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Abstract: Brain copper imbalance plays an important role in

amyloid-b aggregation, tau hyperphosphorylation, and neu-
rotoxicity observed in Alzheimer’s disease (AD). Therefore,
the administration of biocompatible metal-binding agents

may offer a potential therapeutic solution to target mislocal-
ized copper ions and restore metallostasis. Histidine-contain-

ing peptides and proteins are excellent metal binders and
are found in many natural systems. The design of short pep-

tides showing optimal binding properties represents a prom-

ising approach to capture and redistribute mislocalized
metal ions, mainly due to their biocompatibility, ease of syn-

thesis, and the possibility of fine-tuning their metal-binding
affinities in order to suppress unwanted competitive binding

with copper-containing proteins. In the present study, three

peptides, namely HWH, HKCH, and HAH, have been de-

signed with the objective of reducing copper toxicity in AD.
These tripeptides form highly stable albumin-like complexes,
showing higher affinity for CuII than that of Ab(1-40). Fur-

thermore, HWH, HKCH, and HAH act as very efficient inhibi-
tors of copper-mediated reactive oxygen species (ROS) gen-

eration and prevent the copper-induced overproduction of
toxic oligomers in the initial steps of amyloid aggregation in

the presence of CuII ions. These tripeptides, and more gener-

ally small peptides including the sequence His-Xaa-His at the
N-terminus, may therefore be considered as promising

motifs for the future development of new and efficient anti-
Alzheimer drugs.

Recent years have witnessed increasing evidence on the rela-

tionship between copper dyshomeostasis, among other metal
ions such as iron and zinc, and the advent of neurodegenera-

tive disorders such as Alzheimer’s disease (AD).[1, 2] Copper can
bind to amyloid beta-protein (Ab) and modulate its aggrega-
tion mechanism, and indeed Ab aggregates represent one of
the hallmarks of AD.[3] The binding of copper ions to the pro-

tein promotes the generation of soluble oligomeric species,
which are believed to be the most toxic form of Ab.[4] Actually,
such Ab-copper complexes can catalyze the production of re-
active oxygen species (ROS) through CuII/CuI redox cycling in
the presence of natural reducing agents such as ascorbate,[5]

ultimately leading to oxidative stress, which is another critical
early event in AD.

Therefore, copper chelation can be considered as a valuable

therapeutic strategy to capture misplaced copper ions and to
suppress their potential redox activity (to reduce oxidative

stress). In this context, small peptide-based chelators may rep-
resent molecules of choice, owing to their biocompatibility
and potentially adjustable metal-binding properties. Indeed,
the incorporation of histidine residues (His) in a peptidic chain

will lead to extremely efficient copper ligands, the metal-bind-
ing properties of which can be modulated by varying the
number of these amino acids (AAs) and their position(s) in the
sequence.[6]

Our current research interests are focussed on the design of

potential copper-binding oligopeptides, for instance of the
type His-Xaa-His (where Xaa denotes any AA other than His),

deprotected at both ends. This sequence is frequently encoun-
tered in biomolecules; for example, it is observed as His-Thr-
His in peptidylglycine a-hydroxylating monooxygenase[7] and

dopamine b-monooxygenase,[8] as His-Val-His in Cu, Zn-super-
oxide dismutase SOD5[9] and particulate methane monooxyge-

nase,[10] and as His-Gln-His in amyloid-like protein 2 (APLP2).[11]

Moreover, four highly conserved His-Xaa-His motifs are found
in the catalytic centers of some copper-containing oxidases

(i.e. , ascorbate oxidase, fungal laccase, and ceruloplasmin).[12] A
pentapeptide domain with the sequence His-Leu-His-Trp-His is

present in the amyloid precursor protein (APP) associated with
the development of Alzheimer’s disease.[13] However, it should

be mentioned that these sequences are all inserted within
larger proteins, and therefore do not exhibit an N-terminal his-
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tidine moiety, in contrast to our His-Xaa-His tripeptides, which
may therefore form an amino terminal CuII- and NiII-binding

(ATCUN) motif upon binding to copper.
Copper chelation by naturally occurring or (bio-inspired) syn-

thetic peptides has been described, for example by the Gly-
His-Lys tripeptide first isolated from human plasma,[14] the N-
terminal metal-binding sequence Asp-Ala-His-Lys of human al-
bumin,[15, 16] and some H2A-histone model hexapeptides.[17] Re-
cently, Mital et al. have demonstrated that N-truncated Ab(4-

42), which is a dominant Ab isoform that is even found in
healthy brains, exhibits an N-terminal Phe-Arg-His sequence
that binds copper(II) ions with an affinity three orders of mag-
nitude higher than that of Ab(1-42) ; hence, the Ab(4-42) frag-
ment may play a role in the metal homeostasis of the central
nervous system.[18]

In the present study, the copper(II)-binding properties under

physiological conditions of three His-Xaa-His tripeptides, with
Xaa = Trp, Ne-coumarin-labeled Lys, or Ala (HWH, HKCH, and

HAH, respectively ; see Figure 1), have been investigated. This
length of peptide, namely three AAs, was chosen because it is

believed to be appropriate for an efficient metal wrap. The co-

existence of a free N-terminal amino group and a histidine resi-
due at the third position (Figure 1) was envisaged as favoring

the formation of a highly stable, albumin-like coordination spe-
cies at physiological pH, and the histidine at position one was

expected to enhance the binding affinity kinetically (as shown
in the section “Determination of the Conditional Binding Con-
stants by Fluorescence Spectroscopy” below; replacement of
His1 by glycine leads to a distinctly lower copper-binding affin-
ity of the resulting GWH compared to that of HWH). Finally,

specific central AAs were selected; one natural, that is, trypto-
phan (W), and one synthetic, that is, Ne-(coumarin-3-ylcarbo-
nyl)lysine (KC). Fluorescent AAs were chosen to label the corre-
sponding tripeptides, allowing both fluorescence studies and

their detection (which may be very useful for in vivo studies).
The central AA of the third tripeptide, namely a simple alanine

(A) residue, was selected for comparison purposes (as a non-

fluorescent reference peptide).
The binding modes of these three peptides to copper(II)

ions and their efficiencies (i.e. , binding affinities) were first in-
vestigated. Subsequently, in vitro studies, including competi-

tive binding experiments with Ab and inhibition studies of
copper-catalyzed ROS production, were carried out. Lastly,

their effects on the copper-mediated process of Ab aggrega-

tion were examined. Given that Ab(1-42) formed by bacterial
inclusion bodies (IBs) displays similar structural properties to

those of pathological amyloid fibrils,[19] and that these structur-
al properties are not affected when Ab(1-42) is attached to ag-

gregation reporters such as the green fluorescent protein
(GFP),[20] GFP-Ab(1-42) fusion constructs were used to demon-

strate the preferential copper(II) binding of the tripeptides. Fur-

thermore, the in vitro time courses of Ab(1-40) aggregation in
the presence and absence of copper(II) ions, and of HAH,

HKCH, or HWH, have been examined.

