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Alzheimer’s disease (AD) is becoming a rapidly growing health problem, as it is one of the main causes of dementia
in the elderly. Interestingly, copper(II) (together with zinc and iron) ions are accumulated in amyloid deposits,
suggesting that metal binding to A� could be involved in AD pathogenesis. In A�, the metal binding is believed to
occur within the N-terminal region encompassing the amino acid residues 1-16. In this work, potentiometric,
spectroscopic (UV-vis, circular dichroism, and electron paramagnetic resonance), and electrospray ionization mass
spectrometry (ESI-MS) approaches were used to investigate the copper(II) coordination features of a new polyethylene
glycol (PEG)-conjugated A� peptide fragment encompassing the 1-16 amino acid residues of the N-terminal
region (A�(1-16)PEG). The high water solubility of the resulting metal complexes allowed us to obtain a complete
complex speciation at different metal-to-ligand ratios ranging from 1:1 to 4:1. Potentiometric and ESI-MS data
indicate that A�(1-16)PEG is able to bind up to four copper(II) ions. Furthermore, in order to establish the coordination
environment at each metal binding site, a series of shorter peptide fragments of A�, namely, A�(1-4), A�(1-6),
AcA�(1-6), and AcA�(8-16)Y10A, were synthesized, each encompassing a potential copper(II) binding site. The
complexation properties of these shorter peptides were also comparatively investigated by using the same experimental
approach.

Introduction

In order to be functionally active, a protein has to acquire
a unique 3D conformation via a folding, which is originated
by the primary amino acid sequence and the cellular
environment.1 A small error in the folding process results
in a misfolded structure, which can sometimes be lethal.2,3

Protein misfolding is believed to be the primary cause of
Alzheimer’s disease (AD), Parkinson’s disease (PD), Hun-

tington’s disease (HD), Creutzfeldt-Jakob disease (CJD),
and many other degenerative and neurodegenerative disor-
ders,4 called conformational diseases.5 The most common
feature of all of the neurodegenerative disorders is the
occurrence of brain lesions, formed by the intra- or extra-
cellular accumulation of misfolded, aggregated, and ubiq-
uitinated proteins.6,7 For AD, PD, and CJD, a few cases are
familial or inherited, but the remainder are sporadic in nature.
Alzheimer’s disease is the most common form of cerebral
degeneration leading to dementia. The key neuropathological
features of AD are the extracellular deposition of A� and
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neurofibrillar tangles in the brain.8 A central process of A�
is the cleavage of 39-42 amino acid peptides9,10 from an
otherwise normal membrane protein.11 A� forms amyloid
fibrils that are insoluble under physiological conditions.12

The aggregation of A� into cytotoxic amyloid fibers or
protofibrils may be a factor in AD-related neuronal
apoptosis.13-15

Several studies have been focused on the A� transition
from a monomeric random coil conformation to an ag-
gregated �-sheet secondary structure. It has been shown that
amyloid aggregation may have different origins including
primary sequences,16 peptide concentration,17 pH,18 mem-
brane lipids,19,20 protein complexation,21 glycation,22 and
transition metal ions.23-27 Proton-induced X-ray emission
studies have revealed elevated levels of Cu2+ and Zn2+ within
the amyloid plaques.28,29 More recently, a “metallomic map”
has been obtained in A� amyloid plaques by means of
noninvasive and nondestructive analytical tools coupled with
laser capture microdissection.30 Synchrotron-based infrared
and X-ray imaging showed a strong spatial correlation

between elevated �-sheet content in A� plaques and ac-
cumulated Cu and Zn ions, thus emphasizing an association
of metal ions with amyloid formation in AD.31 Recent data
also indicate that transition metal ion dyshomeostasis in the
brain is closely associated with AD: (i) endogenous synaptic
zinc contributes to cerebral amyloid deposition in APP2576
transgenic mice;32 (ii) trace amounts of copper in water
induce A� amyloid plaques and learning deficits in an AD
rabbit model.33 However, both dietary Cu exposure and
endogenous Cu elevation reduce the A� amyloid burden in
ViVo34,35 and inhibit the aggregation of A� peptide 1-42 in
Vitro.36 Like copper, the zinc appears to have a dual effect
on A� activity, also showing a protective role against the
toxicity of the amyloid peptide.37 The view outlined above
has been further complicated by findings indicating that the
�-amyloid accumulation in AD transgenic mice is markedly
and rapidly inhibited by treatment with clioquinol, a
copper-zinc chelator.38,39 A recent paper stresses the useful-
ness of clioquinol as a “metal-protein attenuation com-
pound” for treating AD, showing at the same time that Cu2+

and Zn2+ but not Fe3+ render the amyloid �-peptide,
A�(1-40), nonfibrillogenic in nature.40 All of these data
suggest an intricate role for copper(II) and zinc(II) in AD
metallobiology. To understand whether particular features
in the coordination environments of metal ions might
modulate amyloid assembly morphology, with important
consequences for cellular toxicity, the binding sites, the
conformational changes, and affinity constants of Cu2+ and
Zn2+ complexes with A� or peptide fragments thereof have
been investigated.41 Similarly to the above-described biologi-
cal scenario, conflicting chemical and biophysical results
have been reported: different coordination modes, stability
constant values, and metal-assisted polypeptide secondary
structure changes have been proposed.42-51

The 1-16 residue domain is generally considered the
binding region for the copper(II) ion in A�(1-42), but only
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little potentiometric data have been reported, and all of the
results were obtained from experiments carried out at a 1:1
metal-to-peptide ratio, also for a number of peptide fragments
of A�(1-16).52-55 Other studies have highlighted the fact
that the A� can host three to four copper ions per peptide
molecule,24,48 but the precipitate formation did not allow the
investigation of the formation of dinuclear or trinuclear
species, using potentiometry, and unambiguous assignment
of the related metal ions’ coordination environment.41

It is known that the conjugation with the polyethylene
glycol (PEG) moiety enhances the solubility of certain
hydrophobic peptides including the A�(10-35).56,57 Thus,
a new A�(1-16) conjugate, bearing a PEG moiety at the
C-terminus, A�(1-16)PEG, was synthesized, allowing the
metal complex speciation at different metal-to-ligand ratios
to be obtained. Both potentiometric and spectroscopic
[UV-vis, circular dichroism (CD), and electron paramag-
netic resonance (EPR)] studies were carried out in aqueous
solution. Furthermore, in order to elucidate the structure of
the metal ion complexes formed in the A�(1-16) region at
various metal-to-ligand ratios, we resort to a comparative
study by investigating a series of shorter and single-point
mutated peptide analogues. Thus, the wild-type peptide
A�(1-16); its mutant A�(1-16)Y10A; and the A�(1-4),
A�(1-6), Ac-A�(1-6), and Ac-A�(8-16)Y10A peptide
fragments were also studied to assess the involvement of
the amino N-terminus, the carboxylate group of different Asp
and Glu residues, as well as the different histidine imidazoles
and the tyrosine OH group in the binding to copper(II).

Experimental Section

General. All N-fluorenylmethoxycarbonyl (Fmoc)-protected
amino acids, 2-(1-H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tatrafluoroborate (TBTU), O-(N-Fmoc-2-aminoethyl)-O′-(2-car-
boxyethyl)-undecaethyleneglycol (PEG), and NovaSyn TGR resin
were obtained from Novabiochem (Switzerland); Fmoc PAL-PEG
resin, N,N-diisopropyl-ethylamine (DIEA), N-[(dimethylamino)-
1H-1,2,3-triazolo[4,5-b]pyridine-1-ylmethylene]-N-methylmetha-
naminium hexafluorophosphate N-oxide (HATU), and a 20%
piperidine-N,N-dimethylformamide (DMF) solution were obtained
from Applied Biosystems. N-hydroxybenzotriazole (HOBt), triiso-
propylsilane (TIS), and trifluoroacetic acid (TFA) were purchased
from Sigma/Aldrich. DMF (peptide-synthesis-grade) was obtained
from Labscan Analytical Sciences. All other chemicals were of the
highest available grade and were used without further purification.

Preparative reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) was carried out using a Varian PrepStar 200
model SD-1 chromatography system equipped with a Prostar
photodiode array detector with detection at 222 nm. Purification
was carried out eluting with solvents A (0.1% TFA in water) and
B (0.1% TFA in acetonitrile) on a Vydac C18 250 × 22 mm (300
Å pore size, 10-15 µm particle size) column, at a flow rate of 10
mL/min. Analytical RP-HPLC analyses were performed using a
Waters 1525 instrument equipped with a Waters 2996 photodiode
array detector with detection at 222 nm. The peptide samples were
analyzed using gradient elution with solvents A and B on a Vydac
C18 250 × 4.6 mm (300 Å pore size, 5 µm particle size), run at a
flow rate of 1 mL/min.

Peptide Synthesis and Purification. The A�(1-16), the
A�(1-16)PEG, and the A�(1-16)Y10A peptides were assembled
by standard solid-phase-peptide synthesis on a Pioneer Peptide
Synthesizer. All of the amino acid residues were introduced
according to the HATU/DIEA activation method for Fmoc chem-
istry on Fmoc PAL-PEG resin (substitution 0.18 mmol/g). All of
the coupling reactions were carried out under a 4-fold excess of
amino acid at every cycle. Fmoc deprotection was achieved at every
cycle with 20% piperidine solution in DMF.

