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Detection of interactions of the
β-amyloid peptide with small molecules
employing transferred NOEs

Dimitra Benaki,a Konstantina Stathopoulou,b Leondios Leondiadis,c

Nikolaos Ferderigos,d Maria Pelecanoua∗∗ and Emmanuel Mikrosb∗

The interaction of pineal hormone melatonin, the histological dye thioflavin T, and the olive tree polyphenol oleuropein,
with the 28 amino acid residue N-terminal fragment of the β-amyloid peptide (β-AP) of Alzheimer’s disease, [β-AP(1-28)], was
detected in solution through the observation of transferred NOEs (trNOEs) in 1D and 2D NOE spectroscopy (NOESY) experiments.
The trNOE method is applied for the first time in the detection of interactions of soluble β-AP(1-28) with small molecules and
may provide a means of screening for the identification of possible inhibitors of the formation of neurotoxic β-AP assemblies.
Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

The progressive aggregation of β-amyloid peptide (β-AP) leading
to the formation of extracellular fibrillar deposits in selected
areas of the brain is widely considered to be fundamental
to the development of the neurodegenerative pathology that
characterizes Alzheimer’s disease (AD) [1]. Inhibition of the
fibrillization process of β-AP consequently emerged as an
attractive therapeutic strategy against AD [2–4]. A diverse range
of small organic compounds has been identified as inhibitors
of β-AP fibrillization through the application of a variety of
physicochemical and imaging techniques as well as toxicity
assays [5–8]. β-AP fibrillization is a complex process occurring
via multiple pathways that involve several morphologically and
immunologically distinct β-AP aggregated species, including
oligomers, protofibrils, and fibrils of variable structure [9,10].
Recent evidence indicates that soluble β-AP oligomers may
represent the primary toxic species in AD and attention has
shifted to the identification of inhibitors of β-AP oligomerization
[11–13] as possible therapeutic agents against AD. β-AP oligomers
are kinetically unstable intermediates of multiple types and sizes,
the structural and functional characteristics of which are not well
understood; as a result, the available screening assays for inhibition
of β-AP oligomerization are qualitative, mainly employing SDS-
PAGE analysis, and oligomer-specific antibodies [14]. As is the
case for the inhibitors of β-AP fibrillization, the structure of the
compounds identified as inhibitors of β-AP oligomerization is
diverse [8,10,15] suggesting that they may bind to different
sites within amyloid or even to different amyloid formations.
This lack of structural similarity makes inferring conclusions
from structure/activity relationships difficult and hampers rational
drug design, necessitating the use of screening methods for the
identification of ligands against β-AP assembly.

NMR screening techniques are being applied to quickly
identify ligands that exhibit affinity for biologically important

macromolecules in rational drug design [16–18]. Exchange-based
methods like transferred NOEs (trNOEs) [19,20] are used in the
detection of binding activity of small molecules taking advantage
of the fact that when a relatively small molecule binds to a
macromolecule, its NOE signal changes from positive to negative.
The change in the NOE sign can be detected in the peaks of the
free ligand provided that the ligand is in medium to fast exchange
between the free and bound states (generally corresponding to
KD in the µM to mM range). Especially in the case of β-AP with its
complex assembly process the details of which remain obscure,
the trNOE experiment may reveal the existence of interaction with
a small molecule in a quick, straightforward way and without the
need of identifying the exact aggregation state of β-AP in solution.
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In this work, the application of the trNOE method on the
detection of interactions of β-AP(1–28), consisting of the N-
terminal 28 residues of the native β-AP(1–40), was tested with the
pineal hormone melatonin (Figure 1). Melatonin is known from
the literature to interact with soluble β-AP [21–23] and, therefore,
served as the positive control for the method. Sucrose, known from
the literature not to affect the aggregation of β-AP [24], served as
the negative control. The method was subsequently extended to
include the dye thioflavin T (ThT) and the antioxidant olive tree
metabolite oleuropein (Figures 2 and 3) and this is the first time that
interaction between these two and β-AP in solution is detected
by NMR. For the experiments, the 1D gradient enhanced NOESY
was employed which, compared to 2D techniques, drastically
reduces the requirements in acquisition time, a factor that becomes
important for the low concentration solutions usually employed
in the case of aggregation prone peptides like β-AP. In all cases,
however, the results were confirmed through the use of the 2D
NOESY experiment.