Results and Discussion

Copper-binding studies : The aggregation of amyloid-type

proteins can be investigated by UV/Vis spectrophotometry,
measuring the absorbance/turbidity (resulting from precipita-

tion) at l= 405 nm in a buffered solution (HEPES, pH 7.4).[21]

We have used this procedure to study the binding of copper(II)
ions to the His-Xaa-His tripeptides, since we observed that an
increase in the copper concentration (with respect to the pep-

tide concentration) led to the precipitation of copper/peptide
species. The absorbance changes obtained upon the addition
of increasing amounts of CuII ions to HWH, HKCH, and HAH are

depicted in Figure 2 a. Clearly, the reaction mixtures did not
absorb at 405 nm until a 1:1 ratio of copper/tripeptide was

reached, whereupon an increase in the absorbance was detect-
ed (Figure 2 a). Subsequently, analogous experiments were car-

ried out following the absorption band corresponding to d-d

transitions. Indeed, the copper/peptide complexes exhibited
an absorption band at l= 515 nm (e= 105 m¢1 cm¢1) for HWH,

l= 515 nm (e= 94 m¢1 cm¢1) for HKCH, and l= 520 nm (e=

113 m¢1 cm¢1) for HAH (Figure S1). In this case as well,

a change in absorbance was observed above a 1:1 copper/tri-
peptide ratio (Figure 2 b). Therefore, these studies suggested

Figure 1. Structures of the copper-chelating tripeptides investigated, that is,
l-histidyl-l-trytophanyl-l-histidine (HWH), l-hystidyl-(Ne-coumarin-3-ylcar-
bonyl)-l-lysyl-l-histidine (HKcH), and l-histidyl-l-alanyl-l-histidine (HAH).
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a 1:1 binding stoichiometry. This was further confirmed by ESI-
MS analyses, which showed the sole formation of a [copper-

peptide] species, even in the presence of two equivalents of

the metal ion (Figures S2–S4).
The relatively low l values of the d-d transitions (see above)

suggest that strong-field ligands are coordinated to the metal
center, such as deprotonated peptidic nitrogen atoms.[22] Ac-

cording to the empirical equation described by Sigel and
Martin for square-planar copper(II) complexes,[23] the observed
ld–d

max values are consistent with the presence of four nitrogen

atoms in the equatorial plane;[24] the predicted value for an
{NH2, N¢ , N¢ , Nim} coordination environment is around
530 nm.[25] Thus, a number of copper peptidic complexes ex-
hibiting this coordination environment have been reported,

which show ld–d
max values in the range 510–530 nm.[25, 26] This

binding mode, also known as the amino terminal CuII- and NiII-

binding motif (ATCUN), is found in a wide range of natural
metal-containing proteins, the best known example being
human serum albumin.[27]

The circular dichroism (CD) spectra of buffered solutions
(HEPES, pH 7.4) of the different peptides with added copper

display a broad band centered at l= 321 (HWH), 338 (HKCH),
and 310 nm (HAH) (Figure 3), characteristic of a ligand-to-

metal charge-transfer transition involving a deprotonated

amide donor.[28] This band most likely also includes the
Nimidazole-CuII charge-transfer transition;[29] indeed, shoulders are

observed at around 350 nm (for HWH and HAH, Figure 3),
which are clearly due to the Nim!CuII charge-transfer transi-

tion.[30] More intense bands appear at 265 nm for HWH and
HAH and at 288 nm for HKcH (Figure 3), which can be ascribed

to both intraligand imidazole and Namine!CuII charge-transfer

transitions.[31, 32] The two d-d bands (Cotton effect) significantly
below 600 nm (i.e. , at high energies), specifically at around 560

and 485 nm for all peptide/Cu complexes (Figure 3), also point
to the formation of 4N species involving deprotonated amide

ligands.[31]

In summary, the UV/Vis and CD spectroscopic data suggest
a coordination environment analogous to that found for

copper bound to albumin. It should also be noted that pep-
tide-to-copper ratios of 1:2 and 2:1 did not show any shift of

the d-d band (i.e. , from that observed for the 1:1 complex),
corroborating that solely the 1:1 species is formed.

1H and 13C NMR studies : The paramagnetism of copper(II)

was used to further investigate its interaction with the tripepti-
des, taking advantage of the severe broadening of the NMR

signals upon copper binding.[33] The 1H and 13C NMR spectra
for HWH, HKCH, and HAH in the presence of 0.01 equiv of cop-

per(II) are shown in the Supporting Information (Figures S5–
S10). Since comparable peak-broadening effects were observed

Figure 2. Determination of the stoichiometries of the CuII/peptide complexes
for HAH, HWH, and HKCH by monitoring the complex formation and precipi-
tation through a) the absorbance/turbidity (resulting from precipitation) at
405 nm, and b) the absorbance (l= 515 nm for HKCH and HWH and
l= 520 nm for HAH) corresponding to copper(II) d-d transitions.

Figure 3. Circular dichroism spectra of a) HWH, b) HKCH, and c) HAH upon
addition of increasing amounts of copper(II) chloride.
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for the three peptides, a single figure is presented to describe
the relative intensities of the copper-induced signal alterations,

in which a gray color gradient is used to characterize the mag-
nitude of the peak broadening/alteration (Figure 4).

The effect of copper on the 1H and 13C NMR signals is mani-
fested in a decrease in their intensity due to broadening. As in-

dicated in Figure 4, the positions that are most affected by the
paramagnetic metal ion are those that are close to binding

moieties, namely the N-terminal amino group, the first amide

function, and the two imidazole rings (the dark dots in
Figure 4). These features are at variance with the ATCUN motif

proposed above, in which only one of the histidine residues
(i.e. , that at position three) coordinates to copper. In addition,

these NMR data apparently rule out metal-binding by the
second amide function. The significant alteration of the signals

of the first His residue may be justified either by the proximity
(viz. not through direct binding) of the metal ion or by a fast

intramolecular exchange between one histidine site and the
other. However, such His1 vs His3 exchange cannot explain the

non-involvement of the second amide function (see the light

dots in Figure 4).
The very marked broadening of the 1H signals for all of the

investigated peptides, following the addition of only 1 %
copper, is indicative of a fast copper(II) exchange (at least

faster than the millisecond time-scale of NMR). These observa-
tions are in marked contrast to previous studies with histidine-

containing peptides, whereby 10 mol % or even higher

amounts of copper were needed to produce significant
changes in line widths or/and chemical shifts of the peptidic

signals.[16, 34] In the present case, the use of 0.1 equiv of cop-
per(II) with HAH was sufficient to observe extremely broad-

ened 1H signals (Figure S11) and the disappearance of the sig-
nals in the 13C spectrum.

EPR studies : EPR spectroscopy was used to investigate the

coordination environment of the copper(II) ions, with the ob-
jective of clarifying the observed inconsistency between the

UV/Vis/CD data and the NMR results. The EPR spectra of frozen
solutions of the three copper/tripeptide complexes (obtained

by mixing a 10 % excess of the peptidic ligand with respect to
the metal salt) are comparable (Figure 5 and Figure S12); axial

symmetry is indicated by the components of the g tensor, with

gk > g? > ge.[35] These data may characterize a square-planar,
square-pyramidal, or axially elongated tetragonal octahedral

Figure 4. Schematic representation of the magnitude of 13C NMR peak
broadening upon addition of 0.01 equiv of copper(II) to the different pep-
tides in D2O at pH 7.4. Dark dots symbolize strongly affected signals while
light dots indicate less affected signals. The binding moieties deduced from
these studies are shown in squares.