The A�(1-4), the A�(1-6), the Ac-A�(1-6), and the Ac-
A�(8-16)Y10A peptides were synthesized by using microwave-
assisted solid-phase-peptide synthesis technology on a Liberty
Peptide Synthesizer. Amino acid derivatives were introduced
according to the TBTU/HOBt/DIEA method on NovaSyn TGR
resin (substitution 0.18 mmol/g) following the procedure depicted
in Scheme 1.

All of the coupling reactions were carried out under a 4-fold
excess of amino acid at every cycle. The following instrumental
conditions were used for each coupling cycle: microwave power,
25 W; reaction temperature, 75 °C; coupling time, 300 s. Fmoc
deprotection was achieved at every cycle with a 20% piperidine
solution in DMF, using the instrumental conditions: microwave
power, 25 W; reaction temperature, 75 °C; deprotection time, 180 s.
N-terminal acetilation of the Ac-A�(1-6) and the Ac-
A�(8-16)Y10A was performed by treating the fully assembled and
protected peptide resins (after removal of the N-terminal Fmoc
group) with a solution containing acetic anhydride (6% v/v) and
DIEA (5% v/v) in DMF.

The peptides were cleaved from their respective resins and
simultaneously deprotected by treatment with a mixture of TFA/
TIS/H2O (95/2.5/2.5 v/v) for 2 h at room temperature. Each solution
containing the free peptide was separated from the resin by filtration
and concentrated in Vacuo at 30 °C. All peptides were precipitated
with cold freshly distilled diethyl ether. The precipitate was then
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filtered, dried under a vacuum, redissolved in water, and lyophilized.
The crude peptides were purified by preparative RP-HPLC, as
described below.

AspAlaGluPheNH2 [A�(1-4)]. The preparative RP-HPLC
process: from 0 to 5 min, isocratic elution in 100% of A; then, a
linear gradient from 0% to 18% B for 10 min; finally, isocratic
elution in 18% B from 15 to 25 min [Rt ) 22.9 min]. The analytical
RP-HPLC process: from 0 to 5 min, isocratic elution in 100% A;
then, a linear gradient from 0 to 18% B for 10 min; finally, isocratic
elution in 18% B from 15 to 20 min [Rt ) 18 min]. ESI-MS
observed m/z: (M + H)+ 480.4, (M + Na)+ 502.3. Calculated for
C21H29N5O8 ) 479.2.

AspAlaGluPheArgHisNH2 [A�(1-6)]. The preparative RP-
HPLC process: from 0 to 5 min, isocratic elution in 100% of A;
then, a linear gradient from 0% to 14% B for 10 min; finally,
isocratic elution in 14% B from 15 to 25 min [Rt ) 23.0 min]. The
analytical RP-HPLC process: from 0 to 5 min, isocratic elution in
100% A; then, a linear gradient from 0 to 14% B for 10 min; finally,
isocratic elution in 14% B from 15 to 20 min [Rt ) 19.3 min].
ESI-MS observed m/z: (M + H)+ 773.5, (M + 2H)2+ 387.3.
Calculated for C33H48N12O10 ) 772.4.

AcAspAlaGluPheArgHisNH2 [Ac-A�(1-6)]. The analytical
RP-HPLC process: from 0 to 5 min, isocratic elution in 100% A;
then, a linear gradient from 0 to 30% B for 25 min; finally, isocratic
elution in 30% B from 30 to 35 min [Rt ) 20.5 min]. ESI-MS
observed m/z: (M + H)+ 815.5, (M + 2H)2+ 408.3 Calculated for
C35H50N12O11 ) 814.4.

AcSerGlyAlaGluValHisHisGlnLysNH2 [Ac-A�(8-16)Y10A].
The preparative RP-HPLC process: from 0 to 5 min, isocratic
elution in 100% of A; then, a linear gradient from 0% to 17% B
for 10 min; finally, isocratic elution in 17% B from 15 to 25 min
[Rt ) 19.9 min]. The analytical RP-HPLC process: from 0 to 5
min, isocratic elution in 100% A; then, a linear gradient from 0 to
17% B for 10 min; finally, isocratic elution in 17% B from 15 to

20 min [Rt ) 15.4 min]. ESI-MS observed m/z: (M + H)+ 1033.5,
(M + 2H)2+ 517.3, (M + 3H)3+ 345.3. Calculated for C43H68N16O14

) 1032.5.
AspAlaGluPheArgHisAspSerGlyTyrGluValHisHisGlnLys-

NH2 [A�(1-16)]. The preparative RP-HPLC process: from 0 to
5 min, isocratic elution in 5% of B; then, a linear gradient from
5% to 16% B for 25 min; finally, isocratic elution in 16% B from
30 to 40 min [Rt ) 34.8 min]. The analytical RP-HPLC process:
from 0 to 5 min, isocratic elution in 5% B; then, a linear gradient
from 5 to 16% B for 25 min; finally, isocratic elution in 16% B
from 30 to 35 min [Rt ) 32.8 min]. ESI-MS observed m/z: (M +
H)+ 1954.3, (M + 2H)2+ 977.3, (M + 3H)3+ 652.1. Calculated for
C84H120N28O27 ) 1952.9.

AspAlaGluPheArgHisAspSerGlyTyrGluValHisHisGlnLys-
PEGNH2 [A�(1-16)PEG]. The preparative RP-HPLC process:
from 0 to 8 min, isocratic elution in 5% of B; then, a linear gradient
from 5% to 40% B for 25 min; finally, isocratic elution in 40%
B from 33 to 40 min [Rt ) 28.4 min]. The analytical RP-HPLC
process: from 0 to 5 min, isocratic elution in 5% B; then, a linear
gradient from 5 to 40% B for 25 min; finally, isocratic elution in
40% B from 30 to 35 min [Rt ) 19.3 min]. ESI-MS observed m/z:
(M + 2H)2+ 1277.4, (M + 3H)3+ 852.1, (M + 4H)4+ 639.5.
Calculated for C111H173N29O40 ) 2552.2.

AspAlaGluPheArgHisAspSerGlyAlaGluValHisHisGlnLys-
NH2 [A�(1-16)Y10A]. The preparative RP-HPLC process: from
0 to 5 min, isocratic elution in 5% of B; then, a linear gradient
from 5% to 25% B for 30 min; finally, isocratic elution in 25% B
from 35 to 40 min [Rt ) 26.4 min]. The analytical RP-HPLC
process: from 0 to 5 min, isocratic elution in 5% B; then, a linear
gradient from 5 to 25% B for 30 min; finally, isocratic elution in
25% B from 35 to 40 min [Rt ) 19.4 min]. ESI-MS observed m/z:
(M + H)+ 1861.4, (M + 2H)2+ 931.9, (M + 3H)3+ 621.5, (M +
4H)4+ 466.7. Calculated for C78H116N28O26 ) 1860.8.

Potentiometric and Spectroscopic Measurements. The poten-
tiometric titrations were performed in 3 cm3 samples exploring the
concentration range of 1 × 10-3 to 4 × 10-3 mol dm-3 with metal
ion-to-ligand ratios between 4:1 and 1:2. During the titration, argon
was bubbled through the samples to ensure the absence of oxygen
and carbon dioxide and also to stir the solutions. All measurements
were carried out at 298 K and at a constant ionic strength of 0.2
mol dm-3 KCl. pH measurements were made with a MOLSPIN
pH-meter equipped with a 6.0234.100 combined electrode (Metro-
hm) and a MOL-ACS microburette controlled by a computer. The
recorded pH values were converted into hydrogen ion concentration
as described elsewhere.58 Stability constants (log �pqr for MpHqLr)
were calculated by the general computational programs PSE-
QUAD,59 SUPERQUAD,60 and HYPERQUAD.61

UV-vis spectra of complexes were recorded on a Hewlett-
Packard HP 8453 diode array spectrophotometer in the same
concentration range as used for potentiometry. UV-vis spectra of
the systems were recorded at different metal ion-to-ligand ratios
in a wide pH range, and it made possible the calculation of the
molar absorptivities of the individual species. This calculation was
performed by the PSEQUAD59 computer program using the spectra
measured at different pH values and the total concentration of all
components and the potentimetrically determined stability constants.

(58) Irving, H.; Miles, G.; Malcolm, G.; Pettit, L. D. Anal. Chim. Acta
1967, 38, 475–488.

(59) Zékány, L.; Nagypál, I. In Computational Methods for the Determi-
nation of Formation Constants; Leggett, D. J. Ed.; Plenum Press: New
York, 1985; pp 291-355.

(60) Gans, P.; Sabatini, A.; Vacca, A. J. Chem. Soc., Dalton Trans. 1985,
1195–1200.

(61) Gans, P.; Sabatini, A.; Vacca, A. Talanta 1996, 43, 1739–1753.