Materials and Methods

Peptide Synthesis

The β-AP(1–28) peptide, comprising the 28 N-terminal amino
acids of the full-length β-AP(1–40) sequence, was synthesized by
the Fmoc strategy [25] and its purity was evaluated to >95% by
reverse-phase HPLC and mass spectrometry.

Reagents

Melatonin, ThT, and sucrose were purchased from Aldrich.
Oleuropein was isolated from olive leafs [26] and was a donation
from the laboratory of Pharmacognosy, University of Athens.

Sample Preparation

Samples of β-AP(1–28) were freshly prepared by dissolving the
proper amount of the peptide in D2O to a concentration of
approximately 0.18 mM. Stock solutions of ThT, oleuropein, and
sucrose were prepared in D2O and of melatonin in CD3OD. Stock
solutions of melatonin, ThT, and oleuropein were also prepared
in DMSO-d6 in order to investigate the use of DMSO as a solvent
for the preparation of stock solutions of hydrophobic organic
compounds.

β-AP(1–28):ligand solutions of different molar ratios were
prepared by adding aliquots of the ligand stock solutions in
freshly prepared D2O solutions of the β-AP(1–28). The pH of the
solutions was adjusted to 3.9 (±0.2) by the addition of microliter
quantities of NaOD or DCl. The 1D spectra of the solutions remained
unchanged over the course of the experiments.

The intensities of trNOEs were investigated atβ-AP(1–28):ligand
molar ratios of 1 : 1, 1 : 5, 1 : 12, and 1 : 20 and the ratio of 1 : 5 was
found to be optimal.

NMR Experiments

All NMR experiments were performed on a Bruker Avance DRX-500
spectrometer, operating at 500.133 MHz for 1H, equipped with a
z-gradient 5 mm broadband inverse (BBI) probe using standard
pulse sequences and phase cycling. The 90 degree high power
pulse for 1H was calibrated at 8.8 µs for attenuation level of 3 dB.
1D NOESY spectra were recorded at 300 K using the following
pulse sequence:

270◦(x, sel)−G1−90◦(x)−tm−Gm−90◦(x)−t2 −180◦(x)−G2−acq

[27,28] (experiment name: selnogs in the Bruker library) with a
Gaussian-shaped pulse of 80 ms (270 degree) truncated by 5% and

Figure 1. (A) 1H NMR spectrum of melatonin in D2O; (B) 1D NOESY spectrum of the same sample with tm150 ms; and (C) 1D NOESY spectrum of a 1 : 5
β-AP(1–28):melatonin solution with tm 150 ms. The numbering of protons is shown on the structure of melatonin.

www.interscience.com/journal/psc Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2009; 15: 435–441
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2k points, and the defocusing (G1), purged (Gm), and refocusing
(G2) gradients having a ratio of 30 : 50 : 30. The recycling delay was
set to 2 s and the mixing times (tm) used were 150 and 800 ms.
The number of scans was 12k for 1 : 1 solutions, and 1k for the
rest of the experiments – the sign of the NOE peak, however,
was visible quite early in the experiment. 2D NOESY [29,30] were
recorded with the same tm as the 1D spectra, with 2k points in
t2 dimension, 256 t1 increments, and 128 transients in the phase-
sensitive mode using time-proportional phase incrementation
(TPPI) [31]. Suppression of the residual water peak was achieved
either through the excitation sculpting pulse sequence [32] or by
presaturation.

Data sets were processed using the XWIN-NMR versus 2.6
software of Bruker. 1D NOESY spectra were processed using a
line broadening (lb) value of 2. In 2D NOESY spectra, t1 data were
zero-filled to 512 data points and Fourier transform was performed
after applying a π/4 phase-shifted squared sine-bell function in
both dimensions.

