM) with uranyl acetate
staining indicates characteristic fibril morphology.
Titrations. Peptide concentrations were determined using an

extinction coefficient of 1280 M-1 cm-1 (due to the single
tyrosine residue) at 280 nm (48). Typically, the freeze-dried
peptides contained ∼10% moisture by weight. UV-visible
electronic absorption spectra were recorded with a Hitachi
U-3010 double-beam spectrophotometer, using a 1 cm path
length quartz cuvette.

The pH was measured before and after each spectrum was
recorded. Ten millimolar phosphate buffer, 10 mM N-ethylmor-
pholine (EM) buffer, and 10 mM N-(2-hydroxyethyl)piperazine-
N0-2-ethanesulfonic acid (HEPES) were used in the EPR pH
dependence study. Typically, unless otherwise stated, 10 mM
phosphate buffer with 160 mMNaCl (pH 7.4) was used for most
experiments except for the affinity studies which were typically
performed in the absence of buffer, ultra high quality (>18Ω cm
resistivity) water with 160 mM NaCl (pH 7.4). The pH was
adjusted using small amounts of 10-100mMNaOHorHCl. The
addition of metal ions or competing ligands to the Aβ peptides
was performed using small aliquots from stock aqueous solutions
(10-50mM) of CuCl2, glycine, L-histidine, or nitrilotriacetic acid
(NTA), obtained from Sigma Aldrich, analar grade or better.
EPR. X-Band electron paramagnetic resonance (EPR) data

were recorded using a Bruker ELEXSYS 500 spectrometer,

Article Vol. 48, No. 20, 2009Biochemistry, 4389



operating at a microwave frequency of ∼9.3 GHz. Spectra were
recorded using a microwave power of 4.012 mW across a sweep
width of 2000 G (centered at 3200 G) with a modulation
amplitude of 7 G. Samples were frozen in quartz tubes and
experiments conducted at typically 20 K using a liquid helium
cryostat. A minimum of four scans were recorded per spectrum.
All EPR spectra shown have been background subtracted from a
buffer blank with subsequent baseline correction in the EPR
software package using third- or fourth-order polynomial
splines. To analyze EPR data using the method described by
Peisach and Blumberg (49), it is necessary to convert values from
gauss (G) to millikaysers (mK) by using the formula A ) (mK) =
0.046686gΔH, where g = 2.0023 and ΔH is the A ) splitting
measured in gauss. Double integration was carried out on the
signal between 3200 and 3400 G to determine signal intensity.
Circular Dichroism (CD). CD spectra were recorded on a

Chirascan (Applied Photophysics) circular dichroism spectro-
meter at 25 �C.A 1 cm path length was used for data between 300
and 800 nm, and a 0.1 cm path length was used for the far-UV
data. A minimum of three scans were recorded for all spectra,
including baseline spectra, which were subtracted from each
spectrum. Applied Photophysics Chirascan Viewer was used to
apply minimal smoothing to the data if required. The Kaleida-
graph spreadsheet/graph package was used to present data.
Direct CD measurements (θ, in millidegrees) were converted to
molar ellipticity, Δε (M-1 cm-1), using the relationship Δε =
θ/(33000cl), where c is the concentration and l the path length.
Fluorescence Spectroscopy. Fluorescence spectra were col-

lected using a Hitachi F-2500 fluorescence spectrophotometer.
For tyrosine quenching studies, an excitation frequency of 280
nm was used and data were collected between 290 and 400 nm.
Samples were placed in a 1 cm quartz cuvette (Hellma) and data
recorded at room temperature. For fibril growth studies using
ThT, an excitation wavelength of 444 nmwas used and data were
collected over the range of 455-520 nm with an average of three
scans and gentle magnetic stirring. Additionally, measurements
with a BMGFluostar Galaxy multiwell plate reader were used to
provide confirmation of the fibril growth curve in Figure S1a of
the Supporting Information.
AffinityMeasurements. Stability constants for Cu2+ bound

to competitive ligands nitrilotriacetic acid (NTA), histidine, and
glycine are as follows. The absolute affinity (pH-independent) of
NTA for Cu2+ is 1.26 � 1013 M-1 (50); the apparent affinity, at
pH 7.4, is therefore 5.0� 1010 M-1 or a dissociation constant of
19.9 pM (as log R = pKa - pH = 9.8 - 7.4 = 2.4 and log
K1(app) at pH 7.4 = log K1 - log R = 13.1 - 2.4 = 10.7).
Histidine and glycine form a Cu(His)2 and Cu(Gly)2 complex,
and the affinities are given by K1 and K2 respectively (50), for
example, as Kd1Kd2 = [Cufree][Glyfree]

2/[Cu(Gly)2]. Apparent
dissociation constants (Kd1 and Kd2) at pH 7.4 are 1.35 and
13.5 μM for glycine and 3.7 nM and 0.47 μM for histidine,
respectively. The absolute affinities for NTA, histidine, and
glycine are given alongside apparent affinities at pH 7.4 in Figure
S2 of the Supporting Information.

The Cu2+:Aβ stoichiometry for full-length Aβ is shown to be
1:1. The fraction of Cu2+ bound to Aβ (θ) was calculated
assuming this relates directly to the fraction of fluorescence
tyrosine signal quenched by Cu2+ (dynamic scattering is taken
to be minimal). Indeed, addition of Cu2+ to Aβ causes a linear
reduction in the magnitude of the fluorescence signal up to
1 molar equiv of Cu2+ ions. The affinity can thus be calculated
from the fluorescence at half the maximal value. Under these

conditions (θ= 0.5), the dissociation constant Kd = [Cu2+free]. By
free Cu2+, we mean Cu2+ not bound to Aβ or the competing
ligand. The value of [Cu2+free] is given by eq 1 for NTA, which
forms only a 1:1 complex with Cu2+, or given by eq 2 for glycine
and histidine (46).

½Cu2þfree� ¼ 1

1 þ Ka1½NTA� ð½Cu
2þ

total�-½Cu2þbound to Aβ�Þ

ð1Þ

½Cu2þfree� ¼ 1

1 þ Ka1½Gly� þ Ka1Ka2½Gly�2 ð½Cu
2þ

total�-

½Cu2þbound to Aβ�Þ ð2Þ
Alternatively, the Kd at pH 7.4 of Aβ for Cu2+ can also be
calculated from the observedKd in the presence of the competing
ligand glycine by using eq 3 (51).

Kd ¼ Kdðobserved in the presence of GlyÞ

� Kd1ðapparent for GlyÞ
½total Gly� � Kd2ðapparent for GlyÞ

½total Gly� ð3Þ

RESULTS

Affinity of Cu2+ Binding. The affinity of Cu2+ for Aβ is
vital in understanding the physiological significance of Cu2+ in
Alzheimer’s disease. There are currently conflicting experimental
data for the affinity of binding of Cu2+ tomonomeric Aβ and no
data on the affinity of Cu2+ for fibrillar Aβ. To determine if the
large (11 orders of magnitude) differences in Cu2+ binding to Aβ
reported (31, 47) might reflect the difference in the affinity of
Cu2+ for different oligomeric forms of Aβ, two independent
methods were used to measure the affinity of Cu2+ for both
monomeric and fibrillar Aβ.