Scheme 1. General Scheme of a Standard Solid Phase Peptide
Synthesis
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All of the CD measurements were carried out at 25 °C under a
constant flow of nitrogen on a JASCO model J-810 spectropola-
rimeter. The CD spectra of copper(II) complexes were recorded in
the 300-800 nm range, and the spectra of the individual species
were calculated with the PSEQUAD program.59 Far-UV CD
measurements were carried out at different pH values, using 1-mm-
path-length cuvettes. The CD spectra of the free peptide ligands
were recorded in the UV region (190-260 nm), whereas those in
the presence of Cu2+ were obtained in the wavelength ranges of
190-380. The spectra represent the average of 10 scans. All of
the solutions were freshly prepared using deionized water. A Bruker
Elexsys E500 CW-EPR spectrometer driven by a PC running the
xEpr program under Linux and equipped with a Super-X microwave
bridge operating at 9.3-9.5 GHz and a SHQE cavity was used
throughout this work. All EPR spectra of frozen solutions of
copper(II) complexes were recorded at 150 K by means of a
variable-temperature apparatus. Copper(II) complex aqueous solu-
tions [(1.0-1.3) × 10-3 mol dm-3] were prepared starting from
63Cu(NO3)2 and the pertinent peptide varying the pH by adding
NaOH followed by the addition of a small amount of methanol
(not exceeding 10%) to them. Different metal-to-ligand ratios were
also explored, ranging from 1:1 to 2:1. The EPR parameters were
obtained directly from the experimental spectra obtained at the
maximum concentration of the particular species for which well-
resolved separations were observed.

Electrospray Mass Spectrometry (ESI-MS). ESI-MS spectra
were recorded on a Finnigan LCQ Deca XP ion trap using an
electrospray ionization (ESI) interface. Peptide solutions were
introduced into the ESI source via 100 µm i.d. fused silica, using
a 500 µL syringe. The spectra were acquired in the positive ion
mode, and the instrumental conditions were as follows: needle
voltage, 2.5 kV; flow rate, 3-5 µL/min; source temperature,
250-300 °C; m/z range, 50-4000; cone potential, 46 V; tube lens
offset, 15 V. The metal complex solutions were prepared by
dissolving the peptide and CuSO4 (5 × 10-5 mol dm-3 in Milli-Q
water) at 1:1, 1:2, 1:3, and 1:4 L/Cu(II) ratios and were investigated
in the 3-10.5 pH range, adjusting the pH values by adding HCl or
NaOH.

Because of the isotopic distribution of elements, molecular
species are detected in the mass spectra as clusters of peaks. To
simplify their assignments, the m/z values indicated in the spectra
and in the text correspond to the first (lowest-mass) peak of each
cluster.

Results and Discussion

The A�(1-16)PEG Conformational Features and Its
Metal Hosting Capability. The amino acid sequences of
the amyloid-� peptide fragments are shown in Scheme 2.

Previous studies on the complexes of amyloid-� peptide,
A�(1-42), indicated that the primary metal binding sites are
located in the N-terminal region of the peptide. As a
consequence, the N-terminal hexadecapeptide fragment
A�(1-16) is a suitable model to study the interaction of
transition metal ions with the native peptide molecule.41 The
PEG-peptide conjugate was assembled using an O-(N-Fmoc-
2-aminoethyl)-O′-(2-carboxyethyl)-undecaethylene glycol,
which allowed us to employ the solid-phase-peptide synthesis
strategy to link the PEG moiety at the C-terminus of
A�(1-16) by means of an amide bond. Both the peptide
derivative A�(1-16)PEG and its copper(II) complexes are
well soluble in a water solution under all of the experimental
conditions employed in the present study.

Furthermore, comparative CD experiments on A�(1-16)-
PEG and wild-type A�(1-16) were performed to evaluate
any influence of the PEG conjugation on the conformational
properties of the peptide fragment (Figure 1).

The CD spectra reveal that both A�(1-16)PEG and
A�(1-16) are in a random-coil conformation in the 4-11
pH range, suggesting that the PEG conjugation does not
introduce substantial differences in the conformational
properties of the peptide chains at any pH value. In addition,
far-UV CD experiments were also carried out in the presence
of copper(II). The low concentrations required by these
measurements allow us to determine the stoichiometry of
copper(II) complexes with A�(1-16); the ability of the wild-
type peptide to host four copper(II) equivalents is equal to
that of the A�(1-16)PEG (see Figure 1S in the Supporting
Information).

Protonation Equilibria and Copper(II) Complexes of
the N-Terminal Peptide Fragments of Amyloid-� Pep-
tide. A literature survey62-65 on the metal binding affinity
and selectivity of peptide complexes reveals that both
terminal amino and His6 imidazole side chains can be the
major binding sites of the N-terminally free hexapeptide

(62) Sigel, H.; Martin, R. B. Chem. ReV. 1982, 82, 385–426.
(63) Sóvágó, I. In Biocoordination Chemistry: Metal Complexes of Peptides

and DeriVatiVes; Burger, K. Ed.; Ellis Horwood: Chichester, U.K.,
1990; pp 135-184.

(64) Kozlowski, H.; Bal, W.; Dyba, M.; Kowalik-Jankowska, T. Coord.
Chem. ReV. 1999, 184, 319–346.

(65) Sóvágó, I.; Ösz, K. Dalton Trans. 2006, 3841–3854.

Scheme 2. Amino Acid Sequences of the Peptide Fragments of
Amyloid-� Polypeptide
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A�(1-6). Therefore, it would be useful to comparatively
study the other two peptides, namely, Ac-A�(1-6) and
A�(1-4), in which only one of the functional groups is
available for metal ion coordination. The protonation con-
stants of the three ligands and the stability constants of their
copper(II) complexes were determined by potentiometric
measurements, and the values are collected in Table 1S (see
the Supporting Information).

It is clear from Table 1S that the amino groups show the
highest basicities in both N-terminally free peptides, while
the pK values of imidazole functions are 6.27 and 6.46 for
A�(1-6) and Ac-A�(1-6), respectively, and both cor-
respond well to those of other monohistidine ligands.
Deprotonation of the carboxylic functions takes place in
overlapping processes in a slightly acidic solution, but
aspartyl residues are generally more acidic than glutamic
acid. The increased acidities of the imidazolium and car-
boxylic groups of A�(1-6), as compared to those of the other
two ligands, probably come from the double positive charge
of [H4L]2+ of A�(1-6).

The major difference in the complex formation processes
of the three ligands is linked to the formation of dinuclear
complexes with A�(1-6), Vide infra. This observation

indicates that both the terminal amino group and the histidyl
residue can act as independent metal binding sites and the
complex formation processes of A�(1-6) can be considered
as a superimposition of those of Ac-A�(1-6) and A�(1-4).
Thus, it is better to clarify the complex formation processes
of the other two ligands first.

Copper(II)-A�(1-4) System. Stability constants of
copper(II) complexes have already been listed in Table 1S,
while the spectral parameters of the major species are
included in Table 2S (see the Supporting Information).

The pK value of the protonated complex [CuHL]+ is 4.30,
supporting the hypothesis that the γ-carboxylic group of
glutamic acid is protonated in this species. The metal binding
of [CuHL]+ can be described via either (NH2,CO) or
(NH2,COO-) coordination modes. The former is character-
istic of simple oligoglycines,66 while the latter is character-
istic for peptides containing N-terminal aspartyl residues,67

as the A�(1-4). The stability constant of [CuHL]+ strongly
supports the (NH2,COO-) binding mode in which the
�-carboxylate function of Asp1 forms a six-membered
chelate with the terminal amino group (the value log � )
5.56 and 6.56 were reported for the [CuL] species of
GlyGly66 and AspAla,67 respectively). The deprotonation of
[CuHL]+ is accompanied by a slight red shift of the
absorption maximum, suggesting a weak axial interaction
of the free glutamyl carboxylate function in the resulting
[CuL] complex species. No CD activity can be observed in
this pH range, supporting that the amide groups are not
involved in metal binding in the species [CuHL]+ and [CuL].
Further deprotonation reactions are, however, accompanied
by significant blue shifts of the absorption maximum,
supporting the presence of one, two, and three deprotonated
amide nitrogens in the species [CuH-1L]-, [CuH-2L]2-, and
[CuH-3L]3-, respectively. The pK values reported for the
subsequent deprotonation of the amide functions of tetrag-
lycine are 5.56, 6.91, and 9.18.66 The comparison of these
values with those listed for A�(1-4) in Table 1S (pK(n/m)
values) reveals that the enhanced stability of the [CuL]
species slightly shifts to higher pH values with the binding
of the first amide function, but the other values are quite
similar to those of the most common tetrapeptides. CD
activity of the complexes was observed above pH 6, and
the values reported for [CuH-2L]2- and [CuH-3L]3- in Table
2S are in good agreement with other 3N- and 4N-coordinated
copper(II) complexes. As a consequence, it can be unam-
biguously stated that complex formation processes of A�(1-4)
are quite similar to those of other common tetrapeptides, with
the exception of a slight stability enhancement caused by
the presence of an N-terminal aspartyl residue.

Copper(II)-Ac-A�(1-6) System. The stability constants
obtained for the complexes formed in the copper(II)-Ac-
A�(1-6) system are listed in Table 1S and suggest a
speciation similar to that of A�(1-4) or simple oligopeptides.
The species distribution diagram of the system (see Figure 2S

(66) Kállay, C.; Várnagy, K.; Micera, G.; Sanna, D.; Sóvágó, I. J. Inorg.
Biochem. 2005, 99, 1514–1525.

(67) Sóvágó, I.; Sanna, D.; Dessi, A.; Várnagy, K.; Micera, G. J. Inorg.
Biochem. 1996, 63, 99–117.