Figure 5. EPR spectra of 1:1 and 1:100 CuII-HAH solutions recorded at 77 K, and proposed coordination environments and geometries for the corresponding
species.
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geometry. Actually, the gk , g? , and Ak values of 2.18, 2.05, and
601 MHz (205 G), respectively, are consistent with a 4N com-

plex exhibiting a square-planar geometry of albumin type.[36]

Next, EPR experiments were carried out using the conditions

applied for the NMR studies, namely a peptide-to-copper ratio
of 100:1 (see above). Remarkably, the corresponding EPR data

were found to be completely different to those obtained when
using (nearly) equimolar amounts of CuII ions and peptide
(Figure 5). The gk value increased to 2.24 while the hyperfine

parallel constant Ak decreased significantly to 510 MHz (172 G).
The increase in gk is indicative of an increase in the electron-
withdrawing character of the ligands, which, together with the
marked decrease in Ak , suggests the replacement of one or

two nitrogen atoms by oxygen atoms.[37] Unfortunately, the
lack of resolution of the superhyperfine structure does not

allow us to determine with better accuracy the number of ni-

trogen atoms bound to the copper ion in the equatorial plane.
As mentioned above, the NMR experiments suggested that

the two imidazole rings coordinate to the metal center, in ad-
dition to the N-terminal amine and the first amide group of

each tripeptide. In the pH range 4–6, the very efficient hista-
mine-like binding mode {NH2, Nim} is most likely predominant,

impeding amide deprotonation.[6, 38] At higher pH values, for in-

stance at pH 7.4, deprotonation of the first amide function can
occur, and the resulting Namide

¢ can replace the His1 ligand,

generating a CuN3O-type species with an {NH2, N¢ , Nim, Ow/
Ocarbox} donor set or a square-pyramidal CuN3O2 species with an

Ow/Ocarbox atom at the apical position. In these two possible
species, the imidazole moiety may belong to the His3 residue

of the coordinated peptide or a histidine residue (either His1

or His3) of a second peptide. In fact, interaction with a second
tripeptide would be expected to occur at such a high ligand

excess (i.e. , ligand:copper = 100:1). Hence, intermolecular bind-
ing of a histidine residue will be favored by deprotonation of

the second amide group at pH 7.4, which may be triggered
upon intramolecular His3 binding, thereby generating the ex-

tremely stable albumin-like coordination moiety. The EPR data

are typical of a square-pyramidal geometry and are consistent
with a CuN3O2 species in which one oxygen atom binds at the

apical position. Considering all of the above observations, an
{NH2, N¢ , Nim(His1/3), Ow/Ocarbox, Ow/Ocarbox} donor set can be pro-
posed for a 100:1 peptide:copper mixture.

Determination of the conditional binding constants by
fluorescence spectroscopy : Intrinsic fluorescence measure-
ments were performed with the emitting tripeptides HWH and
HKCH to determine the apparent and conditional affinity con-

stants of their copper(II) complexes. As expected, emission
quenching by the copper(II) ions was observed, with a better

efficiency for HWH than for HKCH. Stern–Volmer plots were ob-
tained at pH 7.4, which exhibited an upward curvature (data

not shown), indicating the simultaneous operation of dynamic

and static quenching processes.[39]

Upon addition of up to 0.5 equiv of copper(II) ions, the fluo-

rescence data could be fitted to the simple and well-known
Stern–Volmer equation,[40] giving Ksv values of 1.7 Õ 105 and

1.3 Õ 105 m¢1 for HWH and HKCH, respectively (with r2 > 0.99).
In the case of HWH, complete quenching of the fluorescence

was observed with an equimolar amount of copper, whereas
12 % of the coumarin emission remained with HKCH. The latter

observation may be explained by the greater distance be-
tween the fluorescent group and the copper-binding site in tri-

peptide HKCH.
To determine the apparent binding constants (Kapp), the ex-

perimental data were fitted to Equation (1),[41, 42] and the corre-

sponding plots are shown in Figure 6 a,b (see Experimental
Section for details).

I ¼ I0 þ
Ilim ¢ I0

2 L½ ¤
L½ ¤ þ Cu2þ½ ¤ þ 1

Kapp¢ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð L½ ¤ þ Cu2þ½ ¤ þ 1

K appÞ2 ¢ 4 L½ ¤ Cu2þ½ ¤
q0@ 1A ð1Þ

where [L] and [Cu2 +] are the total concentrations of the pep-

tide and copper(II) ions, respectively, Kapp is the apparent affini-
ty constant of the CuII-peptide complex, and I0 and Ilim denote

the fluorescence intensities of the free and the fully complexed
peptide, respectively. The determination coefficients (r2) were

in all cases >0.99.
The corresponding Kapp values were evaluated as 3.7 Õ

107 m¢1 (r2 > 0.99) for HWH and 3.5 Õ 106 m¢1 (r2 > 0.99) for
HKCH. Considering the binding affinity of the buffer, namely

HEPES (used in high excess), the Kapp constants were corrected
by applying Equation (2);[43] subsequent conditional binding

constants (Kcond) of 3.1 Õ 109 and 2.9 Õ 108 m¢1 were evaluated

for HWH and HKCH, respectively (see the Experimental Section
for details).

log K cond ¼ log K app þ logð1þ bCu¢bufferx
½buffer¤

1þ 10¢pHþpKaÞ ð2Þ

Importantly, these values are up to two orders of magnitude
higher than that reported for Ab(1-40) using the same method-

Figure 6. Fitting of the fluorescence titration data to Eq. (2) and conditional
affinity constants obtained for a) HWH and b) HKCH. c) Plot illustrating the
strong but partial recovery of the emissions of HWH and HKCH upon addi-
tion of HAH. [Peptide] = 10 mm in HEPES (100 mm, pH 7.4).
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ology, that is, 2.9 Õ 107 m¢1.[41] Therefore, HWH and HKCH
should, in principle, be excellent competitive copper-binding

agents to prevent the toxicity of Cu-Ab assemblies.
It should be noted that the above-mentioned conditional af-

finity for the Ab(1-40) fragment differs significantly from the
more widely accepted value of about 1010 m¢1.[44] This discrep-

ancy seems to be related to the different methodology used,
that is, the introduction of strong competitors such as gly-
cine.[44] Further studies, which are beyond the scope of the
present work, are certainly required to identify the reason(s)
for these discrepancies. Consequently, the conditional affinity
constants reported herein, for both the Ab(1-40) fragment and
the tripeptides, cannot be considered as absolute values but
rather as relative ones.

The easier and faster data treatment (since the use of a com-

petitor is not needed) and the reproducibility of the methodol-

ogy employed in the present study make it a practical ap-
proach for straightforward comparative studies on the affinity

towards copper(II) of chelating compounds.
Being non-emissive, the affinity of HAH could not be deter-

mined by fluorescence spectroscopy; hence, competitive bind-
ing experiments with HWH and HKCH were carried out to eval-

uate the relative affinity of HAH, by monitoring the intrinsic

fluorescence of the emissive tripeptides (viz. HWH and HKCH).
Figure 6 c illustrates the intensification of the emissions of

HWH and HKCH upon addition of increasing amounts of HAH.
It can be seen that most of the emission enhancements oc-

curred in the range 0–1 equiv of added copper(II). The original
emissions of HWH and HKCH were not totally recovered. In

fact, only 50 % of the original fluorescence was recovered,

which may be due (at least in part) to intermolecular interac-
tions between aromatic rings. The quenching efficacy of such

supramolecular interactions can be enhanced in the presence
of a metal ion, through either conformational or electronic ef-

fects. Indeed, blank experiments (without copper) showed
emission quenching to a lower extent.