The competitive effects of glycine, L-histidine, and NTA were
used to measure Cu2+ affinity for both monomeric and fibrillar
Aβ(1-42) by fluorescence spectroscopy. Figure 1a shows that the
addition of increasing amounts of Cu2+ to Aβ(1-42) causes
marked quenching of the single tyrosine (Tyr10) fluorescence
signal at 307 nm. It is notable that tyrosine fluorescence spectra of
fibers give a fluorescence intensity generally comparable to that
of monomeric Aβ at 50 μM. A plot of fluorescence versus molar
equivalents of Cu2+ (Figure 1a inset) indicates a linear reduction
in fluorescence for addition of up to 1 molar equiv of Cu2+. By
1 molar equiv of Cu2+, the fluorescence intensity is reduced by
∼75%. A break point at 1 molar equiv indicates 1:1 stoichio-
metry, as continued addition of Cu2+ causes only a slight further
reduction in fluorescence attributed to nonspecific interaction of
Cu2+with the tyrosine (data not shown). The 1:1 stoichiometry is
confirmed by EPR studies (Figures 6 and 7).

Figure 1b shows the effect of glycine addition on a 1:1 Cu-Aβ
complex. As glycine is added, it competes with Aβ for the Cu2+

ions and the tyrosine fluorescence signal at 307 nm reappears.
The maximum tyrosine fluorescence signal, for both soluble and
fibrillar Aβ, returns only after more than 200 molar equiv of
glycine has been added. Half the maximal quenching is achieved
at 55 molar equiv of glycine for soluble Aβ(1-42), and similarly
56 molar equiv for fibrillar Aβ(1-42). Free glycine will bind to
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Cu2+ ions in a Cu(Gly)2 complex, coordinating via the amino
and carboxylate groups. The stepwise apparent affinity for
glycine is known: Ka1 = 7.4 � 105 M-1, and Ka2 = 7.4 � 104

M-1 at pH 7.4 (50) (see Table S2 of the Supporting Information).
It is sometimes not appreciated that the affinity of glycine for
Cu2+ is the product of the affinities ofK1K2 and related to [Gly]2

(see Experimental Procedures). The apparent dissociation con-
stant for the Cu-Aβ complex at pH 7.4 may be calculated using
eq 2 (Experimental Procedures and Supporting Information).
Using thismethod, we calculatedKd values at pH7.4 of 58 and 60
pM for both monomeric and fibrillar Aβ(1-42), respectively.
Identical values are calculated using the alternative approach in
eq 3 (see Experimental Procedures and calculations in the
Supporting Information).

The experiment was then repeated using either competing
ligand L-histidine or NTA, each of which has a higher affinity for
Cu2+ than glycine (Figure 1c,d). NTA has an apparent dissocia-
tion constant for Cu2+ at pH 7.4 of 19.9 pM (50) and binds Cu2+

to form a 1:1 complex, making determination of the Kd more
straightforward. It is clear from Figure 1d that addition of
1 molar equiv of NTA removes just more than half the Cu2+

from Aβ, indicating that Cu2+ has a very similar affinity for Aβ
as NTA (20 pM). Using eq 1 and the concentration of NTA
added at half the maximal fluorescence (0.70 molar equiv), we
can calculate the dissociation constant at pH 7.4 for monomeric
Aβ(1-42). An apparent Kd of 14 pM is determined, which is
within the same order of magnitude as that determined using
glycine as the competitive ligand.

L-Histidine is known to bind Cu2+ with stepwise apparent Kd

values at pH 7.4 of 3.7 nM (Kd1) and 0.47 μM (Kd2). Two
molecules of histidine will bind a single Cu2+ ion using the amino
and imidazole nitrogens as ligands. The tyrosine fluorescence
signal at 307 nm returns to its maximum value for both soluble
and fibrillar Aβ after only 5 molar equiv of L-histidine has been
added, as shown in Figure 1c. Half-maximal quenching is

achieved at close to 1.7 molar equiv for soluble Aβ(1-42) and
1.5molar equiv for fibrillar Aβ. This is below the 2molar equiv of
histidine required to bind 1 molar equiv of Cu2+ and indicates
that Cu2+ will bind to Aβ(1-42) with an affinity comparable to
that of L-histidine. Again, the affinity can be calculated using
eq 2, this time using the Ka1 and Ka2 values of histidine at pH 7.4
and the concentration of histidine at half-maximal quenching.
The histidine competition experiment indicates an apparent
dissociation constant of 6 pM for monomeric and 8 pM for
fibrillar Aβ at pH 7.4. Again, these values are similar to those
calculated using NTA as the competing ligand. Although there is
some variation, the Kd values are within a single order of
magnitude, between 6 and 60 pM.

Importantly, we have obtained similar affinities of Cu2+ for
Aβ with a second independent method using near-UV CD
spectroscopy. These near-UV experiments have an advantage
in that theymeasure aCD signal directly associatedwith the Cu-
Aβ complex. Figure 2 shows the CD spectrum of Aβ(1-28)
loaded with 1 molar equiv of Cu2+ ions at pH 7.4. We have
previously shown that although the Cu-Aβ complex does not
give rise to CD bands for d-d electronic transitions, there is a
positive CD band at 320 nm assigned to Aβ-Cu imidazole
charge transfer transitions (31). This CD band increases in
intensity with addition of Cu2+. Figure 2 shows that as the
competing ligand NTA is added the intensity of the band
decreases. A plot of ellipticity at 320 nm, shown as an inset,
indicates the band is reduced to half its maximal intensity only
after 0.75 molar equiv of NTA is added. The binding curve using
NTA as a competitor bears a striking resemblance to the NTA
competition studies using fluorescence quenching shown in
Figure 1d. Like the fluorescence data, the CD data indicate
Cu2+ has an affinity for Aβ similar to that of NTA, i.e., 20 pM.
A similar experiment was performed using glycine. Here the
intensity of the Cu-AβCD bands at 320 nmwas reduced to half
the maximal intensity at ca. 35 molar equiv of glycine. Using eq 2
or 3, we calculate the apparent Cu2+ dissociation constant for
Aβ(1-28) at pH 7.6 to be 110 pM. This value is comparable to a
Kd of 90 pM determined using glycine competition and fluores-
cence quenching of Aβ(1-28) at pH 7.8. It was not possible to
repeat this experiment for Aβ(1-42) as the CD band at 320 nm
was not of sufficient intensity.

In summary, using both direct measurements of Cu2+ from
CD bands of the Cu-Aβ complex and fluorescence quenching
methods, we have shown that 1 molar equiv of Cu2+ ions binds
to Aβ(1-42) with a dissociation constant similar to that of NTA.
An apparent conditional Kd at pH 7.4 between 6 and 60 pM for
Aβ(1-42) is calculated. Significantly, comparisons of Aβ(1-40)
and Aβ(1-42) in the monomeric and fibrillar forms show almost
identical affinity for a single Cu2+ ion at pH 7.4.
pH Dependence of Cu2+ Binding. We were interested

in how the Cu-Aβ(1-42) coordination changes with pH.
Preliminary studies suggested that the choice of buffer affected
the pH dependence behavior. EPR spectra of monomeric
Aβ(1-42) loaded with 1molar equiv of Cu2+ ions were therefore
obtained over a range of pH values under four different sample
conditions: 10 mM HEPES, 10 mM ethylmorpholine (EM),
10 mM phosphate buffer, or just water (as shown in Figure 3
and Figure S3 of the Supporting Information). It is notable that
repeat EPR (or CD) scans recorded over time showed no change
in the appearance of the spectra, indicating Cu2+ coordination
to Aβ reaches a thermodynamic equilibrium rapidly, within
minutes.