Figure 1. Far-UV CD spectra of (a) A�(1-16)PEG (c ) 1.0 × 10-4 mol
dm-3) and (b) A�(1-16) (c ) 1.0 × 10-4 mol dm-3) in H2O at different
pH values. An enlargement of the 216-260 wavelength region is shown in
the insets.
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in the Supporting Information), however, reveals some
differences too, suggesting the different binding modes of
the two ligands. On one hand, A�(1-4) is a more effective
metal binder than Ac-A�(1-6); for example, about 90% of
copper(II) is free in the copper(II)-Ac-A�(1-6) system at
pH 4, while this value is only 50% for A�(1-4). On the
other hand, deprotonation and metal ion coordination of the
amide functions take place in well-separated reactions for
A�(1-4), while cooperative deprotonation of the first two
amide functions is characteristic for Ac-A�(1-6). Similar
coordination features have been reported for the copper(II)
complexes of peptide fragments of prion proteins, when the
blocked N-termini and the histidyl residues are well separated
in the peptides.68-70 The spectroscopic data collected in
Table 2S also support this conclusion.

The low concentrations of [CuHL]+ and [CuH-1L]- rule
out the calculation of CD and EPR spectral parameters for
these species, but the visible spectra indicate the complex-
ation of copper(II) above pH 4. The CD activity of d-d
bands, however, appears only in parallel with the formation
of the 3N complex ([CuH-2L]2-). The stability constant value
of [CuL] indicates the involvement of the imidazole residue
and the carboxylate functions of Asp and Glu residues in
the form of a macrochelate. This is best reinforced by
comparing these data with those of prion fragments. For the
monohistidine prion fragments, in which no additional donor
sites were available for metal binding, log � ∼ 3.6-4.0
values were reported for the Cu-Nim bonded species, and
the absorption maxima appeared at 760-770 nm.70 As a
consequence, the values in Table 2S for [CuL] are in
agreement with the coordination of the 1N donor atom
supported by weak equatorial interaction of the carboxylate
function(s). At the same time, the comparison of both
equilibrium and spectroscopic data (see λmax and EPR values
in Table 2S) of [CuH-2L]2-and [CuH-3L]3- reveal that the
coordination modes of Ac-A�(1-6) are the same as those
of prion fragments, that is, (N-,N-,Nim) and (N-,N-,N-,Nim)
for [CuH-2L]2- and [CuH-3L]3-, respectively.

Copper(II)-A�(1-6) System. The formation of both
mono- and dinuclear complexes represents the most impor-
tant feature of the coordinating properties of the N-terminally
free hexapeptide A�(1-6). Previous studies on the copper(II)
complexes of some other N-terminal fragments of the
amyloid-� peptide suggested the exclusive formation of
mononuclear complexes in these systems.53,55 However, it
is important to emphasize that the earlier studies were
performed at equimolar concentrations of the metal ion and
ligand where mononuclear species predominate. Our studies
performed at different metal ion-to-ligand ratios, however,

provide an unambiguous proof of the existence of dinuclear
species but, at the same time, preclude the formation of
bis(ligand) complexes.

Stability constants of the copper(II) complexes are included
in Table 1S, while the corresponding speciation curves at a
metal ion-to-ligand ratio of 2:1 are shown in Figure 2.

Taking into account the results obtained for A�(1-4) and
Ac-A�(1-6), it can be stated that there are at least two
primary binding sites in A�(1-6). The comparison of the
stability constants of these ligands clearly indicates that the
amino terminus is a more effective anchoring site for metal
binding. This suggests that the six-membered chelate with
the coordination of the aspartyl amino and carboxylate
functions is the common coordination mode of at least three
species, [CuH2L]2+, [CuHL]+, and [CuL] in slightly acidic
solutions. Both side-chain glutamyl carboxylate and histidyl
imidazole functions are protonated in the [CuH2L]2+ species.
Taking into account the pK values of these functions, a log
K ) 6.91 can be obtained for the (NH2,COO-) binding,
which is in good agreement with the stability constants of
�-alanine (log �1 ) 6.99 ( 0.07 was recommended for
[CuL]+ species of �-alanine).71 Similarly, the species [Cu-
HL]+ can be described by the protonation of the imidazole-N
donor atom, and the corresponding stability constant (log K
) 6.89) supports the exclusive binding of the terminal amino
and carboxylate functions. On the other hand, the deproto-
nation of the imidazolium side chain increases the thermo-
dynamic stability of this coordination mode, supporting the
fact that imidazole-N of A�(1-6) forms a macrochelate in
[CuL]. Since the deprotonation reactions of the complexes
largely overlap, the spectral parameters were calculated only
for the major species (see Table 2S), and they provide further
support for the existence of macrochelates.

The lack of CD activity of d-d bands below pH 5.5 rules
out the possibility of amide binding in the [CuL] species,
but the transformation of the di- and monoprotonated
complexes to the [CuL] species is accompanied by a

(68) Di Natale, G.; Grasso, G.; Impellizzeri, G.; La Mendola, D.; Micera,
G.; Mihala, N.; Nagy, Z.; Ösz, K.; Pappalardo, G.; Rigó, V.; Rizzarelli,
E.; Sanna, D.; Sóvágó, I. Inorg. Chem. 2005, 44, 7214–7225.

(69) Grasso, D.; Grasso, G.; Guantieri, V.; Impellizzeri, G.; La Rosa, C.;
Milardi, D.; Micera, G.; Ösz, K.; Pappalardo, G.; Rizzarelli, E.; Sanna,
D.; Sóvágó, I. Chem.sEur. J. 2006, 12, 537–547.

(70) Jószai, V.; Nagy, Z.; Ösz, K.; Sanna, D.; Di Natale, G.; La Mendola,
D.; Pappalardo, G.; Rizzarelli, E.; Sóvágó, I. J. Inorg. Biochem. 2006,
100, 1399–1409.

(71) Sóvágó, I.; Kiss, T.; Gergely, A. Pure Appl. Chem. 1993, 65, 1029–
1080.

Figure 2. Species distribution of the complexes formed in the copper(II)-
A�(1-6) system (cCu(II) ) 4 × 10-3 mol dm-3, cL ) 2.0 × 10-3 mol dm-3).

A New PEG-Conjugated A�(1-16) Peptide Fragment

Inorganic Chemistry, Vol. 47, No. 20, 2008 9675



significant blue shift of the absorption maximum in agree-
ment with the increased number of coordinated nitrogen
donors in the latter species.62

CD spectra provide an unambiguous proof of the existence
of Cu-N(amide) bonds in [CuH-1L]-, [CuH-2L]2-, and
[CuH-3L]3- species.62 There are two major possibilities for
the development of these binding modes: from the N-
terminus, as reported for A�(1-4), or from the histidyl
residue, as shown for Ac-A�(1-6). Both equilibrium and
spectroscopic data reveal that the amide binding starts from
the N-terminus in the species [CuH-1L]- and [CuH-2L]2-,
while a coordination equilibrium exists in the 4N complexes,
[CuH-3L]3-. In equimolar solutions, [CuH-1L]- is the
predominating complex at physiological pH (see Figure 3S
in the Supporting Information), while it is practically missing
in the copper(II)-Ac-A�(1-6) system. Therefore, its coor-
dination mode is best described with the (NH2,N-,Nim)
binding sites in which the (NH2,N-) five-membered chelate
is assisted by the macrochelation with the Nim donor of the
His6 residue. The most convincing proof for the existence
of such a macrochelate comes from the EPR spectroscopic
parameters (See Table 2S). Indeed, the relatively low g| and
A| values support the coordination of 3N donor atoms in a
highly distorted environment. Similar data have already been
published for the copper(II) complexes of GlynHis peptides,
for example, g| ) 2.230 and A| ) 156 (× 10-4 cm-1) values
were reported for the [CuH-1L]- species of Gly5His contain-
ing the same (NH2,N-,Nim) coordination mode.72 The far-
UV CD spectra of A�(1-6), in the 6-8 pH range (Figure
3), show that the addition of an equimolar amount of
copper(II) causes the appearance of a positive band at
203-205 nm, whereas the initial negative peak at 198 nm
disappears. In addition, an inversion of chirality of the band
at 218-220 nm can be observed in the same pH range (see
inset). These changes match with the formation of the
[CuH-1L]- species, which predominates in the pH range
mentioned above, and are indicative of a metal-induced

structuring effect of the peptide main chain from a random
coil to a �-turn-like conformation, which can occur only as
a consequence of the formation of the macrochelate.

The complex [CuH-3L]3- is a single species above pH
10.0, and its spectral parameters strongly support the
existence of a 4N complex. However, its coordination mode
can be either (NH2,N-,N-,N-) or (N-,N-,N-,Nim). UV-vis
spectra and EPR parameters (See Table 2S) of the complexes
with these binding modes are rather similar to each other,
but there are characteristic differences in their CD spectra.
CD spectra of the [CuH-3L]3- complex of A�(1-6) as
compared to those of A�(1-4) and Ac-A�(1-6) (see
Figure 4S in the Supporting Information) reveal that CD
extrema of A�(1-6) complexes can be obtained from the
superimposition of the other two systems. It means that
coordination isomers of [CuH-3L]3- species exist with the
favored ratio for the (NH2,N-,N-,N-) binding mode. This
is in agreement with the results of a model calculation in
the copper(II)-A�(1-4)-Ac-A�(1-6) ) 1:1:1 ternary
system containing the same binding sites in separated
molecules. In the model system, copper(II) ions distribute
among the two ligands, but the coordination of the N-
terminus (∼ 80%) is favored over the histidyl side chain
(∼20%).