The possibility that the trNOEs generated are due to background
contribution arising from the peptide is ruled out because no
peptide protons generate NOE signals at the chemical shifts
where the intramolecular NOEs of the small molecules appear
(Supporting Information, Figure S1).

Results

Melatonin

The 1D 1H NMR spectrum of a melatonin solution in D2O (prepared
from a stock solution in CD3OD) at pH 4.0 is shown in Figure 1(A).

In this sample, the selective excitation of the H-5 protons of
the methoxy group with a tm of 150 ms, generated in the 1D
NOESY spectrum positive NOE signals for the two aromatic H-
2 and H-3 protons (Figure 1(B)). As seen in Figure 1(C), in the
presence of β-AP(1–28) at a ratio of β-AP(1–28):melatonin 1 : 5
and at the same tm, these NOE signals became negative. The
change in the sign of the NOEs can only be explained as trNOEs
generated by the interaction of β-AP(1–28) with melatonin. The
pH of the β-AP(1–28)/melatonin solution was adjusted to 3.9
since this pH is suitable for studies of the β-AP(1–28) peptide
[33,34] and for interaction of melatonin with β-AP according to
mass spectrometry studies [23]. 2D NOESY spectra recorded with
the same tm were in complete agreement with the 1D NOESY
observations.

When stock solutions of melatonin were prepared in DMSO-d6

no interaction could be detected even when DMSO-d6 was present
in the very small concentration of 1% in the interaction solution.

Thioflavin T

The 1D 1H NMR spectrum of a ThT solution in D2O, at pH 4.1 is
shown in Figure 2(A). 1D NOESY spectra of the plain ThT solution
were acquired by selective excitation of the H-7/H-8 doublet at
6.80 ppm with a tm of 150 ms. As can be seen in Figure 2(B), weak
NOEs were generated with the H-6/H-9 protons at 7.68 ppm and
the N,N-dimethyl H-10 protons at 2.97 ppm. In the presence of
β-AP(1–28) at a ratio of β-AP(1–28):ThT 1 : 5 and at pH 3.8 the
selective excitation of the ThT H-7/H-8 resonance with the same tm

gave rise to negative NOEs for the H-6/H-9 and H-10 N,N-dimethyl
protons (Figure 2(C)). As in the case of melatonin, these negative

Figure 2. (A) 1H NMR spectrum of ThT in D2O; (B) 1D NOESY spectrum of the same sample with tm 150 ms; (C) 1D NOESY spectrum of a 1 : 5 β-AP(1–28):ThT
solution with tm 150; and (D) 800 ms. The numbering of protons is shown on the structure of ThT.
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Figure 3. (A) 1H NMR spectrum of oleuropein in D2O; (B) 1D NOESY spectrum of the same sample with tm 150 ms; (C) 1D NOESY spectrum of 1 : 5
β-AP(1–28):oleuropein solution with tm 150; and (D) 800 ms. The numbering of protons is shown on the structure of oleuropein.

NOEs suggest that ThT interacts with β-AP(1–28). As expected
from the nature of trNOEs, at the higher tm of 800 ms the observed
NOEs become positive as they are generated by the free ligand in
solution (Figure 2(D)).

As in the case of melatonin, the 2D NOESY spectra gave the
same results, while no interaction could be observed when the
ThT stock solution was prepared in DMSO-d6.

Oleuropein

The 1D 1H NMR spectrum of oleuropein in D2O is shown in
Figure 3(A). The selective excitation of the H-5 resonance at
5.99 ppm with a tm of 150 ms, gives rise to a very weak positive
NOE signal on the neighboring H-6 protons of the methyl group
at 1.54 ppm (Figure 3(B)). This positive peak changed sign when
the experiment was conducted in the presence of β-AP(1–28) at a
1 : 5 β-AP(1–28):oleuropein molar ratio indicating that interaction
of oleuropein with the peptide is taking place (Figure 3(C)). 1D
NOESY spectra recorded with a higher tm of 800 ms were identical
to the spectra of plain oleuropein under the same conditions
(Figure 3(D)).