FIGURE 1: Fluorescence spectra of monomeric and fibrillar Aβ(1-
42) with Cu2+: glycine, L-histidine, and NTA competition. (a)
Increasing additions of Cu2+ (0.2, 0.4, 0.6, 0.8, and 1.0 molar equiv)
to 50 μM Aβ(1-42) in water at pH 7.4 causes quenching of the
tyrosine fluorescence signal. The tyrosine fluorescence signal at 307
nm returns with additions of molar equivalents of glycine (b), L-
histidine (c), or NTA (d). Monomeric Aβ(1-42) (b) and fibrillar
Aβ(1-42) (O) with 50μMCu2+present.ΔF=F-Fo, andΔFmax=
Fmax - Fo, where Fo is the fluorescence (307 nm) with addition of 1
molar equiv of Cu2+.
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The EPR spectrum at pH 5 for the Cu-Aβ(1-42) complex
under all four buffer conditions gives a single set of signals typical
of type II Cu2+, square-planar or square pyramidal coordination
geometry, as shown inFigure 3a.Regardless of the buffer, theA ),
g ), and g^ values are 171G (16.0mK), 2.27, and 2.02, respectively
(designated complex I). At pH 7.4, a new set of hyperfine peaks
can be observed at a higher field with A ), g ), and g^ values of

154 G (14.4 mK), 2.23, and 2.01, respectively (designated
complex II), as shown in Figure 3b. At pH 7.4, complex I
remains the more intense of the two under all four conditions,
and notably in water, phosphate, or HEPES buffer, ca. 80% of
the Cu2+ forms complex I. At pH 9 (Figure 3c), the low- and
high-field sets of signals of complexes I and II are of comparable
intensity in water, phosphate buffer, and HEPES buffer. How-
ever, for ethylmorpholine buffer (EM), the low-field species
observed exclusively at pH 5 is considerably less intense than
the high-field species. The relative intensities of the two com-
plexes are shown in Figure 3 d-f. The pH dependence of the for-
mation of complexes I and II is very similar for phosphate, water,
and HEPES (Figure 3d,e) with a midpoint of pH ∼9; however,
the midpoint in EM buffer (Figure 3f) is lower at pH 8.0.

This behavior is also observed for Aβ(1-28) as shown in
Figure S3 of the Supporting Information. Comparison of EPR
spectra for Aβ(1-28) and Aβ(1-42) shows a close correspon-
dence at all pH values. The midpoint of the transition for Aβ(1-
28) was pH ∼9, similar to that for Aβ(1-42), and again, in EM
buffer this was reduced to pH 8.0.

The effect of EM buffer on the midpoint of transition between
complexes I and II was unexpected as EM has a very low affinity
for Cu2+ ions. Buffers can have a temperature dependence to
their pH. A recent study has shown that the pH of some buffers
can vary by as much as 1 pH unit between room temperature and
10 K (liquid helium temperatures) (52) (53). This may well
account for the discrepancies between EM buffer and the other
buffers tested.

Peisach and Blumberg have shown that a combination of A )

and g ) values can indicate the ligand type that coordinates the

FIGURE 2: CD spectra of Aβ(1-28) with Cu2+ assessed via NTA
competition. Increasing molar equivalents of NTA added to 50 μM
Aβ(1-28) and 50 μM Cu2+ causes a decrease in the intensity of the
CDsignal at 320 nm.The inset shows the normalizedCDsignal at 320
nm of the Cu2+-Aβ(1-28) complex with increasing molar equiva-
lent additions of NTA.

FIGURE 3: pHandbuffer dependence ofCu2+binding tomonomericAβ(1-42).CuEPR spectra of 50μMAβ(1-42)with 1molar equiv ofCu2+

at (a) pH 5.0, (b) pH 7.4, and (c) pH 9.0. Spectra were recorded in four different buffering conditions at each pH: (i) water, (ii) 10 mM
ethylmorpholine, (iii) 10 mM phosphate, and (iv) 10 mMHEPES. Plots d-f show relative percentage intensities of EPR signals from complex I
(low pH) (black bars) and complex II (high pH) (gray bars), specifically in water and phosphate buffer (average values used as both buffers
produced almost identical spectra) in panel d,while plot e shows 10mMHEPESbuffer (black circles for complex I and gray circles for complex II)
and inEMbuffer (f). All samples contained 160mMNaCl andwere examined at 20K.Themidpoint of the transition between complex I and II is
pH ∼9 for water, HEPES, and phosphate buffer but pH 8.0 for EM.
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Cu2+ in tetragonal/square-planar complexes (49). The A ) and g )

values at pH 5 (summarized in Table 1) are most typical of two
nitrogen and two oxygen ligands (2N2O), although 3N with 1O
coordination cannot be ruled out. The A ) and g ) values of the
high-field species that can be observed at pH 7.4 and 9 do not fall
into the standard Peisach and Blumberg plot areas, suggesting
some distortion in the axial plane (perhaps suggesting a more
square pyridamal character), but are shifted away from the
oxygen boundaries, suggesting a probable 3N1O or 4N coordi-
nation.
Comparison of Monomeric and Fibrillar Aβ. The in-

register stacking of Aβ monomers in amyloids has raised the
possibility that the Cu2+ coordination formed with amyloid
fibers could be very different from the coordination with Aβ
monomers. Figure 4 compares the EPR spectra of both mono-
meric and fibrillar Aβ loaded with 1 molar equiv of Cu2+ ions. It
is clear almost identical EPR line shapes are obtained for the
fibrillar and monomeric forms of Aβ(1-42), as shown in
Figure 4a. Of particular note is the fact that there is no detectable
line broadening of the fibrillar form compared tomonomeric Aβ.
EPR spectra reveal a type II axial coordinationwith anA ) of 16.0
mK (171 G) and a g ) of 2.27 which are typical for a 3N1O or
2N2O complex at pH 7.4. There are no significant differences in
the hyperfine splitting between monomeric and fibrillar Aβ, and
A ) and g ) are the same for both forms of Aβ.

It is notable that Cu2+ addition has little detectable effect on
the secondary structure of fibers once formed, as determined by
UV CD. The CD spectra of fibers are dominated by a strong
negative band at 217 nm, indicative of β-sheet. The appearance of
the spectra is unaffected by the addition of up to 15 molar equiv
of Cu2+ ions as shown in Figure 4c.

To see if the oligomeric state of Aβ affects the Cu2+

coordination environment, Cu2+ was added to Aβ at different
times during Aβ fibril growth (rather than present throughout)
(Figure 4b). By monitoring growth using ThT fluorescence
(shown in Figure S1 of the Supporting Information), we could
obtain an estimate of the degree of oligomerization at different
time points (54). At zero days, fresh Aβ represents the largely
monomeric form of Aβ(1-42), with a very weak ThT fluores-
cence signal. The Aβ(1-42) species at 3 days represents early
fibers, while 8 days represents more mature fibers. Again, the
spectra are almost identical for all three forms of Aβ.
Cu2+ Coordination Ligands of Aβ(1-28) and Analo-

gues [Aβ(H6A), Aβ(H13A), Aβ(H14A), Aβ(Ac1-28),

and Aβ(Ac10-16)] and Their pH Dependence. To identify
the residues directly involved in the coordination of Cu2+,
five peptide analogues have been synthesized. In three analogues
ofAβ(1-28), one of the three histidines has been replacedwith an
alanine residue, Aβ(H6A), Aβ(H13A), and Aβ(H14A). An
additional peptide has also been synthesized in which the
N-terminus of Aβ(1-28) is blocked by acetylation. Under
physiological conditions, it is believed that nitrogens from these
four loci (the three imidazole rings and the N-terminal amino
group) are the most likely candidates for Cu2+ coordination.
Comparisons of EPR spectra by ourselves, and previously by
Karr et al. (65), confirm that Aβ(1-28) contains all the ligands
involved in coordinating the first molar equivalent of Cu2+ in
Aβ(1-42). Finally, a shorter fragment, Aβ(Ac10-16), was also
studied in which His6 and the N-terminal amino group are
absent.