Figure 2 reveals that dinuclear complexes are formed only
above pH 5.5 in parallel with the involvement of amide
functions in metal binding. It is obvious that both chelating
sites, the N-terminus and the histidyl side chain, work as
independent anchoring sites for metal binding with the
subsequent deprotonation and coordination of amide func-
tions. The total number of amide functions in a hexapeptide
is, however, only five, and as a consequence, the highest
deprotonation state of the complexes is [Cu2H-5L]3-, which
is the major species above pH 9. The absorption maximum
of the species [Cu2H-5L]3- appears at 515-520 nm with a
molar absorptivity of 175 M-1 cm-1. The bandwidth is,
however, 150 nm for the dinuclear and only 120 nm for the
mononuclear species. These values strongly suggest that the
[Cu2H-5L]3- stoichiometry is a superimposition of 4N- and
3N-coordinated copper(II) ions for which the absorption
maxima were recorded in the ranges 515-525 and 580-600
nm, respectively. A careful analysis of the CD spectra (see
Figure 4S in the Supporting Information) reveals that the
coordination geometry of [Cu2H-5L]3- is not simply a
mixture of 3N and 4N complexes, but these binding modes
can occur with the involvement of both anchoring groups,
that is, ([NH2,N-,N-,N-] + [N-,N-,Nim]) or ([NH2,N-,N-]
+ [N-,N-,N-,Nim]), with a significant preference for the first
set of donor atoms. The stoichiometries of the other two
dinuclear complexes are [Cu2H-3L]- and [Cu2H-4L]2-,
containing a total of three and four amide donor functions
per ligand, respectively. Taking into account the preferred
cooperative deprotonation of two amide functions starting
from the histidyl residue, it can be hypothesized that two
amide functions mainly come from the histidyl site of the
peptide, and the other one or two coordinated amide nitrogens
are located close to the N-terminus. The EPR experiments
provide further support for dinuclear complex formation. In

(72) Várnagy, K.; Szabó, J.; Sóvágó, I.; Malandrinos, G.; Hadjiliadis, N.;
Sanna, D.; Micera, G. J. Chem. Soc., Dalton Trans. 2000, 467–472.

Figure 3. Far-UV CD spectra of the copper(II)-A�(1-6) system (cA�(1-6)

) cCu(II) ) 3.3 × 10-5 mol dm-3) in H2O at different pH values. Inset:
Plots of [θ]203 (open circle) and [θ]220 (closed square) vs pH.
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particular, the significant line broadening of the EPR spectra
at g ∼ 2 and the detection of ∆M ) 2 resonances are
indicative of a dipolar-type interaction between the metal
ions (Figure 4).

ESI-MS experiments, carried out on the copper(II)-A�-
(1-6) system in the 5-9 pH range, show species stoichi-
ometries in agreement with those found by means of
potentiometric investigations (see Table 3S in the Supporting
Information).

Protonation Equilibria and Copper(II) Complexes of
Ac-A�(8-16)Y10A. The nonapeptide Ac-A�(8-16)Y10A
represents the internal part of the amyloid-� peptide contain-
ing two neighboring histidyl residues (His13 and His14) as
the most effective anchoring sites for metal binding. In the
native molecule, a tyrosyl residue is located in position 10,
but as will be discussed later, this moiety is not a metal
binding site; we used a mutated peptide in which the tyrosine
is replaced by an alanine residue to demonstrate this. There
are, however, two additional side-chain donor functions,
Glu11 and Lys16, which may also take part in acid-base
reactions. Protonation constants of the ligand and the stability
constants of the copper(II) complexes are included in Table
4S (see the Supporting Information), while Figure 5S (see
the Supporting Information) shows the metal ion speciation
at different metal ion-to-ligand ratios.

There are four protonation sites in this ligand. Among
them, the lysyl amino group is the most basic, while
protonation of the two histidyl residues takes place in
overlapping processes. The average value for the protonation
of the imidazole functions is pK ) 6.35, which is very close
to other His residues in peptides, for example, to those of
Ac-A�(1-6) and A�(1-6). The acidity of the glutamyl
γ-carboxylic function is also in a good agreement with other
peptides of glutamic acid.66

The 1:1 complexes are present in six different protonation
states (from [CuH2L]3+ to [CuH-3L]2-), and they are formed
in overlapping processes (Figure 5Sa in the Supporting
Information). Complex formation starts above pH 4, sug-
gesting that the carboxylate function of the glutamyl residue
is deprotonated in the various complexes, while the depro-
tonation of the noncoordinated lysyl ammonium group takes

place only above pH 10 in parallel with the deprotonation
of the free ligand. The high number of the different species
and the overlapping processes rule out the calculation of the
UV-vis and CD spectral parameters of all individual species,
but the careful analysis of the pH dependence of these spectra
helps to identify the major binding modes. Some parameters
of the major species are included in Table 5S (see the
Supporting Information), while the pH dependence of
UV-vis and CD spectra are reported in Figures 6S and 7S
(see the Supporting Information).

The absorption maxima of the copper(II)-Ac-A�-
(8-16)Y10A system are continuously shifted to the lower
wavelengths by increasing pH, but they are above 660 nm
below pH 5.5. On the other hand, CD extrema of the d-d
bands cannot be detected below pH 5.5, and these data
indicate that the Nim donor atoms are the exclusive metal
binding sites in the protonated complexes [CuH2L]3+ and
[CuHL]2+. Taking into account the pK values of the ligand,
log K ) 3.86 can be obtained for the monodentate Cu-Nim

binding, and it is in good agreement with the values obtained
for other histidine-containing peptides.68-70 In the case of
the monoprotonated complex, log K ) 5.77 can be obtained
supporting the metal ion coordination of both histidyl
residues in the form of a macrochelate. It is important to
note that the thermodynamic stabilities of other 2 × Nim

macrochelates are generally between 6 and 7 log units, for
example, for HGH sequences.73-75 Thus, in the case of Ac-
A�(8-16)Y10A, the histidyl residues (His13 and His14) are
too close to each other to form a high-stability species, and
the 11-membered macrochelate provides only a rather
strained structure.

All spectroscopic parameters (see λmax and EPR parameters
in Table 5S) indicate that the species from [CuL]+ to
[CuH-3L]2- contain increasing numbers of coordinated amide
nitrogens (1-3 N atoms) by increasing pH. The lack of any
spectral changes above pH 10.5 suggests that the last
deprotonation belongs to the lysyl ammonium group (see
the pK(-2/-3) value in Table 4S), and both [CuH-2L]- and
[CuH-3L]2- have the same (N-,N-,N-,Nim) binding mode
characteristic of the copper(II) complexes of terminally
protected peptides of histidine.68-70 Spectral parameters in
Table 5S strongly support the existence of these coordination
modes. Only very small CD and UV-vis spectral changes
can be observed in the pH range 6-8. This observation
indicates that the species [CuL]+ and [CuH-1L] have the
same or similar coordination modes. In the case of [CuH-1L],
the characteristic 3N complexes with the (N-,N-,Nim)
binding mode can be easily identified around pH 8, while
its similarity with [CuL]+ can be explained by the existence
of coordination isomers. One of the isomers is a 2N complex
with the (N-,Nim) coordination mode, but its concentration
is rather low, because the deprotonation of the first two amide
groups generally occurs in a cooperative process (e.g., as it

(73) Bóka, B.; Myari, A.; Sóvágó, I.; Hadjiliadis, N. J. Inorg. Biochem.
2004, 98, 113–122.

(74) Sanna, D.; Micera, G.; Kállay, C.; Rigó, V.; Sóvágó, I. Dalton Trans.
2004, 2702–2707.

(75) Kállay, C.; Várnagy, K.; Malandrinos, G.; Hadjiliadis, N.; Sanna, D.;
Sóvágó, I. Dalton Trans. 2006, 4545–4552.

Figure 4. Experimental half-field EPR spectrum of the copper(II)-A�(1-6)
system (cA�(1-6) ) 5.0 × 10-3 mol dm-3, cCu(II) ) 10.0 × 10-3 mol dm-3)
in frozen solution at pH 7.7.
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was shown for the copper(II)-Ac-A�(1-6) system). The
other isomer is a 3N complex with the (N-,N-,Nim) binding
mode, and the second imidazole is still protonated in this
species below pH 7 ([CuH-1L] ) [CuH-2LH]).