In summary, the copper-binding affinities of the tripeptides

described herein follow the trend HAH > HWH > HKCH. The
order of magnitude difference in Kcond values between HWH
and HKCH may originate from a stability enhancement of the
[Cu-HWH] complex through secondary interactions involving

the aromatic rings.[45]

To evaluate the role played by the His1 residue in the stabili-

zation of the metal–peptide complex, the values of Kapp and
Kcond for the tripeptide GWH (l-glycidyl-l-tryptophanyl-l-histi-
dine, in which the histidine at position 1 is replaced by a gly-

cine residue), were determined (Figure S13). The decrease in
the intrinsic fluorescence of GWH upon addition of copper(II)

was more gradual than that for its His1 analogue (Ksv = 7.7 Õ
104 m¢1), as evidenced in Figure S13, and confirmed by the cor-

responding Kapp of 1.48�0.23 Õ 106 m¢1 (r2 = 0.984) and Kcond of

1.23�0.19 Õ 108 m¢1. The order of magnitude lower Kcond for
the Cu-GWH complex, compared with that for Cu-HWH, cor-

roborates the significant effect of His1 on the complex stability,
even though it is not involved in the coordination sphere of

the metal ion. Such stabilizing effects of positively charged res-
idues in copper(II)–peptide complexes exhibiting an albumin-

like coordination environment have been mentioned previous-
ly by Kozlowski.[6] Furthermore, an improvement of complex

stability by aromatic AAs (i.e. , Phe, Tyr, or Trp) through direct
electronic interactions with the metal ion, p stacking, or gener-

al hydrophobic effects has been proposed.[6] At this point, it
has to be stressed that, in the present study, the peptide con-

taining a non-aromatic central residue (namely alanine) exhibit-
ed better copper(II)-binding properties than its analogous tri-
peptides containing an aromatic central AA (histidine or cou-

marin-labeled lysine).
Competitive binding studies between the tripeptides and

amyloid proteins [Ab(1–16) and Ab(1–42)]: As outlined
above, the tripeptides HWH, HKCH, and HAH were selected

with the idea of using them as potential binding compounds
to compete with amyloid-b fragments for copper. As shown

above, the three peptides exhibit Cu2+-binding affinities that

are up to two orders of magnitude higher than that displayed
by Ab(1-40). To confirm their higher proficiency to “capture”

copper(II) ions, competitive binding experiments were per-
formed using the non-aggregating amyloid fragment Ab(1-16)

(Kcond = 1–2 Õ 107 m¢1),[1] following the intrinsic fluorescence of
the tyrosine residue Tyr10 of the protein and the emission of

a fluorescent tripeptide. For these studies, HKCH was preferred

because its emission at 410 nm would not interfere with that
of Ab(1-16) (emission of tyrosine at 305 nm); the excitation

wavelength of HKcH is far enough from that of Ab(1-16), in
contrast to that for HWH (lexc = 275, 300, and 280 nm for tyro-

sine, the coumarin group of HKCH, and tryptophan, respective-
ly).

In a first experiment, increasing amounts of HKCH were

added to a solution containing equimolar amounts of copper(-
II) ions and Ab(1-16), which had previously been incubated for

2 min (Figure 7 a). The Tyr emission of the protein, which was
quenched by 40 % upon copper binding (Figure 7 a), was moni-

tored upon addition of HKCH. 90 % of the initial fluorescence
of Ab(1-16) was recovered when an equimolar amount of the
tripeptide was added to the Cu-Ab mixture (Figure 7 a). This

result indicated that the metal ion was displaced from the pro-
tein by the tripeptide. At higher peptide concentrations (>
1 equiv HKCH), the emission of the protein showed a linear de-
crease. This effect was also observed in a blank experiment
employing only Ab(1-16) and HKCH (i.e. , without copper) ;
hence, an energy-transfer process between the emission of Tyr

at 305 nm and the absorption of the coumarin fluorophore at
300 nm may justify this (FRET-type) phenomenon. This assump-
tion was reinforced by a similar titration carried out by gradu-
ally adding non-emissive HAH peptide to a solution of the Cu-
Ab(1-16) complex (Figure S14), in which case no energy trans-

fer could take place because of the absence of an acceptor.
Indeed, 100 % of the amyloid protein emission was recovered

after the addition of an equimolar amount of peptide, and the
emission remained relatively constant on adding excess HAH
(Figure S14).

Subsequently, a reverse experiment was performed in which
increasing amounts of Ab(1-16) were added to a solution of

Cu-HKCH. As anticipated, the emission of the coumarin moiety
increased linearly and in a less pronounced fashion than in the
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previous experiments (Figure 7 b). Furthermore, no slope

change was observed in the plot (Figure 7 b), and the corre-
sponding blank measurements presented a similar profile.

These features corroborated the high stability/inertness of the
Cu-HKcH complex, even in the presence of up to four equiva-
lents of the protein. As proposed earlier (see above), the data

obtained from the blank experiment can be explained by an
energy-transfer process from the Tyr10 residue to the coumarin
group. It may be noted that, in the respective cases, the value
of the slope is equivalent but with opposite sign (about 10 %

per added equivalent of the titrant). Finally, it may be noted
that, since HKCH showed the lowest binding affinity among

the three peptides investigated, it can be surmised that HAH
(Figure S14) and HWH will be even better Ab(1-16) competi-
tors.

Next, aggregation studies were carried out through competi-
tive binding between the tripeptides and GFP-conjugated

Ab(1-42) (Ab42-GFP) inclusion bodies.[46] In the absence of cop-
per(II) ions, an increase in GFP fluorescence (lexc = 488 nm;

lem = 512 nm) of the Ab42-GFP fusion construct was observed

over time as the fusion protein was refolded (Figure 8 a), indi-
cative of a normal refolding of the GFP. The addition of HWH,

HKCH, or HAH did not affect the aggregation of Ab42-GFP (Fig-
ure 8 a), suggesting that the tripeptides do not directly inter-

fere with the amyloid aggregation process. Remarkably, when
a solution of copper(II) ions (10 mm) was added to a denatured

solution of Ab42-GFP, a drastic reduction of GFP fluorescence
occurred with the refolding process (Figure 8 a), attributable to

the rapid aggregation of a copper(II)/Ab42-GFP species that

prevents correct refolding of the GFP. Subsequently, experi-
ments were performed in which 10 mm solutions of the differ-

ent tripeptides were added to a copper(II)/Ab42-GFP solution
(copper-to-tripeptide ratio of 1:1). In all cases, about 80 % of

the GFP fluorescence was observed (indicating the occurrence
of GFP refolding), thus confirming a preferential binding of the

copper(II) ions to the tripeptides as opposed to Ab(1-42) (Fig-

ure 8 a).
To evaluate the inhibitory effect of increasing amounts of

peptide on Ab(1-42) aggregation, HWH in the concentration
range 5–100 mm was added to a copper(II)/Ab42-GFP solution

with [Cu2 +] = 10 mm. The corresponding results are depicted in
Figure 8 b; it can clearly be seen that an equimolar amount of

tripeptide (i.e. , a minimum concentration of 10 mm) was re-
quired to recover about 80 % of the fluorescence of GFP (oc-
curring through appropriate protein folding). An [HWH] of
5 mm did not allow recovery of the normal aggregation of the
protein (Figure 8 b). It may also be noted that complete recov-

ery of the GFP fluorescence could not be achieved, even in the
presence of an excess of tripeptide (Figure 8 b). This may be

explained by some GFP fluorescence quenching induced by
the presence of copper(II) ions in the mixture.