The cw-EPR spectra of all five analogues with 1molar equiv of
Cu2+ addedwere obtained over a range of pHvalues to probe the
nature of the coordinating ligands and are shown inFigure 5. The
Cu2+ complex for each analogue was studied at pH 5, 6, 7, 8, 9,
and 10. All spectra indicate axial Cu2+ coordination containing
N and O ligands. All but two of the analogues produced two sets
of axial peaks.

At pH 5, only one set of A ) and g ) values is present in all five
peptide analogues. All have an appearance similar to that of the
low-pH species described for Aβ(1-28), Aβ(1-40), and Aβ(1-
42). There are, however, subtle variations in the appearance of
the spectra. The A ) and g ) values for the five peptides and wild-
type Aβ are given in Table 1. All fall within a small range of A )

values between 170 and 164 G for complex I (predominant at pH
5 and 7.4) except for Aβ(Ac10-16) which has a larger A ) of 178
G.The g ) of complex I ranges from2.26 forAβ(Ac10-16) to 2.29
for N-terminally acetylated Aβ(Ac1-28).

Also shown in Table 1 are the affinities of Cu2+ for the Aβ
analogues studied. These data are obtained from fluorescence
quenching experiments previously reported (31). Here, we use the
glycine concentration at half-maximal quenching to calculate
dissociation constants at pH 7.8 using eq 2. It is notable that all
analogues have reduced affinity for Cu2+ ions, indicating that all
four nitrogen ligands identified have a role in stabilizing the
Cu2+-Aβ complex. The N-terminally blocked and His6Ala
analogues show the most marked reduction in affinity, while
H13A and H14A show less pronounced change in affinity for
Cu2+ ions relative to wild-type Aβ(1-28).

Table 1: A ) and g ) for Aβ Fragments and Analogues and Dissociation Constants

complex I (pH 7.4) complex II (pH 9)

peptide A ) g ) A ) g ) Kd

Aβ(1-42) mono 16.0mK (171G) 2.27 14.4mK (154G) 2.23 58 pMa

Aβ(1-42) fibrillar 16.0mK (171G) 2.27 notmeasured 60 pMa

Aβ(1-28) WT 15.9mK (170G) 2.27 14.7mK (156G) 2.22 90 pM,b 110 pMc

Aβ(1-28) NB 15.7 mK (168G) 2.29 not present 750 pMb

Aβ(1-28) H6A 15.7mK (168G) 2.28 15.8 mK (169G) 2.22 237 pMb

Aβ(1-28) H13A 15.3mK (164G) 2.28 15.1 mK (162G) 2.22 128 pMb

Aβ(1-28) H14A 15.5mK (166G) 2.28 15.6 mK (167G) 2.22 128 pMb

Aβ(10-16) 16.7mK (178G) 2.26 not present 3.1 nMb

Aβ(1-11) 13.6mK (146G) 2.30 notmeasured -
Aβ(1-28) 2nd molar equiv 16.4mK (175G) 2.28 notmeasured -

aApparent (conditional) dissociation constants taken from Gly competition fluorescence quenching data at pH 7.4. For NTA and His competition 14 and
6 pM was determined respectively. bDenotes a Kd at pH 7.8; raw data previously reported (31). cDenotes the Kd at pH 7.6 has been calculated using glycine
competion and near-UV CD.

Article Vol. 48, No. 20, 2009Biochemistry, 4393



As the pH is increased to pH 7.4, the appearance of
the EPR spectra differs between the analogues. A second,
higher-field species is obtained for the Aβ(1-28) wild-type
sequence and all the His-substituted analogues, with A ) and g )

values of ∼165 G (15.4 mK) and 2.22, respectively, but signifi-
cantly, it is not apparent in N-terminally acetylated analogue
Aβ(Ac1-28) or Aβ(Ac10-16). Furthermore, the relative inten-
sities of the two species are different between the analogues.
The pH dependencies for complexes I and II are plotted as
relative intensity versus pH for the five analogues and
compared to that of wild-type Aβ(1-28), as shown in
Figure 5d,e.

At pH 9, the high-field species (complex II) have an intensity
similar to or greater than that of the low-field species for wild-type
Aβ(1-28), H6A, and H13A, but for H14A, ∼60% remains as
component I and there is still no observable signal for the higher-
pH complex II spectra in the N-terminally acetylated analogues.

In summary, all the peptide analogues have slightly different
A ) and g ) values (summarized in Table 1) and perturbed pH
dependencies compared to those of wild-type Aβ(1-28). In
addition, all analogues have reduced affinity for Cu2+ ions
(Table 1). Most striking are N-terminally blocked analogues,
Aβ(Ac1-28) and Aβ(Ac10-16), both of which will not form
complex II even at pH 9.

FIGURE 4: Cu2+ and different oligomeric species of Aβ(1-42). (a) EPR spectra of monomeric (dashed line) and fibrillar (solid line) Aβ(1-42) at
50μMwith 50μMCu2+ in 10mMphosphate bufferwith 160mMNaCl at pH7.4 and 20K. Inset b shows additions ofCu2+ to 50μMAβ(1-42)
after incubation for 0, 3, and8days.TheCu2+coordination formonomeric and fibrillarAβ is strikingly similar. Panel c shows aUVCDspectraof
the predominantly β-sheet Aβ(1-40) fibrils with the addition of up to 15 molar equiv (750 μM) of Cu2+.

FIGURE 5: Cu2+pHdependenceofAβ(1-28) analogues.CuEPRspectraofAβ(Ac10-16),Aβ(Ac1-28),Aβ(H6A),Aβ(H13A),Aβ(H14A), and
Aβ(1-28) wild type at 50 μM with 1 molar equiv of Cu2+ at (a) pH 5, (b) pH 7.4, and (c) pH 9. Panels d and e show the relative percentage
intensities of complex 1 (d) and complex 2 (e) of the six peptides over a wider range of pH values. It is clear the N-terminally acetylated analogues
will not form high-pH complex II.
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Stoichiometry of Cu2+ Binding. The process of fibril
formation could lead to an intermolecular Cu2+ complex; for
example, fibrillar Aβ might potentially form a 1:2 Cu(Aβ)2
complex. To identify any differences in Cu2+ binding stoichio-
metry formonomeric and fibrillar forms ofAβ(1-42) andAβ(1-
40), EPR spectra were obtained with increasing molar equiva-
lents of Cu2+ at pH 7.4 (shown in Figures 6 and 7). Increasing
amounts of Cu2+ added to monomeric Aβ (Figure 6) gave
identical line shapes up to 1 molar equiv, with a commensurate
increase in intensity indicating a single bindingmode. Titration of
an additional 1 molar equiv of Cu2+ (and up to 10 molar equiv)
results in no further increase in the intensity of the EPR spectra
for either Aβ(1-40) or Aβ(1-42) in its monomeric form. This
was a surprise as previous studies within our laboratory on
Aβ(1-28) reported a 2:1 stoichiometry, two Cu2+ ions binding a
single Aβ(1-28) molecule (31). Spin integration of the EPR
spectra has been plotted versus Cu2+ addition as shown in
Figure 6b. Both Aβ(1-40) and Aβ(1-42) show a linear increase
in intensity up to 1 molar equiv of Cu2+ ions followed by
saturation of the signal. The clear break point at 1 molar equiv of
Cu2+ indicates that at 50 μMAβCu2+ binds tightly toAβwith a
1:1 stoichiometry. It should be noted that free Cu2+ ions in water
at neutral pH give a largely EPR silent signal (55). This observa-
tion was confirmed by obtaining EPR spectra of 50 μMCuCl2 in
EM, PB, HEPES, and water buffer at pH 7.4 which showed that
Cu2+ EPR signals are drastically attenuated relative to those of
Cu2+ bound to Aβ.