Table 4S and the corresponding speciation curves
(Figure 5Sb) reveal that dinuclear species are also formed
in the copper(II)-Ac-A�(8-16)Y10A system (Figure 5Sb);
the dinuclear species are present also in equimolar samples,
but they predominate only in the presence of an excess of
metal ions. This is a difference from previous studies in the
literature and can be explained by the fact that the previous
works have been performed only in equimolar solutions.52,54

The most important consequence of this observation is that
the nonapeptide Ac-A�(8-16)Y10A can keep an excess of
copper(II) ions in solution both in the physiological pH range
and under strongly alkaline conditions. It is also clear from
Figure 5S (see the Supporting Information) that the formation
of dinuclear complexes is connected to the involvement of
amide functions in metal binding, and it occurs only above
pH 5. This is an indirect proof of the existence of a 2 × Nim

macrochelate in the [CuHL]2+ species. However, after the
deprotonation of the first amide function, the two imidazoles
become separate sites for metal binding. The stoichiometries
of the dinuclear complexes cover the range from [Cu2H-1L]2+

to [Cu2H-6L]3-, suggesting that two to six amide functions
are deprotonated and coordinated in the dinuclear species.
The high number of different complexes and the overlap of
the deprotonation processes preclude the determination of
spectral parameters of all independent species, but the
parameters of the final one ([Cu2H-6L]3-) can be easily
obtained (see Table 5S). These parameters are similar to
those of the corresponding mononuclear complexes, but there
are also some minor differences. In the mononuclear species,
[CuH-3L]2-, His13 is the most probable anchoring site for
metal ion coordination, and subsequent amide functions are
deprotonated on the N-terminal side of this histidine in the
form of (6,5,5)-membered fused chelates. The second cop-
per(II) ion can bind only to His14, and the amide will form
a (7,5,5)-membered chelate system toward the C-terminus,
which is definitely less stable than the six-membered ones.
It is also important to note that in the pH range 6-10 only
a broad unresolved EPR signal can be detected in the 2:1
samples of copper(II) and Ac-A�(8-16)Y10A. However, the
absence of a half-field transition signal proves that there is
no dipolar interaction between the two copper(II) ions. As a
consequence, the formation of an intramolecular imidazolate
bridge between the metal ions can be ruled out.42 Moreover,
according to the potentiometric results, ESI-MS measure-
ments of the copper(II)-Ac-A�(8-16)Y10A system at 1:1,
2:1, and 1:2 metal-to-ligand ratios do not indicate any
presence of intermolecular metal imidazolate bridge species
under the present experimental conditions (data not shown).

Protonation Equilibria and Copper(II) Complexes of
A�(1-16), A�(1-16)Y10A, and A�(1-16)PEG. The hexa-
decapeptide A�(1-16) and especially its copper(II) com-
plexes have rather low solubility in water, which prevents
the complete clarification of the solution equilibrium pro-
cesses of the system at different metal ion-to-ligand ratios

and different pH values. The conjugation of the peptide with
PEG, however, results in an enhanced solubility of both the
free ligand (A�(1-16)PEG) and its metal complexes. The
pK values of the ligand and the stability constants of
the copper(II) complexes are shown in Tables 1 and 2,
respectively. The A�(1-16)PEG has 10 protonation sites,
and their assignments are also shown in Table 1. The side-
chain amino group of lysine and the phenolic OH of tyrosine

Table 1. Protonation Constants (log �pqr) and pK Values of the
A�(1-16)PEG (T ) 298 K, I ) 0.2 mol dm-3 KCl)

species log �pqr (p ) 0) pK site of protonation

[HL]4- 10.44(1) 10.44 Lys-NH2/Tyr-OH
[H2L]3- 20.22(1) 9.78 Tyr-OH/Lys-NH2

[H3L]2- 27.91(2) 7.69 terminal-NH2

[H4L]- 34.64(1) 6.73 imidazole of His6, His13 and His14
[H5L] 41.03(2) 6.39
[H6L]+ 46.62(4) 5.59
[H7L]2+ 50.83(7) 4.21 -COOH of Glu3 and Glu11
[H8L]3+ 54.73(7) 3.90
[H9L]4+ 57.76(8) 3.03 -COOH of Asp1 and Asp7
[H10L]5+ 59.63(9) 1.87

Table 2. Stability Constants (log �pqr) of the Copper(II) Complexes
with A�(1-16)PEG Peptide (T ) 298 K, I ) 0.2 mol dm-3 KCl)a

mononuclear complexes dinuclear complexes (d)

species log �pqr species log �pqr

[CuH7L]4+ 54.64(3) [Cu2H3L]2+ 40.16(3)
[CuH6L]3+ 51.01(9) [Cu2H2L]+ 35.22(2)
[CuH5L]2+ 46.70(3) [Cu2HL] 29.43(2)
[CuH4L]+ 42.02(3) [Cu2L]- 22.50(7)
[CuH3L] 36.77(2) [Cu2H-1L]2- 15.30(4)
[CuH2L]- 30.46(3) [Cu2H-2L]3- 6.80(9)
[CuHL]2- 22.91(4) [Cu2H-3L]4- -2.28(9)
[CuL]3- 14.49(5) [Cu2H-4L]5- -11.78(10)
[CuH-1L]4- 5.35(6) [Cu2H-5L]6- -22.45(10)
[CuH-2L]5- -4.15(8) [Cu2H-6L]7- -33.59(11)
[CuH-3L]6- -14.79(11) pK(3d/2d) 4.94
pK(7/6) 3.63 pK(2d/1d) 5.79
pK(6/5) 4.31 pK(1d/0d) 6.93
pK(5/4) 4.68 pK(0d/-1d) 7.20
pK(4/3) 5.25 pK(-1d/-2d) 8.50
pK(3/2) 6.31 pK(-2d/-3d) 9.08
pK(2/1) 7.55 pK(-3d/-4d) 9.50
pK(1/0) 8.42 pK(-4d/-5d) 10.67
pK(0/-1) 9.14 pK(-5d/-6d) 11.14
pK(-1/-2) 9.50
pK(-2/-3) 10.64

trinuclear complexes (tr) tetranuclear complexes (te)

species log �pqr species log �pqr

[Cu3H-1L] 19.00(2) [Cu4H-4L]- 2.59(6)
[Cu3H-2L]- 13.80(9) [Cu4H-5L]2- -4.05(4)
[Cu3H-3L]2- 6.79(3) [Cu4H-6L]3- -12.16(6)
[Cu3H-4L]3- -0.70(5) [Cu4H-7L]4- -20.45(5)
[Cu3H-5L]4- -9.29(6) [Cu4H-8L]5- -29.49(5)
[Cu3H-6L]5- -18.39(9) [Cu4H-9L]6- -39.17(7)
[Cu3H-7L]6- -28.09(9) [Cu4H-10L]7- -49.60(9)
[Cu3H-8L]7- -39.14(10) [Cu4H-11L]8- -60.14(9)
[Cu3H-9L]8- -50.77(11) [Cu4H-12L]9- -71.46(11)
pK(-1tr/-2tr) 5.20 [Cu4H-13L]10- -83.12(12)
pK(-2tr/-3tr) 7.01 pK(-4te/-5te) 6.64
pK(-3tr/-4tr) 7.49 pK(-5te/-6te) 8.11
pK(-4tr/-5tr) 8.59 pK(-6te/-7te) 8.29
pK(-5tr/-6tr) 9.10 pK(-7te/-8te) 9.04
pK(-6tr/-7tr) 9.70 pK(-8te/-9te) 9.68
pK(-7tr/-8tr) 11.05 pK(-9te/-10te) 10.43
pK(-8tr/-9tr) 11.63 pK(-10te/-11te) 10.54

pK(-11te/-12te) 11.32
pK(-12te/-13te) 11.66

a pK(n/m) values reflect the pK values of copper(II) complexes.
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have the highest pK values, and their deprotonations take
place in overlapping processes between pH 9 and 11.
Protonation of the terminal amino groups takes place under
slightly basic conditions (pK ) 7.69) and partially overlaps
with the protonation processes of the three imidazole-N donor
atoms. The average pK value of these functions is 6.24,
which is very close to the values reported for the small
fragments in Table 1S. There are four carboxylate functions
in the peptide, and their protonations significantly overlap,
but γ-carboxylic groups of glutamic acid are generally less
acidic than those of aspartic acid.

The pH-metric titration of the copper(II)-A�(1-16)PEG
system revealed that the peptide is able to keep 4 equiv of
copper(II) ions in solution even under strongly alkaline
conditions. A computer evaluation of the data was performed
with the consideration of mono- to tetranuclear complexes
that confirmed this finding. The stability constants are listed
in Table 2, and the speciation is shown in Figure 5.

These present results contradict previous potentiometric
studies52-54 concerning the copper(II)-A�(1-16) system
where the metal complex formation processes have been
described by the formation of mononuclear species. However,
the low concentration of peptide used in the ESI-MS
experiments allowed the present authors to show, in addition
to the formation of mononuclear species, the existence of
di-, tri-, and tetranuclear complexes (see Table 6S in the
Supporting Information). Similarly, the ESI-MS study of
copper(II)-A�(1-16)PEG also indicates a complex stoi-
chiometry identical to that obtained by potentiometric
titrations (data not shown).

The formation of oligonuclear complexes is, however, not
surprising if one takes into account the complex formation
processes of the short fragments A�(1-6) and Ac-
A�(8-16)Y10A. It is clear from Tables 1S and 4S that both
N- and C-terminal fragments are able to form dinuclear
complexes, and it is also obvious that in the hexadecapeptide
the metal binding sites of these fragments are well-separated,
providing a good chance for the formation of even tetra-
nuclear complexes. To reduce the number of possible metal
binding sites, another derivative of the hexadecapeptide

A�(1-16) was synthesized in which Tyr10 is replaced by
an Ala residue. Its complex formation processes were
compared to those of the native tyrosine counterpart A�(1-16)
(the pK values of these ligands and the stability constants of
their mononuclear copper(II) complexes are reported in
Tables 3 and 4).