As in the case of melatonin and ThT, the 2D NOESY spectra gave
the same results, while no interaction could be observed when the
oleuropein stock solution was prepared in DMSO-d6.

Sucrose

The 1D 1H NMR spectrum of a D2O solution of sucrose is shown
in Figure 4(A). The selective excitation of the H-1 proton at

5.36 ppm with tm 150 ms resulted in a positive NOE signal for
H-11 at 3.63 ppm (Figure 4(B)). The peak remained positive in the
presence of β-AP(1–28) in a molar ratio β-AP(1–28):sucrose 1 : 5
(Figure 4(C)), as expected by the lack of interaction of the two
molecules in solution.

Mixture of All Ligands

In order to further establish the application of the trNOE
method as a screening tool for the detection of interactions
with the β-AP peptide, 2D NOESY experiments were conducted
in a solution of β-AP(1–28) containing all four compounds
studied earlier. Aliquots from the stock solutions of melatonin,
ThT, oleuropein, and sucrose were added in the solution of
β-AP(1–28) in D2O to achieve a 1 : 3 molar concentration
ratio of the peptide relative to each compound. The pH of
the solution was adjusted to 3.9. The 2D spectrum acquired
with a mixing time of 150 ms was in complete agreement
with the 1D NOESY spectra, showing positive cross peaks
for sucrose and negative cross peaks for melatonin, ThT, and
oleuropein (Figure 5). Interaction of β-AP(1–28) with the ligands
was still present at the lower β-AP(1–28) concentration of
0.03 mM and peptide : ligand ratio 1 : 20 (Supporting Information,
Figure S2).

The effect of DMSO on the already established interaction of
the three ligands with β-AP(1–28) was also examined (Supporting
Information, Figure S3).

www.interscience.com/journal/psc Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2009; 15: 435–441
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Figure 4. (A) 1H NMR spectrum of sucrose in D2O; (B) 1D NOESY spectrum of the same sample with tm 150 ms; and (C) 1D NOESY spectrum of a 1 : 5
β-AP(1–28):sucrose solution with tm 150 ms. The numbering of protons is shown on the structure of sucrose.

Discussion

In the present work, trNOEs, a well-established method in the study
of protein-ligand interactions, are successfully applied for the first
time in the detection of binding activity of small organic molecules
to soluble β-AP. Interestingly, the detected trNOEs indicate the
presence of interaction even without any visible changes in the
NMR spectra (chemical shifts, linewidths, intermolecular NOEs;
Supporting Information, Figures S4–S6).

The synthetic β-AP(1–28) employed in this study is often used
as a structural model for the full-length β-AP(1–42) because it
assembles in vitro in a manner similar to that observed in situ
[35–38]. The pH of the β-AP(1–28):ligand solutions was adjusted
to 3.9 ± 0.2 because aggregation and precipitation of β-AP(1–28)
from solution becomes rapid at pHs higher than 4 [39,40] and the
study aims at the detection of interaction at the initial stages of β-
AP(1–28) assembly where a possible inhibitory action is expected
to be more effective.

The trNOE method was initially tested on the detection of the
interaction of β-AP(1–28) with the pineal hormone melatonin. A
possible link between melatonin and AD has been established in
the literature based on the facts that melatonin is cytoprotective
against β-AP toxicity [39], it intervenes with fibril formation
in vitro [21], and its levels decrease in ageing and even more
in AD patients [40]. In view of a possible role of melatonin as
a preventive or therapeutic agent for AD, its interaction with β-
AP(1–40) was studied by NMR and CD experiments [21] and by ESI
mass spectrometry [22,23].

Under the conditions of the trNOE experiment, interaction of
melatonin with β-AP(1–28) became evident by the inversion of
the sign of the NOE signal observed on melatonin protons after
selective excitation of their neighbors. This change in NOE sign
denotes a change in the correlation time of melatonin generated
by its association with β-AP(1–28) and confirms the existing

literature evidence on the formation of a noncovalent weak
complex between β-AP(1–28) and melatonin.

The fact that the well-established interaction of melatonin
with β-AP(1–40) could be detected with trNOEs employing the
synthetic β-AP(1–28) fragment, prompted us to apply the method
on two interesting compounds linked in the literature with AD,
ThT and oleuropein.