We were then interested in the binding of Cu2+ to the fibrillar
form of Aβ(1-40) and Aβ(1-42), as shown in Figure 7. Cu2+

binding curves (Figure 7c,d) for fibrillarAβ(1-40) andAβ(1-42)
also show a maximal Cu2+ EPR signal at 1 molar equiv. After 1
molar equiv of Cu2+, both Aβ(1-40) and Aβ(1-42) in their
fibrillar form became saturated with Cu2+ at physiological pH.
Because of the necessity of the long incubation of Aβ(1-42) at
37 �C, 0.05% (v/v) sodium azide was added to some samples; this
had no effect on the stoichiometry or the g ) value, although A )

was reduced by approximately 2 G. Aβ(1-42) shows a slight
reduction in the magnitude of the signal with further Cu2+

addition (>1 molar equiv) due to some precipitation (∼20%) of
the less soluble Aβ(1-42) prior to freezing. As with monomeric
Aβ, the EPR data indicate fibrillar Aβ(1-40) and Aβ(1-42) also
bind a single Cu2+ ion. This is in contrast to the shorter soluble
Cu2+ binding fragment Aβ(1-28). To further investigate this
difference and to determine whether the hydrophobic tail of
Aβ(1-42) was blocking the second Cu2+ binding site, methanol,
an intramolecular hydrogen bond promoter, was added.
Stoichiometry of Cu2+ Binding: Effect of Methanol on

theHydrophobic Tail. The addition of 20% (v/v) methanol has
a profound influence on increasing the stoichiometry of full-
length Aβ. It is clear from the Cu2+ binding curve in Figure 8a
that Aβ(1-42) has a 2:1 stoichiometry in the presence of
methanol ions rather than the 1:1 stoichiometry observed in
100% water. As a direct comparison, Aβ(1-28) was also studied
in 20% (v/v)methanol (Figure 8b); however, this had no effect on
the binding stoichiometry, and Aβ(1-28) still bound two Cu2+

ions both with and without 20% (v/v) methanol present. The
EPR spectra for the Cu2+-Aβ complex inmethanol or water are
identical to those of the Cu2+-Aβ complex in water alone.

We studied the effect of methanol on the secondary structure
ofmonomericAβ(1-42) byUVCD.Measurements indicated no
significant change in secondary structure from the peptide’s
random coil conformation with addition of 20% methanol

FIGURE 6: Cu2+ titration of monomeric Aβ(1-42). (a) EPR
spectra recorded with 0.4, 0.6, 0.8, 1.0, and 2.0 molar equiv of
Cu2+ and 50 μM Aβ(1-42) in 10 mM phosphate buffer at pH
7.4 and 20 K. Double integration of the EPR spectra of monomeric
Aβ(1-40) (O) andAβ(1-42) (0) with an increasing number ofmolar
equivalents of Cu2+ is shown in panel b. Best fit straight lines
are fitted through data points for 0-1 molar equiv of Cu2+ and
1-4 molar equiv of Cu2+. The EPR signal intensity is I/Imax. Both
monomeric Aβ(1-40) and monomeric Aβ(1-42) give a clear break
point at 1 molar equiv of Cu2+ ions, indicating saturation of Aβ has
occurred.

FIGURE 7: Cu2+ titration of fibrillar Aβ(1-42). (a) Increasing num-
ber ofmolar equivalents ofCu2+with 50μMAβ(1-42) in phosphate
buffer solution (up to 2 molar equiv at pH 7.4 and 20 K). (b)
Hyperfine splitting showing the A ) of fibrillar Aβ(1-42). Panel c
shows the double integrationof theEPRspectraof fibrillarAβ(1-40)
with sodium azide (O) and fibrillar Aβ(1-40) with no sodium azide
(0). Panel d shows the double integration of fibrillar Aβ(1-42) with
no sodium azide (b) plotted vs molar equivalents of Cu2+ ions. All
indicate that saturation occurs at 1 molar equiv of Cu2+.
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(Figure 4a of the Supporting Information). The affinity of the
complex in 20%methanol was also measured using fluorescence
with L-His as a competing ligand (Figure 4b of the Supporting
Information). The half-maximal quenching occurs at close to 3
(∼3.25) molar equiv of L-His for soluble Aβ(1-42) in 20%
methanol, which is comparable to that for soluble Aβ without
methanol.
Cu2+Binding of the SecondMolar Equivalent to Aβ.We

were also interested in probing the nature of the binding site for
the second molar equivalent of copper bound to Aβ(1-28).
Figure 9 shows EPR spectra of 1 and 2 molar equiv of Cu2+ ions
bound to Aβ(1-28), at pH 7.4. As we titrate Cu2+ beyond 1
equiv, a new set of signals appear to low field, while signals for the
first equivalent of Cu2+ remain unaffected. A difference spec-
trum of Cu2Aβ(1-28) minus Cu1Aβ(1-28) is shown, emphasiz-
ing the appearance of the new set of signals at 2 molar equiv of

Cu2+. The copper type II spectrum gives A ) and g ) values of
16.36 mK (175 G) and 2.28, respectively. These values are more
typical of an oxygen-rich complex such as 1N3O.

We were interested in the possibility that this second, weaker
binding site originates from ligands found in the first 11 residues
of Aβ. Thus, for the sake of comparison, an EPR spectrum of
Aβ(1-11) with 1 molar equiv of Cu2+ added is also shown in
Figure 9. It is clear that the weaker second binding site does not,
in fact, mimic binding to the Aβ(1-11) fragment, which has A )

and g ) values of 144G (13.6mK) and 2.30, respectively, typical of
2N2O. Indeed, the spectra of the weaker second binding site do
not resemble EPR spectra of any of the analogues studied
(Table 1).
Temperature Dependence of Cu2+-Aβ EPR: A Brid-

ging Cu-His-Cu Dimer Is Unlikely. It has previously been
suggested that there is histidine bridging twoCu2+ ions in the Aβ
complex (56, 57). We repeated this study using precisely the same
conditions used by Smith et al. (57). However, we did not observe
any line broadening to the spectra, shown in Figure S5 of the
Supporting Information. EPR spectra in which electron coupling
is taking place are very temperature-dependent and will be
effectively decoupled at lower temperatures (20 K) (58). We
observe no such temperature dependence; without such an
observation, the possibility of a bridge complex must be ques-
tioned.

DISCUSSION

Affinity of Cu2+ for Monomeric and Fibrillar Aβ.
Despite a range of studies linking Cu2+ with Aβ neurotoxicity,
a role for Cu2+ ions in the etiology of Alzheimer’s disease has
often been met with some scepticism; a common objection has
been the relatively low affinity of Cu2+ for Aβ. Typically
micromolar, and at most nanomolar, Kd values are reported
(44-46, 59). Our re-evaluation of the affinity of Cu2+ for Aβ
places the Kd 2 or 3 orders of magnitude higher than previously
believed. A picomolar affinity for Cu2+ now allows Aβ to
compete for Cu2+ ions with other extracellular Cu2+ chelators,
such as human serum albumin (HSA), particularly during
neuronal depolarization; the biological significance of a picomo-
lar affinity is discussed later.

We have used two independent methods of determining the
affinity of Cu2+ for monomeric and fibrillar Aβ(1-42). The
fluorescence quenching experiments show that both soluble and
fibrillar Aβ(1-42) have identical affinities and are comparable to
that of the Cu2+ chelator NTA (20 pM) for Cu2+ ions. There
were some small differences in the affinities calculated depending
on the competing ligand used (NTA, histidine, or glycine), but all
three competitors exhibited affinities of Cu2+ for Aβ within
less than 1 order ofmagnitude, placing the apparent (conditional)
Kd between 6 and 60 pM at pH 7.4.We also used near-UVCD to
monitor directly the location of Cu2+ ions competing between
NTA or glycine and Aβ(1-28). Again, this indicated an affinity
of Cu2+ for Aβ(1-28) comparable to that of NTA at pH 7.4.
Glycine competition detected by fluorescence or near-UV CD
revealed very similar affinities, validating the fluorescence
quenching method.