The different number of protonation sites and different
charge of the same species make it difficult to compare the
equilibrium data of A�(1-16) and A�(1-16)Y10A. How-
ever, the most protonated species [CuH7L]4+ was formed
only with A�(1-16), supporting the hypothesis that pheno-
late is also protonated in the copper(II) species in the acidic
pH range. This is a common feature of all tyrosyl-containing
peptides but does not exclude the metal binding of phenolate
in neutral or basic solutions. The formation of a Cu(II)-O-
(phenolate) bond is, however, generally accompanied by the
appearance of new charge transfer band in the 350-400 nm

Figure 5. Species distribution of the complexes formed in the copper(II)-
A�(1-16)PEG system (cCu(II) ) cL ) 2.0 × 10-3 mol dm-3).

Table 3. Protonation Constants (log �pqr) and pK Values of the
A�(1-16) and A�(1-16)Y10A Peptides (T ) 298 K, I ) 0.2 mol dm-3

KCl)

Species
log �pqr

(L ) A�(1-16))
log �pqr

(L ) A�(1-16)Y10A)

[HL]4- 10.46(1) 10.31(1)
[H2L]3- 20.12(1) 18.11(2)
[H3L]2- 27.88(1) 25.13(2)
[H4L]- 34.86(1) 31.60(3)
[H5L] 41.27(1) 37.57(3)
[H6L]+ 47.24(1) 42.26(4)
[H7L]2+ 51.94(1) 46.19(5)
[H8L]3+ 55.93(2) 49.67(5)
[H9L]4+ 59.45(2) 52.37(8)
[H10L]5+ 62.25(3) -
pK(Lys-NH2/Tyr-OH) 10.46 10.31
pK(Tyr-OH/ Lys-NH2) 9.66 -
pK(terminal-NH2) 7.76 7.80
pK(imidazole of His6,

His13 and His14)
6.98 7.02

6.41 6.47
5.97 5.97

pK(-COOH of Glu3 and Glu11) 4.70 4.69
3.99 3.93

pK(-COOH of Asp1 and Asp7) 3.52 3.48
2.80 2.70

Table 4. Stability Constants (log �pqr) of the Mononuclear Copper(II)
Complexes with A�(1-16) and A�(1-16)Y10A peptides (T ) 298 K, I
) 0.2 mol dm-3 KCl)a

Species log �pqr (L ) A�(1-16)) log �pqr (L ) A�(1-16)Y10A)

[CuH7L]4+ 54.67(4)
[CuH6L]3+ 51.01(2) 44.79(7)
[CuH5L]2+ 46.87(2) 41.11(5)
[CuH4L]+ 42.24(1) 36.97(2)
[CuH3L] 36.84(1) 32.09(2)
[CuH2L]- 30.44(1) 26.55(2)
[CuHL]2- 22.78(1) 19.84(3)
[CuL]3- 14.43(1) 12.07(4)
[CuH-1L]4- 5.42(1) 3.42(4)
[CuH-2L]5- -4.38(1) -5.88(4)
[CuH-3L]6- -14.88(2) -16.55(5)
pK(7/6) 3.66
pK(6/5) 4.14 3.68
pK(5/4) 4.63 4.14
pK(4/3) 5.40 4.88
pK(3/2) 6.40 5.54
pK(2/1) 7.66 6.71
pK(1/0) 8.35 7.77
pK(0/-1) 9.01 8.65
pK(-1/-2) 9.80 9.30
pK(-2/-3) 10.50 10.67

a pK(n/m) values reflect the pK values of copper(II) complexes.

A New PEG-Conjugated A�(1-16) Peptide Fragment

Inorganic Chemistry, Vol. 47, No. 20, 2008 9679



range.76 The existence of such a band either in the CD or
UV-vis spectra was not observed at any pH value for any
of the systems studied. The stringent similarity between CD
spectra of the copper(II) complexes with the mutated
A�(1-16)Y10A and the wild-type peptide fragment indicates
that the phenolate of A�(1-16) is not a metal binding site
in these complexes. Similar observations were reported for
the ε-amino groups of lysyl residues, and their metal ion
coordination was ruled out in the small peptide fragments
of amyloid peptides and also for the copper(II) complexes
of large prion fragments when high numbers of uncoordi-
nated lysyl residues are present in the histidine-containing
peptides.68-70 As a consequence, the lysyl ammonium and
tyrosyl phenolic groups can be considered as protonated side
chains in any species existing below pH 8, and their
deprotonation occurs only in parallel with the free ligand.
Otherwise, the spectroscopic parameters of the various
species formed in the copper(II)-A�(1-16) and A�(1-16)-
Y10A systems are very similar to those of the copper(II)-A�-
(1-16)PEG system; therefore, the binding modes will be
discussed for the latter.

One of the most important findings from Figure 5 is linked
to the existence of oligonuclear species at any metal ion-to-
ligand ratio including equimolar solutions. Similar observa-
tions have already been reported for the copper(II) complexes
of the 31-mer peptide fragments of prion protein Hu-
PrP(84-114) containing three histidyl residues.77 It was
explained by the independent metal binding of each histidyl
residue, when the statistical distribution of copper(II) among
these functions resulted in the ratios 44.4%, 44.4%, and
11.1% for the mono-, di-, and trinuclear species, respec-
tively.77 In the case of amyloid peptides, there are four
separated metal binding sites, and the statistical ratios of the
various oligomers in equimolar samples are 42.2%, 42.2%,
14.1%, and 1.5% for the mono, di-, tri-, and tetranuclear
complexes, respectively. The results obtained for the small
fragments, however, revealed that the binding sites of
A�(1-16)PEG are not equivalent. Supporting these results,
the speciation curves shown in Figure 5 clearly indicate that
the ratio of oligonuclear species is much less than the above-
mentioned statistical values. This finding can also be
explained taking into account that, (1) in the case of
A�(1-16)PEG, there are three possible histidine binding
sites, but their thermodynamic stabilities are lower than those
of copper(II) species formed by the N-terminal amino group,
and (2) the high number of coordinating side chains in the
A�(1-16)PEG contributes to the enhanced stability of the
mononuclear species formed with the N-terminal amino
group in the form of macrochelates.

A model calculation was performed also for the copper-
(II)-A�(1-6)-Ac-A�(8-16)Y10A mixed ligand system
containing the same binding sites in separated molecules.
In this case, the statistical distribution of the copper among
the mono-, di-, tri-, and tetranuclear species was, however,
weighted by the different affinities of A�(1-6) and Ac-

A�(8-16)Y10A toward copper(II). This calculation uses also
the stability constant values of the copper(II)-A�(1-6) and
-Ac-A�(8-16)Y10A systems and therefore includes all
possible coordination modes of the A�(1-16)PEG except
distant macrochelation. The results of this calculation are
shown in Figure 6 and reveal that the dinuclear complexes
are present in comparable concentration in the measured
systems (Figure 5) and in the statistically treated systems
(Figure 6).

Both Figures 5 and 6 suggest that the mononuclear species
predominate in the slightly acidic pH range when the
formation of the six-membered (NH2,COO-) chelate from
the Asp1 residue is the governing factor of complexation.
CD spectral measurements unambiguously show that CD
extrema cannot be observed below pH 6 (see Figure 9S in
the Supporting Information), confirming that the N-terminal
Asp residue is the primary metal binding site. A similar
phenomenon was observed for the small fragments A�(1-4)
and A�(1-6). Thus, the coordination modes of the proto-
nated species containing two to seven protons ([CuH7L]4+

to [CuH2L]-) can be characterized by the (NH2,COO-)
chelate supported by the macrochelation from the carboxylate
and imidazole functions. The stability constants for the
chelation at the N-terminus can be calculated taking into
account the pK values of the protonated residues. For this
calculation, the coordination of aspartyl amino and carboxy-
late functions is assumed, while the lysyl, tyrosyl, and
increasing number of histidyl residues are protonated. The
values log K ) 7.77, 8.68, 9.82, and 10.24 were obtained
for the species [CuH5L]2+, [CuH4L]+, [CuH3L], and
[CuH2L]-, respectively. In the case of [CuH5L]2+, all of the
above-mentioned donor functions are protonated, and the
stability constants agree well with those of �-alanine or
the small fragments of amyloid peptides. The deprotonation
of histidyl side chains results in a significant increase of these
equilibrium data supporting the macrochelation via these
residues. Absorption maxima of the d-d band of equimolar
samples in the pH range 4.5-7 (where the species [CuH5L]2+

to [CuH2L]- predominate) progressively moved from 700

(76) Kiss, T.; Szücs, Z. J. Chem. Soc. Dalton Trans. 1986, 2443–2447.
(77) Ösz, K.; Nagy, Z.; Pappalardo, G.; Di Natale, G.; Sanna, D.; Micera,

G.; Rizzarelli, E.; Sóvágó, I. Chem.sEur. J. 2007, 13, 7129–7143.

Figure 6. Species distribution of the complexes formed in the copper(II)-
A�(1-6)-Ac-A�(8-16)Y10A system (cCu(II) ) cL ) 2.0 × 10-3 mol
dm-3).
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to 620 nm, in agreement with the suggested coordination
mode.