The benzothiazole dye ThT is a histological amyloid stain [41]
extensively used in the post-mortem visualization of amyloid
plaques in the brains of AD patients. ThT associates rapidly with
amyloid fibrils, isolated from tissues [42] or produced in vitro from
synthetic β-AP(1–40) and β-AP(1–28) [43], and displays a notable
hypochromic shift in its fluorescence spectrum. This property has
found application in the development of a fluorometric assay
for monitoring the course of amyloid fibril assembly, as well as
for identifying agents that might inhibit this process [44]. The
enhancement of fluorescence correlates with the formation of
sedimentable aggregates of β-AP; however, it is reported that
nonsedimentable β-AP retains the ability to fluorescence in the
presence of ThT [43], possibly due to the interaction of ThT with a
soluble oligomeric assembly. These data combined with a recent
report that ThT inhibited the interaction of β-AP with the amyloid-
binding alcohol dehydrogenase [45] led to the trNOE study where
it was clearly demonstrated through the inversion of the sign
of the NOEs that interaction of ThT with β-AP is taking place
in solution. The possibility that the change in the sign of NOEs
is due to association of ThT with fibrils in solution is ruled out
since measurements were done in freshly prepared solutions of
β-AP(1–28) at a pH where aggregation is slow and by employing
the short duration 1D NOESY sequence.

This is the first time that interaction of ThT with soluble β-AP is
demonstrated by NMR. Even though ThT does not interfere with
the fibrillization process of β-AP the detected interaction may be
related with the inhibitory activity of ThT on the oligomerization
process of β-AP that has been recently documented in the

J. Pept. Sci. 2009; 15: 435–441 Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 5. 2D NOESY spectrum (tm 150 ms, region f2 = 8.50–5.00 ppm,
f1 = 4.50–0.50 ppm) of a D2O solution of β-AP(1–28) in the presence
of melatonin, ThT, oleuropein, and sucrose. A molar ratio of 1 : 3 of β-
AP(1–28) to each compound was employed resulting in a final ratio of
1 : 12 of β-AP(1–28) to all compounds present. Negative trNOE cross peaks
(black) are detected for melatonin, ThT and oleuropein indicating their
interaction with β-AP(1–28), while positive (red) cross peaks are observed
for sucrose in accordance with lack of interaction with β-AP(1–28).

literature [10]. According to this report, β-oligomers are not
obligate intermediates in the fibril formation pathway, and the
β-oligomerization and fibrillization pathways are independent
and distinct. If oligomers are the primary toxic species in AD
[11–13], then ThT may serve as a base for the design of potential
AD therapeutics.

The third compound tested for interaction with β-AP(1–28)
through trNOEs is oleuropein, one of the major phenolic
compounds of olive tree with strong antioxidant properties [46].
Formation of a noncovalent complex of high binding energy
between oleuropein and β-AP(1–40) has been detected by ESI
mass spectrometry [47] and its ability to interact with β-AP(1–28)
in aqueous solution was revealed by the generated trNOEs in this
study. The interaction of oleuropein with β-AP is of significant
value due to the presence of oleuropein in olive oil, the main
component of mediterranean diet. The neuroprotective impact
of naturally extracted phenolic compounds on the incidence and
progress of age-related disorders [48], and the demonstrated
ability of oleuropein to associate with β-AP, makes worth the
further investigation of a possible role of oleuropein as an agent
against AD.

Overall, it was shown that the trNOE method can be successfully
applied to detect interactions of soluble β-AP(1–28) with small
organic molecules as possible modulators of the β-AP(1–28)
assembly process provided that the interaction is not very strong
(interactions with KDs in the nM range would be missed). Testing
of a single candidate can be efficiently carried out with the 1D
experiment, while for the screening of a mixture the 2D NOESY is
the method of choice. The detection of trNOEs for melatonin, ThT,

and oleuropein places these ligands in the low-affinity range and
characterizes their interaction with β-AP(1–28) under the specific
experimental conditions as weak with KD > 10−6 M.