We have considered the possibility that a ternary complex is
formed among Cu2+, Aβ, and the competing ligands NTA,
L-histidine, and glycine (see, for example, refs 60 and 61).
However, we have a number of pieces of evidence that suggest
this is unlikely. In particular, competition for Cu2+ ions between

FIGURE 8: Effect of methanol on Aβ(1-42) stoichiometry. (a) Dou-
ble integration ofAβ(1-42) in 100%water (0) and awater/methanol
mixture (80:20, v/v) (O). (b)Double integration ofAβ(1-28)with (O)
and without (0) 20% methanol. The Cu2+-Aβ(1-42) complex
undergoes a change in stoichiometry from 1:1 to 2:1 in the presence
of methanol. The Cu2+-Aβ(1-28) complex retains 2:1 stoichiome-
try irrespective of the presence of methanol. The concentration of
Aβ(1-42) and Aβ(1-28) was 50 μM.

FIGURE 9: Comparison of the second Cu2+ binding site with Aβ(1-
11).Aβ(1-28)with 0.5, 1.0, 1.5, and 2.0molar equiv ofCu2+present.
The difference spectrum is the 2 molar equiv spectrum minus the 1
molar equiv spectrum. The difference spectra highlight the 3O1N
nature of the second binding site which is very different from that of
Aβ(1-11). See Table 1 for A ) and g ) values.
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Aβ and L-histidine detected by visible CD indicates that when
sufficient (∼4 molar equiv) L-histidine is added to the Cu2+-Aβ
complex a visibleCD spectrum identical to that ofCu(His)2 alone
is observed. The visible CD spectra are very sensitive to Cu2+

coordination geometry, and the free Cu(His)2 complex produces
a characteristic visible CD spectrum with a positive CD band at
700 nm irrespective of the presence of Aβ, suggesting a ternary
complex does not form (see Figure S6 of the Supporting
Information). Furthermore, the Cu2+-induced quenching of
Tyr10 of Aβ almost completely returns upon addition of NTA
(or other competing ligands). If Cu2+ remained bound to Aβ
forming a ternary complex, onemight expect some if not all of the
Cu2+-induced quenching to persist. In addition, the CD band at
320 nm attributed to the Cu2+-Aβ imidazoles is completely lost
with the addition of a competing ligand. If a ternary complex
remained, one might expect the Cu2+-imidazole band from the
Cu2+-Aβ complex also to be retained.

Previously reported affinities of Cu2+ for Aβ are only for the
monomeric form. To the best of our knowledge, there are no
Cu2+ affinity studies for Aβ fibrils. Garzon-Rodriguez et al. (44)
found that Cu2+ had an affinity for monomeric Aβ(1-42) of
∼2 μM.However, theGarzon-Rodriguez studywas performed in
Tris buffer, which has a weak but appreciable affinity for Cu2+

ions. This would have the effect of lowering the observed affinity.
Two recent studies have shown that apparent Kd values reported
in the literature of the Cu-Aβ complex, once corrected for
coordination by Tris buffer, produce Kd values of 35 nM or
625 pM depending on the approach (45, 46). Hatcher et al.
suggest that as many as four stepwise Cu2+ dissociation con-
stants must be considered for Tris buffer. Hatcher et al. also uses
isothermal calorimetry (ITC) and determines an apparent dis-
sociation constant of 0.4 nM for the Cu-Aβ complex at pH 7.4.
This affinity is between 7 and 70 times weaker than that which we
have determined here. The discrepancymight be explained by the
use of high levels of Tris buffer as a competitor which might
exaggerate systematic errors in the measurements.We and others
have previously reported fluorescence quenching experiments
and other completion studies using glycine in the absence of a
buffer (31, 37, 56, 59, 62); however, Hatcher et al. have high-
lighted a failure to account for both of glycine’s affinities. When
the stepwise affinity, Ka1Ka2, for the Cu(Gly)2 complex is used
rather than simply Ka1, affinities comparable to those reported
here may be calculated, as shown in Table 1.

The in-register stacking of successive monomeric units within
fibers results in histidines at positions 13 and 14 aligning adjacent
to each other along the length of the fibers (63, 64); thus, groups
of four histidine residues would be in the proximity of each other.
We were particularly intrigued by the possibility that the very
different affinities reported for the Cu-Aβ complex in the
literature (Kd values between 1018 and 106) (44, 45, 47) might
reflect differences in the Aβ oligomeric form studied. Impor-
tantly, we report no difference in affinity betweenmonomeric and
fibrillar Aβ. It now seems clear that the attomolar dissociation
constant proposed by Atwood et al. (47) is out of line with other
measurements and cannot be explained by the oligomeric state
of Aβ.
Cu2+ Binding to Fibrils. Fibrils, once formed, retain their

structure with Cu2+ additions, as judged by our UV CD and
unperturbed ThT binding, but also by TEM (41). In agreement
with previous studies (41), our EPR spectra suggest that the
fibrillar Aβ-Cu2+ complex forms the same coordination
geometry and ligands as monomeric Aβ. This is strongly

supported by our observations that the affinity of Cu2+ for the
two Aβ forms is almost identical. Interestingly, Aβ fibers are able
to accommodate a full stoichiometric complement of Cu2+ ions;
Cu2+ ions are able to diffuse into all parts of the fiber, giving
precisely a 1:1 stoichiometry. The nature of the ligand’s coordi-
nation geometry and pH dependence is discussed later but is
shown in Figure 10. Our data do not suggest an intermolecular
Cu-Aβ complex for the fibrillar form of Aβ.

Karr et al. have reported Cu2+ EPR spectra of fibrils for the
low-pH species similar to those we have observed (41, 65).
However, they also argue on the basis of the solid state NMR
models of Aβ fibers, that both His13 and His14 cannot bind a
single Cu2+ ion inAβ(1-40) because the β-sheet structure would
be disrupted by the simultaneous coordination of two adjacent
residues (65). However, we have shown that the Cu2+ affinity is
the same in the fibers as in the monomers, which would be
unlikely if either His13 or His14 were not part of the complex.
Indeed, deuterium exchange experiments indicate that stable
hydrogen bonds are not present between residues 1 and 14,
suggesting amore flexible picture ofAβ fibers up to and including
residue His14 (64, 66). This explains why the Cu2+ coordination
geometry is unaffected by the formation of fibrils and can contain
both His13 and His14.