Aggregation kinetic studies with Ab(1–40): Next, the time-

dependent aggregation of Ab(1-40) without and with copper-
(II) ions was monitored by using thioflavin T (ThT) fluorescence,

which increases substantially upon binding to aggregated fi-
brillar structures forming b sheets.[47] Without copper, only

Figure 7. Competitive fluorescence titration studies between HKCH and the
Ab(1-16) fragment: a) addition of increasing amounts of HKCH to Cu-Ab(1-
16) ([Cu-Ab(1-16)] = 10 mm) in HEPES (10 mm, pH 7.4) ; b) addition of increas-
ing amounts of Ab(1-16) to Cu-HKCH ([Cu-HKCH] = 10 mm) in HEPES (10 mm,
pH 7.4).

Figure 8. Competitive copper(II)-binding studies between the tripeptides
and Ab(1-42). a) Recovery of GFP fluorescence of Ab(1-42)–GFP fusion con-
structs through the formation of CuII-HWH, CuII-HAH, or CuII-HKCH 1:1 com-
plexes; [tripeptide] = [CuII] = 10 mm. b) Effect of the addition of increasing
concentrations of HWH ([HWH] = 5–100 mm) on the recovery of GFP fluores-
cence of Ab(1-42)–GFP fusion constructs, confirming the preferential forma-
tion of a 1:1 CuII-tripeptide species; [CuII] = 10 mm.
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a weak ThT signal was observed with a freshly dissolved pro-
tein (see Figure 9). Upon incubation, a short lag phase (or nu-

cleation phase) was observed, immediately followed by an

elongation phase (or growth phase) until the saturation phase
(after about 75 min; see Figure 9), whereupon large fibrils were

generated.[48] The resulting sigmoidal curve was typical for the
aggregation (fibrillation) process of amyloid-b (and more gen-

erally of amyloidogenic proteins).[49] In the presence of cop-
per(II) (one equivalent), completely different behavior was ob-
served (Figure 9). As reported in the literature, copper(II) ions

prevent the formation of b-sheet-rich assemblies (which are
ThT-positive),[50] most likely stabilizing metal-oligomeric spe-

cies.[51] It may also be noted that, after 3 h of incubation, the
ThT fluorescence started to rise, and after 8 h reached an in-

tensity comparable to that achieved without copper (see Fig-
ure S15). Thus, copper clearly retards the formation of amyloid

fibrils.
Subsequently, the effects of the tripeptides on the aggrega-

tion process were investigated by monitoring the ThT fluores-

cence of a solution containing one equivalent of Ab(1-40), one
equivalent of copper(II) ions, and two equivalents of tripeptide

His-Xaa-His (Xaa = tryptophan, Ne-coumarin-labeled lysine, or
alanine), added concurrently. Interestingly, with each of the

three tripeptides, sigmoidal kinetic curves were obtained (Fig-

ure 9 a, for Xaa = W, KC, and A), similar to what was observed
without copper (Figure 9). Accordingly, the tripeptides are all

capable of capturing copper(II) ions, which therefore do not
affect the aggregation/fibrillation of Ab(1-40). Surprisingly,

higher fluorescence intensities (compared with that of free
Ab(1-40)) were obtained with HKCH and HWH (Figure 9 a). As

this increased ThT fluorescence may be explained by the in-
volvement of the fluorescent tryptophan (HWH) or coumarin
(HKCH) group (for instance, through a Fçrster resonance
energy transfer (FRET) process), the ThT fluorescence of pre-

formed Ab(1-40) fibrils (without copper) upon addition of each
tripeptide was examined (Figure 10 a). The corresponding re-

sults clearly showed that all three tripeptides had no effect on
the fluorescence of the ThT-Ab assemblies (Figure 10 a), sug-

gesting no interaction between them and ThT. Therefore,

a FRET-type process between the peptides and ThT may be
discarded.

In contrast, when ThT-Ab fibrils were obtained after incuba-
tion for 24 h in the presence of copper(II) ions (see Figure S15),

a significant augmentation of ThT fluorescence (with respect
to that of ThT-Ab fibrils obtained without copper(II)) was ob-
served for HKCH, HWH, and HAH (Figure 10 b). Correction for

this additional ThT fluorescence in the kinetic curves for HWH
and HKCH (Figure 9 a) generated sigmoidal curves (Figure 9),

similar to that obtained for Ab(1-40) (Figure 9). The fact that
no ThT fluorescence increase was observed for HAH (Figure 9)

confirmed the higher affinity of this tripeptide for copper(II)
(see above). In fact, it appears that upon concurrently mixing

Ab(1-40), ThT, HAH, and the copper salt, the copper(II) ions are

immediately trapped by the tripeptide, thus impeding the ThT
fluorescence enhancement that was observed upon addition

of HAH to pre-formed ThT-Ab fibrils in the presence of this
metal (Figure 10 b). In other words, since copper is instantly

bound by HAH (due to its high affinity), the cations have no
time to form the species with enhanced ThT emission (Fig-

Figure 9. Time course of Ab(1-40) aggregation: a) ThT fluorescence data
(lexc = 445 nm; lem = 480 nm) obtained for free Ab(1-40), Ab(1-40) in the
presence of Cu2 + ions, and of Ab(1-40) + Cu2+ in the presence of the differ-
ent tripeptides; b) corrected fluorescence data taking into account the fluo-
rescence enhancement occurring upon interaction of the tripeptides with
ThT-Ab formed in the presence of Cu2 + ions (see text for details and
Figure 10).

Figure 10. Effects of the tripeptides on the fluorescence of ThT-containing
Ab(1-40) fibers: a) Ab(1-40) fibers pre-formed without copper in water (con-
trol) or mixed with HAH, HKCH, or HWH ; b) Ab(1-40) fibers pre-formed in
the presence of Cu2+ ions in water (control) or mixed with HAH, HKCH, or
HWH (see Experimental Section for details).
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ure 10 b), and a “normal” fibrillation pathway (i.e. , that ob-
served for ThT-Ab assemblies obtained in the absence of

copper; Figure 9) is followed.
As a matter of fact, the unexpected augmentation of ThT

fluorescence illustrated in Figure 10 b is very informative; first,
these data indicate that the tripeptides are able to bind and

thus remove copper(II) ions from amyloid b-sheet structures,
which is a very interesting feature in the context of potential

applications of such small peptides in AD. Second, the fluores-

cence increase (which reaches a level significantly higher than
that achieved without copper) after copper removal (by the tri-

peptides) suggests that the Ab fibers generated in the pres-
ence of the metal contain pre-organized structures that most

likely produce a higher-level association of the protein when
the copper(II) ions are removed, leading to enhanced ThT emis-
sion. In-depth studies (which are beyond the scope of the

present work) are clearly required to investigate this remark-
able process.