The exact nature of the interacting species of β-AP(1–28)
remains obscure. Evidence in the literature suggests that fresh
solutions of β-AP of different lengths contain mixtures of
monomers and small size oligomers in fast exchange [49–51].
The NMR data of the β-AP(1–28) solution in this study do not
contradict, in principle, the literature results showing no chemical
shift change or line broadening upon dilution and a diffusion
coefficient of 1.66 × 10−10 (Supporting Information Figures S7
and S8). So interaction may be taking place with a monomer or
an oligomer, both species being important for the development
of anti-aggregation agents. The lack of interaction of melatonin,
ThT, and oleuropein with β-AP(1–28) in the presence of DMSO,
appears to favor soluble oligomeric structures as the interacting
species, since according to a recent report [10], in the presence
of 1% DMSO oligomers of β-AP are not detected. However, it
should be emphasized that further research is required before a
definite conclusion can be reached on such a complicated and
much investigated subject as the nature of the self-association of
β-AP and its interactions. We are proceeding in this direction with
the detailed investigation of the interaction of oleuropein with the
full-length β-AP(1–40) with a variety of biophysical techniques
[52].

Supporting information

Supporting information may be found in the online version of this
article.
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22 Skribanek Z, Baláspiri L, Mák M. Interaction between synthetic
amyloid- β-peptide (1–40) and its aggregation inhibitors studied by
electrospray ionization mass spectrometry. J. Mass Spectrom. 2001;
36: 1226–1229.

23 Bazoti FN, Tsarbopoulos A, Makrides KE, Bergquist J. Study of
the non-covalent interaction between amyloid- β-peptide and
melatonin using electrospray ionization mass spectrometry. J. Mass
Spectrom. 2005; 40: 182–192.

24 Fung J, Darabie AA, McLaurin J. Contribution of simple saccharides
to the stabilization of amyloid structure. Biochem. Biophys. Res. Co.
2005; 328: 1067–1072.

25 Zikos CC, Ferderigos NG. (R, S) 2-fluoro (chloro)-4′-carboxy-triphenyl
methanol. Novel acid labile trityl type handles for solid phase peptide
synthesis. Tetrahedron Lett. 1994; 35: 1767–1768.

26 Andreadou I, Iliodromitis EK, Mikros E, Constantinou M, Agalias A,
Magiatis P, Skaltsounis AL, Kamber E, Tsantili-Kakoulidou A,
Kremastinos DT. The olive constituent oleuropein exhibits anti-
ischemic, antioxidative and hypolipidemic effects in anesthetized
rabbits. J. Nutr. 2006; 136: 2213–2219.

27 Kessler H, Oschkinat H, Griesinger C, Bermel W. Transformation
of homonuclear two-dimensional NMR techniques into one-
dimensional techniques using Gaussian pulses. J. Magn. Reson. 1986;
70: 106–133.

28 Stonehouse J, Adell P, Keeler J, Shaka AJ. Ultrahigh-quality NOE
spectra. J. Am. Chem. Soc. 1994; 116: 6037–6038.

29 Jeener J, Meier BH, Bachmann P, Ernst RR. Investigation of exchange
processes by two-dimentional NMR spectroscopy. J. Chem. Phys.
1979; 71: 4546–4553.

30 Wagner R, Berger S. Gradient-selected NOESY-A fourfold reduction
of the measurement time for the NOESY experiment. J. Magn. Reson.
Series A 1996; 123: 119–121.

31 Bodenhausen G, Kogler H, Ernst RR. Selection of coherence-transfer
pathways in NMR pulse experiments. J. Magn. Reson. 1984; 58:
370–388.

32 Hwang T-L, Shaka AJ. Water suppression that works. Excitation
sculpting using arbitrary waveforms and pulsed field gradients.
J. Magn. Reson. Series A 1995; 112: 275–279.

33 Kirschner DA, Inouye H, Duffy LK, Sinclair A, Lind M, Selkoe DJ.
Synthetic peptide homologous to β protein from Alzheimer disease
forms amyloid-like fibrils in vitro. Proc. Natl. Acad. Sci. USA 1987; 84:
6953–6957.