The β-sheet plane has been shown to be 4.7 Å apart in adjacent
sheets (67). This, on average, would place adjacent His residues
4.7 Å apart.We see that Aβ can bind up to 1molar equiv of Cu2+

ions. Dipolar through-space interactions of Cu2+ ions are
typically felt between Cu2+ ions that aree7 Å apart and usually
result in broadened spectra. It is therefore perhaps a surprise that
some broadening of the EPR spectra is not observed, although it
is certainly possible that the broadening is too small to be
detected, although models of Cu2+-Aβ fibers could be envi-
saged in which Cu2+ ions bound to His13 and His14 but remain
more than 7 Å apart.
Coordination Geometry. cw-EPR suggests two pH-depen-

dent species are formed with square-planar or tetragonal geo-
metry. On the basis of g ) and hyperfine splitting values, complex I
(at lowpH) is composed of 2N2Oor 3N1O ligandswhile complex
II (at high pH) gives EPR spectra more typical of a complex with
3N1O or 4N ligands. We have used a range of Aβ analogues

FIGURE 10: Proposed model of high-affinity binding of Cu2+ to
Aβ(1-42) in both fibrillar and monomeric form. Complex I dom-
inates at pH <9. Coordinating ligands include all three histidine
imidazole nitrogens but with two histidine ligands in the equatorial
plane and a third axial. In addition, the N-terminal amino group
coordinates at pH7.4 aswell as pH9, but as an axial ligand at pH7.4.
The oxygen ligands are likely to arise from carboxylates; Asp1
and Asp7 are possibilities. At room temperature, the Cu2+ complex
may be quite dynamic, exchanging between ligands in the equatorial
and axial plane; without crystallographic data, this proposed coordi-
nation geometry is tentative. A second Cu2+ ion binds to Aβ at 2
molar equiv, and it is likely this complex is rich in carboxylate ligands.
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to further probe the nature of the coordination geometry. It is
commonly believed that all three histidines within Aβ form
equatorial imidazole nitrogen ligands with the Cu2+ ion (35).
It is therefore surprising that upon replacement of His6, His13,
or His14 with alanine there is not a more significant effect on the
appearance of the EPR spectra, as alternative imidazole nitro-
gens are not available to compensate for the alanine substitution.
In contrast, removal of His6, His13, His14, or N-terminal
acetylation reduces affinity for Cu2+ (Table 1) and in addition
causes perturbed Cu2+-loaded UV CD spectra compared to
the Cu2+ wild-type spectra (31). It is notable that the H6A
analogue has the most reduced affinity for Cu2+ followed by the
N-terminus, while the affinity reduction observed for H13A or
H14A is much less marked. To explain these seemingly conflict-
ing observations, we suggest the EPR spectrum attributed to
complex I is actually the result of a superposition of a mixture of
species containing only two histidine ligands in the equatorial
plane with a third histidine in the axial position. One of the
histidine residues, or the N-terminal amino coordination, from
the equatorial plane is replaced by the histidine that had
originally occupied an axial position. We suggest that at room
temperature it might be more appropriate to think of the
Cu2+ complex as quite dynamic with two histidines in the
equatorial plane and a third histidine axially coordinating,
exchanging between each other, as shown in Figure 10. We note
that without crystallographic data our proposed coordination
geometry is only a tentative model of the Cu-Aβ complex.
However, in support of the model, the EPR spectrum of
Aβ(Ac10-16), which has only two potential nitrogen ligands
in the equatorial plane, is similar in appearance to that of
complex I.

The presence of axial ligands contributing to the tetragonal
Cu2+ complex has largely been ignored in the literature, as they
have little influence on EPR spectra. However, axial ligands will
stabilize the Cu2+ complex and affect main chain conformation
and biophysical properties. A study using EXAFS supports the
presence of axial ligands which indicates there are six nitrogen/
oxygen ligands in the first coordination sphere of the Cu2+

complex rather than four (39).
We note that a very recent study using cw-EPR and 15N-

labeled His analogues together with HYSCORE-EPR presents
some similarities with our model; their low-pH complex contains
a mixture of species with only two of the three imidazoles
coordinating in the equatorial plane (36). In this study, His6 is
described as the anchor in this complex. Interestingly, we show
the H6A analogue has the most significant reduction in affinity
for Cu2+ ions (Table 1), which supports this assertion. Other
conclusions drawn by Drew et al. for the equatorial ligands
appear not to be compatible with our data, in particular, the lack
of the inclusion of the N-terminal amino group in the high-pH
complex (36). Our model of complex II is based on EPR spectra
of the N-terminally acetylated peptide; this analogue will not
form the high-pH complex. This strongly indicates that complex
II involves coordination from the N-terminal amino group
presumably within the equatorial binding plane, as shown in
Figure 10.

The pKa values of N-terminal amino groups are typically 8.0.
The pH at which the N-terminal amino group deprotonates may
match the formation of complex II (dominant at pH 9),
particularly if the pKa for the N-terminus of Aβ is slightly higher
than is normally observed. A study byKarr and Szalai (68) found
that replacement of Asp1 with Asn favored the formation

of complex II. This might be explained by the stabilizing
effect of the negative carboxylate of Asp1, which will increase
the pKa of the N-terminal amino group closer to pH 9 compared
to an Asn side chain at the same position. It seems probable that
the mutation of Asp to Asn promotes the change of the
N-terminal amino coordination from an axial position to the
equatorial plane, thus supporting our model of coordinating
ligands shown in Figure 10.

Previous studies using visible CD at physiological pH and
below indicate a lack of optical activity from the d-d transition
of the Cu-Aβ complex (31), suggesting that backbone amide
coordination does not exist (69, 70). However, increasing the pH
above 8.5 may promote amide deprotonation and allows co-
ordination of Cu2+ to the main chain, resulting in a CD band
being observed at 520 nm (31).We suggest that the appearance of
the CD band at 520 nm is due to coordination from the N-
terminal amino group in the equatorial plane rather than from a
main chain amide.

There is much debate in the literature about the source of
the oxygen ligand in the equatorial plane; water is a possibility,
but Karr and Szalai found that substituting H2

17O for H2
16O

did not affect hyperfine splitting in their spectra, suggesting that
water is not an equatorial ligand to Cu2+ in Aβ(1-40).
The Tyr10 hydroxyl group has previously been suggested
(71) as a ligand but has since been shown to be unlikely by 1H
NMR (31) which shows no significant broadening of the tyrosine
ring protons. This is also supported by a lack of Cu2+ charge
transfer bands associated with Cu-Tyr (37, 59). Carbonyl main
chain Cu2+ coordination is also a possibility; however, coordina-
tion of oxygen from one of the four carboxyl side chains
(Asp1, Glu3, Asp7, and Glu11) in the first 16 residues is most
probable. Karr et al. showed that the EPR spectra for D1N
and E3Q analogues left complex 1 unchanged (68), although
removal of Asp1 might simply result in it being replaced with
an alternative carboxylate ligand which would give a very similar
EPR spectrum. Asp1 and Asp7 (adjacent to His6) are our
favored potential oxygen ligands for complex I, as shown in
Figure 10. This is because the His6Ala analogue is more
destabilized than the other analogues (see Figure 5 for the
pH dependence and Table 1 for affinities), and coordination of
the carboxyl and N-terminal amino group of Asp1 will form a
stable six-membered chelate ring with the Cu2+ ion. A
very recent study using 13C-labeled Asp1 and HYSCORE-EPR
suggested Asp1 carboxylate coordination in the low-pH
complex (36).