Inhibition of ROS production/release : Besides their involve-
ment in Ab aggregation, redox-active copper(II) ions can also
induce oxidative stress (leading to cell death). In the presence
of biological reductants (e.g. , ascorbate), CuII-Ab is more toxic

than Ab alone. The toxic effects of copper(II) are specific to its

interaction with Ab(1-40) and Ab(1-42),[52] which gives rise to
the generation of ROS, thereby inducing oxidative stress.

Therefore, the administration of a well-designed copper(II) che-
lator may have a dual function, namely the removal of Ab-

bound copper(II) ions and the blocking/lessening of oxidative
stress.

The effects of the tripeptides on the copper-catalyzed pro-

duction of ROS were first evaluated at physiological concentra-
tions of ascorbate (i.e. , 100 mm) by monitoring its consumption

through its absorbance at 265 nm over a period of 30 min fol-
lowing its addition (Figure 11 a). Whilst a significant decrease in

ascorbate was observed when free copper(II) ions were used,
the sole addition of 1.1 equiv (with respect to copper) of any

of the three peptides and Ab(1-40) led to a drastic diminution

of ROS production (Figure 11 a). Both HKCH and HWH served
as very efficient ROS inhibitors, since 97 % and 95 % inhibitions,
respectively, were achieved after 30 min (see the Experimental
Section for details), whereas high amounts of ROS were pro-

duced in the case of free copper(II) (see the respective plots in
Figure 11 a). HAH proved to be a slightly less efficient inhibitor

of ROS formation, with 85 % inhibition. These data are in sharp
contrast to the intrinsic ROS generation from the Cu/Ab(1-40)
complex and the redox cycling of “free” copper(II) ions, which

consumed 38 % and 73 %, respectively, of the initial amount of
ascorbate.

Next, the potential formation of hydroxyl radicals (HOC),
which represent the ultimate, very harmful ROS produced

through CuII/CuI redox cycling (see Figure 11 a), was investigat-

ed. To this end, the generation of HOC in the presence of the
natural reducing agent ascorbate under aerobic conditions

was monitored indirectly through the formation of 7-hydroxy-
coumarin-3-carboxylate (7-OHCCA) from coumarin-3-carboxyl-

ate (3-CCA). The characteristic emission of 7-OHCCA at 500 nm
was used to monitor its formation over a period of 30 min fol-

lowing the addition of ascorbate. The 7-OHCCA emission of

a micromolar solution of copper(II) ions containing 1.1 equiv of
tripeptide was strongly inhibited compared to that in the case

of a solution of free copper(II), that is, without added peptide
or amyloid protein (Figure 11 b). The three peptides exhibited

comparable efficiencies, with degrees of inhibition ranging

from 67 % to 76 % after 30 min. In comparison, Ab(1-40) led
only to 12 % inhibition after the same duration. Moreover, it

should be noted that the inhibition rates of hydroxyl radical
formation are lower than those for total ROS formation (cf. the

ascorbate consumption experiments above). This apparent dis-
crepancy may be due to the fact that a three-fold higher

Figure 11. a) ROS formation mediated by the CuII-peptide complexes and by
CuCl2, determined by the consumption of ascorbate through its maximum
absorbance at 265 nm; [CuCl2] = 1 mm, [peptide] = 1.1 mm, [ascorba-
te] = 100 mm, phosphate buffer 100 mm, pH 7.4. The blank experiment was
performed under the same conditions but in the absence of copper(II) and
peptide/protein. b) Effects of the CuII-peptide complexes on the CuII-mediat-
ed production of HOC, measured by the characteristic fluorescence of 7-hy-
droxy-coumarin-carboxylate (7-OHCCA) formed by reaction of HOC with 3-
coumarin-carboxylate (3-CCA); lex = 385 nm, lem = 500 nm, [CuCl2] = 1 mm,
[peptide] = 1.1 mm, [ascorbate] = 300 mm, [3-CCA] = 1 mm. Phosphate buffer:
100 mm, pH 7.4. The blank experiment was carried out under the same con-
ditions but in the absence of copper(II) and peptide/protein. The inhibition
percentages are indicated next to the respective curves.
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amount of ascorbate (i.e. , [ascorbate] = 300 mm) was used in
these experiments (cf. [ascorbate] = 100 mm for the previous

studies ; see above). It should also be stressed that this excess
of ascorbate appeared to strongly affect the reaction mixture

containing Ab(1-40). The obtained results also revealed that
the (prospective) peptide-mediated scavenging of hydroxyl

radicals is negligible compared to the inhibition of total ROS
production.

In summary, HKCH, HWH, and HAH are capable of signifi-

cantly hampering the total production of ROS, including HOC,
which is one of the most destructive radicals found in biol-
ogy.[53] Interestingly, the inhibition of these very harmful
copper-catalyzed oxidative processes is notable when the cop-

per(II) ions are captured by the tripeptides (as compared to
the amyloid protein).

Conclusion

There is evidence that amyloid-b aggregation and the associat-

ed neurotoxicity are related to copper dyshomeostasis as well

as that of other metals such as zinc and iron.[2, 54] However, the
possible interrelation between the different levels of these

metal ions in the brain has yet to be fully elucidated. Likewise,
the actual sequential correlation of metal misbalance with

characteristic features of Alzheimer’s disease, such as amyloid
aggregation or tau hyperphosphorylation, is unclear. Neverthe-

less, targeting one of these metal ions (e.g. , to restore intracel-

lular metallostasis), for instance copper, may have a positive
impact on the levels of the others and on the progression of

the disease. Indeed, copper chelators, for example clioquinol,
have already been used in vivo with some promising effects.[55]

In the present study, small and simple oligopeptides have
been designed to chelate copper(II) ions. Investigation of their

metal-binding properties has revealed that these tripeptides of

the sequence H-His-Xaa-His-OH exhibit an albumin-like binding
mode, which is typical of His3 peptides.[56] However, these

highly stable CuN4 species are not conserved at elevated pep-
tide-to-copper molar ratios, converting to a CuN3O2 motif in-

volving the coordination of at least two peptidic molecules. At
equimolar copper-to-peptide ratios, the His1 residue, despite

not being directly bound to CuII, confers an additional stability
to the ATCUN-type complexes formed. The central AA also

plays a role in the binding affinity to copper, probably through
secondary interactions involving steric aspects and the aromat-
ic rings. The conditional affinity constants of the three peptides
have been determined by intrinsic fluorescence measurements,
and are two orders of magnitude higher than that previously

reported for Ab(1-40). Competitive binding studies based on
fluorescence measurements using either Ab(1-16) or bacterial

inclusion bodies of Ab42-GFP have confirmed their efficient
ability to displace Ab-bound CuII ions in an irreversible fashion.
ThT emission studies have suggested that copper-induced oli-

gomer aggregation of Ab(1-42) is indeed inhibited in the pres-
ence of the peptides, and on adding the peptides to Cu-in-

duced fibrils a modulation of such fibrillation occurred. The
striking enhancement of ThT fluorescence upon interaction of

the tripeptides with ThT-Ab fibrils preformed in the presence
of copper is being investigated.