Further increase of the pH, however, results in a significant
blue shift of the absorption spectra and the appearance of
CD extrema characteristic of peptide amide-bonded cop-
per(II) complexes. It is also clear from the speciation curves
that the involvement of amide binding is accompanied by
the preferred formation of oligonuclear species. This can be
easily understood if one takes into account that the coordina-
tion of a second metal ion at a histidyl and the neighboring
amide sites breaks the macrochelate, and as a consequence,
the metal binding affinity of the various locations will be
more comparable. It is also important to note that there are
several possibilities for the formation of coordination isomers,
because the N-terminus and all three histidyl sites can be
considered as potential binding sites. The UV-vis spectral
parameters of coordination isomers are rather similar because
at high pH all of them are 4N complexes in the form of
(NH2,N-,N-,N-) or (Nim,N-,N-,N-) coordination modes. As
a consequence, the pH dependencies of the absorption spectra
of the samples containing copper(II) and A�(1-16)PEG in
different ratios are very similar to each other. The absorption
maxima at high pH are always around 510-520 nm, while
the molar absorptivities calculated for total copper(II) content
are constant (ε ∼ 150 M-1 cm-1), suggesting that all metal
ions are in 4N-coordinated complexes.

Analysis of the CD spectra (see Figure 9S in the Sup-
porting Information) provides more information about the
existence of coordination isomers. The differences of CD
spectra at 1:1 and 1:3 ligand-to-metal ratios are rather small,
and even the pH dependence data support the existence of
one major species in the whole pH range. This is, however,
only a simplified interpretation (or misinterpretation) of the
results, because the measured spectra are the superimposition
of several parallel processes. The 1:1 spectra reveal that d-d
transitions can be observed only above pH 7, while the
Cu(II)-N-(amide) charge transfer bands start to develop
around pH 5.5-6. This strongly supports the idea that the
amide coordination starts from the N-terminus, but the
intensity of CD extrema is very small for the 2N and 3N
complexes. It means that both (NH2,COO-) and (NH2,N-)
coordination modes can exist below pH 7, and their stability
is even enhanced by the formation of macrochelates, as
discussed above. At the same time, the macrochelate sup-
presses the chance for the independent binding of side-chain
imidazoles. As a consequence, the formation of 3N com-
plexes is negligible because the pH range of their formation
is around 6 for the small fragments. CD spectra of the
(Nim,N-,N-)-coordinated 3N complexes exhibit a character-
istic positive Cotton effect at 550 nm, which cannot be seen
under any condition in the copper(II)-A�(1-16)PEG sys-
tem. The increasing number of metal ions in the oligonuclear
species also shifts the deprotonation of the amide functions
to higher pH ranges, as can be seen from pK values reported
in Table 2. This effect can be explained by the increasing
negative charge of the various species at high pH.

As a consequence, the d-d bands of CD spectra demon-
strate only the formation of 4N complexes, but it is also clear

that they can be present in both possible coordination modes
even in equimolar samples. The results for A�(1-4) revealed
that the species with (NH2,N-,N-,N-) coordination are
characterized by a simple negative Cotton effect at 515 nm.
On the other hand, the (Nim,N-,N-,N-) coordination modes
at the histidyl sites exhibit both positive and negative Cotton
effects at 650 and 505 nm, respectively. Taking into account
the large overlap of the negative bands, it is impossible to
calculate the exact distribution of these coordination modes
to the overall spectra. However, the comparison of the spectra
of A�(1-4) and Ac-A�(1-6) with those of A�(1-16)PEG
helps to estimate these data. Namely, the ratios of the
intensities of the negative (at 505 nm) and positive bands
(at 650 nm) are 1.52 and infinity for the copper(II)-Ac-
A�(1-6) and -A�(1-4) systems, respectively, while it is
2.6 for the copper(II)-A�(1-16)PEG system. These data
unambiguously prove that both coordination modes exist in
comparable concentrations in the latter system even in
equimolar samples.

Conclusions

The N-terminal region of A� has been shown to be flexible
and accessible within amyloid fibrils.78,79 Therefore, it
constitutes an attractive therapeutic target, as illustrated by
the ability of monoclonal antibodies directed toward this
region to dissociate amyloid fibrils.80,81 Indeed, only the
antibodies raised against the N-terminal part of A� are able
to reduce the plaque burden and restore cognitive deficits in
the mouse model of AD.82,83 It has also been shown that
A�(1-16) zinc binding induces an agonist effect on the
4-10 epitope recognition by different monoclonal antibodies,
suggesting a folding of the peptide that would render the
epitope more accessible.84 More recently, it has been reported
that the dendrimeric A�(1-15) is an effective immunogen
in wild-type and APP-tg mice.85

Because clinical testing for passive immunization has
started, it is of major importance to characterize the structural
changes of the N-terminal region of A� upon metal binding.

The combined application of both potentiometric and
spectroscopic techniques was used to characterize the solution
equilibria and binding modes of major species formed in the
copper(II)-A�(1-16)PEG system. The interpretation of the
data required also the synthesis and study of small peptide
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fragments representing the independent metal binding sites
of the 16-mer peptide. The most important feature of the
complex formation of the A�(1-16)PEG system comes from
the formation of oligonuclear complexes indicating that the
peptide has four independent metal binding sites. As a
consequence, the ligand can keep as many as four equivalents
of metal ions in solution even under strongly alkaline
conditions. The high complexity of the speciation curves and
the high number of different coordination isomers did not
make it possible to structurally characterize all of the metal
complexes, but the binding modes of the major species were
elucidated, as shown by Scheme 3.

All data unambiguously prove that the N-terminus of the
peptide is the major metal binding site, starting with the
involvement of terminal amino and carboxylate functions of
aspartyl residue in coordination (Scheme 3a). The identity
of the oxygen donor atoms has been debated extensively,
with proposals ranging from tyrosine at position 1046,49,50

to one of several carboxylate side chains.55,86,87 The cop-
per(II) complexes with the mutated A�(1-16)Y10A show

similar stability constant values as those of the analogues
copper(II) complexes with the wild-type peptide (see Table
4). In addition, the same spectroscopic features (Figure 8S
and 9S) have been found for the metal complexes both with
A�(1-16)Y10A and with A�(1-16)PEG in the whole pH
range investigated. Thus, we can conclude that the tyrosine
residue is not involved in the copper(II) binding of the
N-terminus fragment of the A� peptide. The deprotonation
of side-chain imidazole functions results in the formation of
macrochelates of which several isomers exist, because one
or more histidyl residues can occupy the remaining coordina-
tion sites (Scheme 3b). A further increase of pH results in
the deprotonation and metal ion coordination of the amide
functions subsequent to the amino group. The final species
is a 4N complex with a (NH2,N-,N-,N-) coordination mode,
which is a single species with the small tetrapeptide fragment
A�(1-4), but it is formed in overlapping processes with the
histidyl sites in the case of A�(1-16)PEG. Scheme 3c
illustrates the binding modes of a dinuclear species when
the amino terminus and His13 are the metal binding sites.
However, it is important to emphasize that several coordina-
tion isomers of this dinuclear species can exist because any
of the three histidyl residues can be the anchoring site. The
exclusive binding of histidyl residues is also possible,
although a preference for the coordination via the N-terminus
is found. 2N and 3N coordinated complexes can also be
detected, especially with the small peptide fragments. The
high stabilities of the macrochelates of the hexadecapep-
tide (Scheme 3b), however, suppress the formation of these
complexes, and they represent only minor species with
A�(1-16)PEG.

To summarize, the results presented here clearly indicate
that the N-terminus is the primary copper(II) binding site,
especially in slightly acidic solution. The histidyl residues
are in competition for copper(II) binding with the amino
terminus upon increasing the pH, but the latter remains a
possible binding site at any pH value. As a consequence,
the coordination at the terminal amino group will be the
governing process under physiological conditions, that is,
around pH 7 and in the presence of ligand excess. In any
case, it is important to emphasize the high affinity of the
peptide for copper(II) binding in the form of mono- to
tetranuclear complexes. Aggregation of the amyloid � peptide
causes deposits of insoluble A� fibrils in the brain. However,
recent results suggest that the soluble oligomeric species of
A�88-91 rather than the insoluble forms are the key toxic
agents in AD. The soluble portion of A� in the brain has
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Scheme 3. Schematic Representation of the Possible Binding Modes of
the Major Complex Species Starting from the N-Terminus (a) Followed
by the Formation of Macrochelates with the Histidines (b); Proposed
Structure of [Cu2H-4L]5-, when the Amino Terminus and His13 Are
Independent Metal Binding Sites (c); and Proposed Structure of
[Cu4H-11L]8-, when the Amino Terminus and Three Histidyl Residues
Are Independent Metal Binding Sites (d)
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been shown to be a better predictor of the severity of AD.92

Cu(II) has been reported both to be a neuroprotectant36,93

and to induce the formation of toxic A� structures.94 A�
neurotoxicity induced by Cu(II) has been suggested to
result from changes in the coordination of the metal ion
during A� oligomerization or from different peptide/metal
ratios;95 however, these two possibilities are currently being
debated.96 On the other hand, EPR spectra collected by
varying the A� fibrilization time do not show any significant
difference, indicating that the Cu(II) coordination environ-
ment does not depend on the A� oligomeric state.96

Moreover, Raman spectra of soluble complexes (Cu(II)/
ligand ) 4/1) collected at physiological pH and spectra of
insoluble aggregates obtained in the pH range 5.8-6.6 have

been reported to result from different coordination modes.97

The solubility of the pegylated peptide allows for the
distinction between the Cu(II) complex species forming at
different pH values as well as for the determination of the
binding affinity of the various metal complexes, which
overcomes the uncertainties due to scarcely reliable speciations.

The present results may also help to explain the reasons
for both the destabilization of large soluble aggregates and
fibrilization resulting from different metal/ligand ratios or
different pH values.
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