Ab initio molecular modeling of the His13-His14 Cu2+

binding site suggests a trans arrangement of the two imidazole
rings with a main chain carbonyl of His13 coordinating between
the two His residues (72, 73). However, this type of complex is
likely to generate appreciable d-d transition signals which are
not observed by CD (31). In contrast, a crystal structure of a
model compound containing a dipeptide analogue of two
adjacent histidine residues has been reported (74). In this
compound, Cu2+ chelates to the εN atom of both imidazole
rings, making a cis arrangement rather than trans coordination
(90� rather than 180�) to the Cu2+ ion in a square-planar
arrangement. Sterically, this type of ligand arrangement could
facilitate the coordination of the N-terminus and His6 without
any obvious restrictions but would stop main chain coordination
to Cu2+, as implied by the lack of a visible CD signal from d-d
transitions, lending support to our proposed model shown in
Figure 10.
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Stoichiometry and the Second Binding Site. It is well
established that two Cu2+ ions bind to fragments Aβ(1-16) and
Aβ(1-28) (31, 56). It was therefore surprising that the longer full-
length Aβ binds only 1 molar equiv of Cu2+ ions with appreci-
able affinity, with a clear break point and saturation of the signal
at 1 molar equiv (at 50 μM peptide). The difference between
Aβ(1-28) and Aβ(1-42) is the 14 additional residues in the
hydrophobic tail of Aβ(1-42); however, the two potential Cu2+

binding sites are in the first 16 residues. A possible explanation
for the decreased binding stoichiometry of Aβ(1-42) compared
to that of Aβ(1-28) may be hindrance to the second Cu2+

binding site by the hydrophobic tail in Aβ(1-42). To test this
hypothesis, we wanted to disrupt intramolecular hydrophobic
interactions. Alcohols, such as methanol, are thought to disrupt
tertiary interactions and allow local interactions (hydrogen
bonding) to dominate within the polypeptide chain (75). After
addition of 20%(v/v)methanol,Aβ(1-42) bound a secondCu2+

ion as seen for the shorter Aβ(1-28).
In agreement with this study (in the absence of methanol),

others have indicated a 1:1 stoichiometry for Aβ(1-40) (44, 45).
In contrast, a recent study reported that Aβ(1-40) can bind two
Cu2+ ions (47). However, for this study, a cryoprotectant [50%
(v/v) glycerol] was used. This alcohol (a triol), like methanol, is
known to weaken hydrophobic interaction and promote inter-
molecular hydrogen bonding (76). Thus, the glycerol has the
same effect as we have shown for 20% (v/v) methanol and
explains the discrepancy in the stoichiometies reported.

The nature of the second Cu2+ binding site is not well-
understood. It is clear that it is contained within the first 16
amino acids (31). EPR suggests that this binding site is also
tetragonal or square-planar with the A ) and g ) values shifted to
values more typical for oxygen than nitrogen ligands, perhaps
3O1N. We suggest that the first equivalent of Cu2+ binds to all
three histidine residues, although one His is probably an axial
ligand. It is notable that as the second molar equivalent of Cu2+

is added the binding mode of the first equivalent does not appear
to be perturbed. It is therefore likely that the second mode of
binding is rich in carboxylate ligands (D1, E3, D7, and E11) and
perhaps a single nitrogen ligand, the N-terminus or His13/His14.
Support for this comes from comparison of the EPR spectra of
Aβ(1-11), which contains two potential nitrogen ligands. This
fragment reveals a spectrum very different from that of the
second molar equivalent spectrum of Aβ(1-28). Thus, this
suggests a complex containing the N-terminus and His6 can be
ruled out for the secondweak binding site onAβ. The affinity of the
second molar equivalent has been determined to be 10-5 M (59).
Biological Significance. It seems clear that Aβ fibers once

formed are able to accommodate the coordination of Cu2+ ions.
Indeed, Cu2+ ions are found concentrated within amyloid
plaques bound directly to Aβ (7, 8). The affinity, coordination
geometry, and stoichiometry are unaffected by the form of Aβ,
monomeric or fibrillar. In particular, Aβ fibrils are able to
accommodate a full stoichiometric complement of Cu2+ ions,
and the β-sheet secondary structure is unperturbed.

Our data suggest Cu2+ ions are not involved in Aβ cross-
linkingwithin fibers. Cu2+ is certainly able to bindAβ fibers once
formed; less well understood is the potential effect Cu2+ has on
inducing fiber formation. It is well established that in vitro Cu2+

significantly reduces the solubility of Aβ (19, 20, 24, 77) but
induces the formation of only amorphous aggregates rather than
amyloids (22, 23). It remains to be established what the effect of
Cu2+ ions is on the rate of formation of fibers and diffusible Aβ

oligomers in vivo. It is known that Cu2+ homeostasis within the
brain is impaired in AD patients (4, 5). It is possible
that increasing Cu2+ levels may promote Aβ oligomerization
and Cu2+-loaded fibers may be more resistant to clearance,
thus explaining the elevated level of Cu2+ ions in amyloid
plaques (6, 8).

Cu2+-induced oxidative stress may also cause upregulation of
Aβ as an antioxidant response (13, 78), and this has led to a
modified amyloid cascade hypothesis (13, 14). Themechanism by
which Aβ oligomers and fibers are toxic to neuronal cells is
not well-established, although toxicity seems to be regulated by
H2O2 (12). The most likely source of H2O2 and hydroxyl radicals
is redox cycling of Cu2+ ions (9), induced by the physiological
levels of extracellular ascorbate (13). It is well established that
Cu2+ ions will bind to Aβ (monomeric and fibrillar) in a redox-
active form (13, 15, 79, 80). Indeed, an important study has
recently shown that transfer of Cu2+ from Aβ to the redox-
inactive metallothionein-3 removes Aβ’s neurotoxic pro-
perties (16). Diffusible oligomers of Aβ could direct Cu2+ ions
to the neuronal cell surfacewhereCu2+would generate hydrogen
peroxide and hydroxyl radicals. Indeed, Aβ oligomers are found
clustered at synaptic termini (81) and cause memory loss due to
synapse failure (3). Redox-active copper ions clustered at synap-
tic terminals will cause lipid peroxidation at the cell membrane
and so compromise cell integrity (13, 15), leading to the neuron
loss characteristic of Alzheimer’s disease.

The Cu2+ affinity reported here for Aβ(1-42) with an
apparent (conditional) dissociation constant at pH 7.4 between
6 and 60 pM is a number of orders of magnitude greater than
values in recent reports. This affinity is considerably greater than
the extracellular Cu2+ concentration within cerebrospinal fluid
(CSF) and extracellular brain interstitial fluid, which is typically
250 nM (82, 83). Furthermore, levels of Cu2+ are found to be as
much as 1000 times higher at the synapse (6) and within plaques
(6, 84). Although serumalbumin is at lower levels in theCSF than
blood plasma, at 3 μM, much of the Cu2+ is still likely to be
bound to serum albumin, which has aKd of 1.0 pM for Cu2+ ions
at pH 7.4 (85, 86). However, it is notable that the difference in
affinity between albumin and Aβ is only a single order of
magnitude. Additionally, at the synaptic cleft, fluxes of Cu2+

ions may be as high as 250 μM during neuronal depolarization
(ref84) which is 2 orders of magnitude higher than the concen-
tration of albumin. In these instances, albumin, and other copper
binding proteins such as metallothionein-3, would be saturated
with Cu2+ ions. Aβ, which is released from neuronal cells at the
synapse (81), would therefore be able to bind fluxes of Cu2+

released during cellular depolarization. This higher affinity also
has implications for the current interest in Cu2+ chelators, which
have shown some efficacy as a treatment for AD (26-28).
Potential chelators should have an affinity for Cu2+ 1 order of
magnitude higher than that ofAβ, placing an ideal affinity at 1012

M-1, comparable to that of human serum albumin.
Our studies have made a significant contribution to under-

standing Cu2+ coordination and affinity in both monomeric and
fibrillar form. The re-evaluation of the affinity of Cu2+ for Aβ to
picomolar levels adds weight to Cu2+ playing a central role in the
formation of fibers, as well as the neurotoxic effects of redox-
active Cu2+ ions bound to diffusible Aβ oligomers.
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SUPPORTING INFORMATION AVAILABLE

Six figures showing (1) electron microscopy image of fibrils
and ThT fibril growth curve of seeded and nonseeded amyloid-β
peptide, (2) calculations for dissociation constants, (3) pH
dependence of Aβ(1-28), (4) Aβ(1-42) with 20% (v/v) metha-
nol, (5) temperature dependence of Aβ(1-28), and (6) visible CD
spectra of Cu(L-histidine)2 with Aβ(1-42) present. This material
is available free of charge via the Internet at http://pubs.acs.org.
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