Finally, the tripeptides are capable of markedly hindering
the redox activity of copper(II) ions and the associated ROS

production, especially in comparison with Ab(1-40). The simi-
larity in the inhibition rates induced by HAH, HWH, and HKCH
points to the binding mode as the main factor regulating the
copper(II) activity. In agreement with previous reports,[16] the
present work has confirmed that the ATCUN motif is an ex-

tremely effective redox-silencing unit, which may therefore be
used to diminish the oxidative stress caused by mislocalized
copper in the brain.

These peptidic sequences may represent potential synthons
for the design of copper ionophores, which may redistribute
this metal ion in AD-affected brains.

Experimental Section

Materials : The tripeptides HWH, HAH, and GWH were custom-
made by GeneCust (Luxembourg), and were received as hydrochlo-
ride salts with purity �95 %. These peptides were used without
further purification. CuCl2·2 H2O was used as a source of copper(II)
ions in all of the studies.

The tripeptide H-His-Lys(coum)-His-OH (HKCH) was synthesized by
a solid-phase synthetic method with Fmoc-amino acids and a 2-
chlorotrityl chloride (2-CTC) resin. The non-natural fluorescent
amino acid Na-Fmoc-Ne-(coumarin-3-ylcarbonyl)-l-lysine was syn-
thesized following the procedure described by Katritzky et al.[57]

Thus, HKCH was built-up on a solid support in a linear fashion; the
first AA was coupled to the resin using N,N-diisopropylethylamine
(DIPEA). After a reaction time of 100 min, the subsequent AAs
were coupled with a threefold excess of N,N’-diisopropylcarbodii-
mide and ethyl 2-cyano-2-(hydroxyimino)acetate (DIC/Oxyma) for
1 h using a threefold excess of the AA in DMF/CH2Cl2 (1:1), with al-
ternate washings with DMF and CH2Cl2. Next, the Fmoc groups
were removed by treatment (5 Õ 10 min) with piperidine/DMF
(20:80). The progress of each coupling reaction was monitored by
the ninhydrin test (Kaiser test[58]). The final tripeptide was cleaved
from the resin by treatment with TFA/TIPS/CH2Cl2 (40:5:55) for
45 min, washed with TFA/CH2Cl2 (1:1), and collected by precipita-
tion with Et2O. The purity of the peptide was checked by HPLC; in
the case of purity below 95 %, further purification by means of
preparative reversed-phase HPLC was carried out.

In all studies carried out with these peptides, the concentrations of
the prepared stock solutions were checked spectrophotometrically,
using the molar absorptivity values e(Trp, 280 nm) =
5690 m¢1 cm¢1[59] and e(Lys(coumarin), 300 nm) = 12 271 m¢1 cm¢1.

UV/Vis absorption and circular dichroism spectroscopies : UV/Vis
absorption spectra were recorded on a Varian Cary 100 Scan spec-
trophotometer at room temperature employing a 1 cm pathlength
cuvette. A JASCO J-815 circular dichroism spectropolarimeter was
used to acquire CD spectra at room temperature at different CuII-
to-peptide ratios, with a scanning speed of 200 nm min¢1 and 1 cm
pathlength cuvettes. 1 mm peptide solutions were prepared for
the UV/Vis absorption studies. For the CD experiments, 0.125 mm
solutions were used. In all cases, the solutions were prepared in
HEPES buffer (100 mm, pH 7.4).

Consumption of ascorbate : Absorbance measurements at 265 nm
(which corresponds to the maximum absorption peak of ascorbate)
were carried out under aerobic conditions at room temperature in
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100 mm phosphate buffer (pH 7.4). The buffer solution had been
pre-treated with Chelex 100 resin (Bio-Rad) to remove any metal
traces. The absorbance was registered over a 30 min time span.
The inhibition rates were calculated according to Equation (3):

%inhibition ¼ ð1¢ Abs¢ Absblank

AbsfreCu ¢ Absblank
Þx100 ð3Þ

Electrospray ionization mass spectrometry : ESI mass spectra
were recorded on an LC/MSD-TOF spectrometer (Agilent Technolo-
gies) equipped with an electrospray ionization (ESI) source at the
Serveis CientificotÀcnics of the Universitat de Barcelona. The spec-
tra were acquired in positive-ion mode at either 175 or 215 V. The
solutions were prepared in Milli-Q water, with [CuCl2] = 0.5 mm,
[peptide] = 0.25 mm, and pH 7.4 (adjusted with NaOH).

Fluorescence spectroscopy : Fluorescence measurements were car-
ried out using a HORIBA Jobin–Yvon iHR320 spectrofluorimeter at
room temperature. The photomultiplier detector voltage was set
at 950 V and the instrument excitation and emission slits were
both set at 5 nm. In all cases, the pH was fixed at 7.4 with 100 mm
HEPES buffer, except in the competition studies, for which 10 mm
HEPES was employed instead.

Calculation of the conditional binding constants: The apparent affini-
ty constants of the CuII complexes with HWH and HKcH were cal-
culated by fitting the fluorescence titration data to Equation (1)
(see above).[41, 42] Since HEPES, the buffer used for the measure-
ments, can form a 1:1 complex with copper(II) and can thus act as
a weak competitor, its influence on the binding equilibrium had to
be taken into account. Therefore, the affinity constants at zero
buffer concentration, that is, the conditional binding constants
(Kcond), were determined. For very large quantities of HEPES with re-
spect to the other components in the solution, Equation (2) (see
above) can be applied.[43]

Generation of hydroxyl radicals; formation of 7-hydroxy-coumarin-
carboxylic acid (7-OHCCA): Single-point fluorescence measurements
were performed at room temperature in phosphate buffer
(100 mm, pH 7.4). The buffer solution had been pre-treated with
Chelex 100 resin (Bio-Rad) to remove any metal traces. The samples
were excited at 385 nm and the emission at 500 nm was registered
over a period of 30 min, under aerobic conditions. A 5 mm stock
solution of 3-coumarin-carboxylic-acid (3-CCA) was prepared in
phosphate buffer as described previously.[53] An ascorbate solution
was freshly prepared in phosphate buffer immediately prior to
each measurement. The final concentrations used for the assays
were 1 mm CuCl2, 1.1 mm peptide, 300 mm ascorbic acid, and 1 mm
3-CCA. The inhibition rates were calculated according to Equa-
tion (4):

%inhibition ¼ ðI ¢ I ¢ Iblank

IfreeCu ¢ Iblank
Þx100 ð4Þ

NMR studies : 1D and 2D NMR experiments were performed on
a Bruker Avance III 400 MHz spectrometer, equipped with a 5 mm
cryoprobe (Prodigy) broadband (CPPBBO BB-1H/19F/D) with gradi-
ents in Z, at the Centres Cient�fics i Tecnolýgics of the Universitat
de Barcelona (CCiTUB). Solvent suppression for the 1D experiments
was achieved using a PRESAT pulse sequence. The NMR data were
analyzed using MestReNova 9.1.0. Solutions of 10 mm peptide in
D2O were adjusted to pH 7.4, and measured with an insert contain-
ing a 5 mg mL¢1 solution of [D4]-3-(trimethylsilyl)propanoic acid
(TSP) as an internal reference. In the presence of 0.01 equiv of CuII

ions, the intensity of the peptide NMR signals decreased by about
60 %.