34 Salomon AR, Marcinowski KJ, Friedland RP, Zagorski MG. Nicotine
inhibits amyloid formation by the β-peptide. Biochemistry 1996; 35:
13568–13578.

35 Mikros E, Benaki D, Humpfer E, Spraul M, Loukas S,
Stassinopoulou CI, Pelecanou M. High-resolution NMR spec-
troscopy of the β-amyloid(1–28) fibril typical for Alzheimer’s
disease. Angew. Chem. Int. Ed. 2001; 40: 3603–3605.

36 Syme CD, Nadal RC, Rigby SEJ, Viles JH. Copper binding to the
amyloid-β (Aβ) peptide associated with Alzheimer’s disease: Folding,
coordination geometry, pH dependence, stoichiometry, and affinity
of Aβ(1–28): Insights from a range of complementary spectroscopic
techniques. J. Biol. Chem. 2004; 279: 18169–18177.

37 Barrow CJ, Zagorski MG. Solution structures of β peptide and its
constituent fragments: relation to amyloid deposition. Science 1991;
253: 179–182.

38 Zagorski MG, Barrow CJ. NMR studies of amyloid β-peptides: Proton
assignments, secondary structure, and mechanism of an α-helix to
to β-sheet conversion for a homologous, 28-residue, N-terminal
fragment. Biochemistry 1992; 31: 5621–5631.

39 Pappolla MA, Sos M, Omar RA, Bick RJ, Hickson-Bick DLM, Reiter RJ,
Efthiopoulos S, Robakis NK. Melatonin prevents death of
neuroblastoma cells exposed to the Alzheimer amyloid peptide.
J. Neurosci. 1997; 17: 1683–1690.

40 Skene DJ, Vivien-Roels B, Sparks DL, Hunsaker JC, Pevet P, Ravid D,
Swaab DF. Daily variation in the concentration of melatonin and
5-methoxytryptophol in the human pineal gland: effect of age and
Alzheimer’s disease. Brain Res. 1990; 528: 170–174.

41 Puchtler H, Waldrop FS, Meloan SN. A review of light, polarization
and fluorescence microscopic methods for amyloid. Appl. Pathol.
1985; 3: 5–17.

42 Naiki H, Higuchi K, Hosokawa M, Takeda T. Fluorimetric determina-
tion of amyloid fibrils in vitro using the fluorescent dye, thioflavin
T. Anal. Biochem. 1989; 177: 244–249.

43 LeVine H III. Thioflavine T interaction with synthetic AD β-amyloid
peptides. Detection of amyloid aggregation in solution. Protein Sci.
1993; 2: 404–410.

44 LeVine H III. The challenge of inhibiting Aβ polymerization. Curr.
Med. Chem. 2002; 9: 1121–1133.

45 Xie Y, Deng S, Chen Z, Yan S, Landry DW. Identification of small-
molecule inhibitors of the Aβ-ABAD interaction. Bioorg. Med. Chem.
Lett. 2006; 16: 4657–4660.

46 Tuck KL, Hayball PJ. Major phenolic compounds in olive oil:
metabolism and health effects. J. Nutr. Biochem. 2002; 13: 639–644.

47 Bazoti FN, Bergquist J, Makrides KE, Tsarbopoulos A. Noncovalent
interaction between amyloid-β-peptide (1–40) and oleuropein
studied by electrospray ionization mass spectrometry. J. Am. Soc.
Mass Spectrom. 2006; 17: 568–575.

48 Behl C, Moosman B. Oxidative nerve cell death in Alzheimer’s disease
and stroke: Antioxidants as neuroprotective compounds. Biol. Chem.
2002; 383: 521–536.

49 Narayanan S, Reif B. Characterization of chemical exchange between
soluble and aggregated states of β-amyloid by solution-state NMR
upon variation of salt conditions. Biochemistry 2005; 44: 1444–1452.

50 Jarvet J, Damberg P, Bodell K, Eriksson LEG, Gräslund A. Reversible
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