The 1H and 13C signals of the peptides were assigned on the basis
of 1H-1H COSY, 1H-13C HSQC, and 1H-13C HMBC experiments. It
should be noted that, even though the measurements were made
in D2O, it was decided to use the notation pH.

EPR studies : X-band EPR spectra of frozen solutions were recorded
at 77 K on a Bruker ESP300 E spectrometer. WINEPR 2.11 software
(Bruker) was used to process and simulate the spectra. Aqueous
CuCl2/peptide mixtures in ratios of 1:1.1 (5 mm Cu2 +) and 1:100
(2 mm Cu2 +) were used in 100 mm HEPES buffer (pH 7.4).

Competitive binding studies using GFP-Ab(1–42) fusion con-
structs

Production and purification of bacterial inclusion bodies (IBs): Escheri-
chia coli competent cells BL21 (DE3) were transformed with the
pET28a vector from Novagen (Merck KGaA, Darmstadt, Germany)
carrying the DNA sequence of the Ab42-GFP fusion protein. The
Ab protein produced by the bacteria contains an additional me-
thionine residue at its N terminus for the addition of the initiation
codon ATG in front of the gene; hence, the sequence of the result-
ing [Met + Ab(1–42)] peptide is
Met - Asp - Ala - Glu - Phe - Arg - His - Asp - Ser - Gly - Tyr - Glu -
Val - His - His - Gln - Lys - Leu - Val - Phe - Phe - Ala - Glu - Asp -
Val - Gly - Ser - Asn - Lys - Gly - Ala - Ile - Ile - Gly - Leu - Met - Val -
Gly - Gly - Val - Val - Ile - Ala. Over-expression of the Ab42-GFP
fusion constructs was carried out as described previously.[60] Briefly,
bacterial cultures (10 mL) were grown overnight at 37 8C and
250 rpm in Luria broth (LB) medium containing 50 mg mL¢1 kana-
mycin. For the protein over-expression, these cultures (10 mL)
were inoculated into LB (1 L) containing 50 mg mL¢1 of kanamycin.
At an absorbance at 600 nm of 0.8, 1 mm isopropyl-b-d-1-thioga-
lactopyranoside (IPTG) was added to induce recombinant protein
expression. After 4 h, the bacterial cells were harvested by centrifu-
gation, and the obtained pellets were re-suspended in lysis buffer
containing 100 mm NaCl, 1 mm EDTA, and 50 mm Tris at pH 8 to
purify the intracellular inclusion bodies (IBs), as described previous-
ly.[19] The IBs were purified by a differential centrifugation/deter-
gent washing procedure.[61, 62] In brief, the protease inhibitor PMSF
and lysozyme were added so as to give final concentrations of
15 mm and 300 mg mL¢1, respectively. The samples were then incu-
bated at 37 8C for 30 min. Subsequently, 1 % NP-40 was added and
the mixture was incubated at 4 8C for 50 min under gentle agita-
tion. In order to remove nucleic acids, the cells were treated with
15 mg mL¢1 DNase and RNase at 37 8C for 30 min. Finally, the IBs
were collected by centrifugation at 12,000 g for 10 min and
washed with lysis buffer containing 0.5 % Triton X-100. In a last
step, the samples were washed three times with PBS.[62]

In vitro refolding assay of Ab42-GFP inclusion bodies: Purified IBs
were concentrated by centrifugation to an absorptivity of 100 at
360 nm. Then, 10 mL of IBs was centrifuged and the pellets were
re-suspended in 10 mL of 8 m guanidine (Gdn·HCl) and incubated
at room temperature for 4 h under mild agitation and sonication.

For the refolding process, 10 mL of denatured IBs was dissolved in
990 mL of refolding buffer. These buffers were prepared from PBS
that had been pre-treated with Chelex 100 from Sigma–Aldrich (St.
Louis, MO, USA). When required, 10 mL of refolding buffer was re-
placed by 10 mL of 1 mm CuCl2 so as to give a final metal concen-
tration of 10 mm. In the same manner, 10 mL aliquots of HWH,
HKCH, or HAH from 1 mm stock solutions were added to the
sample. The samples were then incubated at room temperature
for 16 h (overnight) under mild agitation. The GFP fluorescence of
the solutions containing refolded IBs was measured with an
Aminco Bowman Series 2 luminescence spectrophotometer
(Aminco-Bowman AB2, SLM Aminco, Rochester, NY, USA), using ex-
citation and emission wavelengths of 488 nm and 512 nm, respec-
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tively, and slit widths of 4 nm. All measurements were performed
in triplicate.

In vitro Ab(1–40) aggregation kinetics

Preparation of aggregate-free amyloid-b peptide: Ab(1–40) peptide
was obtained from Bachem (Bubendorf, Switzerland). Ab(1–40)
(1 mg) was solubilized in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP;
500 mL) under vigorous stirring at room temperature for 1 h. The
resulting solution was sonicated for 30 min and subsequently
stirred at room temperature for a further 1 h. The solution was
then maintained at 4 8C for 30 min to avoid solvent evaporation
during aliquot collection. To eliminate possible insoluble materials,
the samples were passed through 0.22 mm filters. Lastly, aliquots of
soluble Ab(1–40) were collected and HFIP was evaporated under
a gentle stream of nitrogen. The samples were stored at ¢20 8C.

Aggregation studies: The samples were re-suspended in dimethyl
sulfoxide (DMSO; 50 mL), and the monomers were solubilized
through sonication for 10 min. 100 mL of 250 mm ThT, 100 mL of
100 mm Tris-HCl buffer (pH 7.4), and the appropriate amount of
MilliQ water were then added to obtain final solutions of 20 mm
Ab(1–40) and 25 mm ThT in 10 mm Tris-HCl containing 5 % (v/v)
DMSO. When required, pure MilliQ water was replaced by the
same volume of a solution of CuCl2 to obtain a final [Cu2 +] of
20 mm. Similarly, stock solutions of HAH, HKCH, and HWH were
added to obtain final concentrations of 40 mm to investigate the ef-
fects of the tripeptides on the aggregation process. For the kinetic
assays, the samples were placed in a thermomixer (Eppendorf, Ger-
many) at 37 8C and stirred at 1400 rpm; the course of the aggrega-
tion was then tracked by detecting ThT fluorescence (lexc =
445 nm; lem = 480 nm) using an Aminco Bowman Series 2 lumines-
cence spectrophotometer (Aminco-Bowman AB2, SLM Aminco, Ro-
chester, NY, USA).

To investigate the effects of the different tripeptides on ThT fluo-
rescence of fibrillar Ab assemblies (containing ThT), Ab(1–40) fibers
([Ab] = 20 mm) were pre-formed in the absence and presence of
copper ([Cu2 +] = 20 mm). These fibers were then mixed with pure
water or with 40 mm solutions of HAH, HKCH, or HWH for 90 min. It
should be noted that pre-formed fibers were obtained in the ab-
sence or presence of copper ([Cu2 +] = 20 mm) after incubation for
24 h at 37 8C and under stirring at 1400 rpm.
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