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Curcumin is a natural polyphenol able to bind the amyloid beta peptide, which is related to Alzheimer’s

disease, and modify its self-assembly pathway. This paper focuses on a multi-disciplinary study that starts

from the design of curcumin-like compounds with the key chemical features required for inhibiting

amyloid beta aggregation, and reports the effects of these compounds on the in vitro aggregation of

amyloid beta peptides. Chemoinformatic screening was performed through the calculation of molecular

descriptors that were able to highlight the drug-like profile, followed by docking studies with an amyloid

beta peptide fibril. The computational design underlined two different scaffolds that were easily

synthesized in good yields. In vitro experiments, ranging from fluorescence spectroscopy and confocal

microscopy up to small angle X-ray scattering, provided evidence that the synthesized compounds are

able to modify the aggregation pattern of amyloid beta peptides both in the secondary structures, and in

terms of the overall structure dimensions. The cytotoxic potential of the synthesized compounds was

finally tested in vitro with a model neuronal cell line (LAN5). The overall view of this study suggests new

concepts and potential difficulties in the design of novel drugs against diverse amyloidoses, including

Alzheimer’s disease.
1 Introduction

Alzheimer’s Disease (AD) represents a fundamental challenge
for public health in the 21st century.1 Current AD therapies
focus largely on symptomatic aspects of the clinical pathology,
but they still have yet to demonstrate any major impact on the
progression of the disease.2 The amyloid b (Ab) peptide is
considered one of the most important etiological agents and
pathogenic hallmarks of AD, due to its tendency to aggregate
through b-sheet motifs, from small oligomers to brils and
nally to amyloid plaques,3 causing loss of neuronal functions.4
NO-CNR, Pisa, Italy. E-mail: antonella.

Palermo, Italy. E-mail: antonio.

he, Ancona, Italy. E-mail: m.g.ortore@
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However, oligomeric species formed in the initial state of the
aggregation process seem to be the essential cause of the toxic
effects toward neurons.5,6 Therefore, one strategy to ght AD
could be the development of neuro-protective agents that are
able to reduce the aggregation process and to induce the
formation of non-toxic oligomers.7 In this eld, many natural
products have been considered, in particular polyphenols8 such
as quercetin,9 ferulic acid,10,11 and curcumin.12

Curcumin is a widely studied chemical scaffold for the
treatment of AD,13 however its poor metabolic stability and
blood–brain barrier (BBB) penetration do not grant a real
therapeutic perspective,14 encouraging the research of suitable
delivery systems for its effective therapeutic use.15 Therefore it is
necessary to synthesize compounds with the same ability shown
by curcumin to bind the Ab peptide, without its stability and
bio-availability issues, to allow real applicability for the treat-
ment of AD. In this context, the replacement of the 1,3-dicar-
bonilic portion with heterocyclic isosteres is a promising
strategy, which has already enabled the identication of iso-
xazole,16 pyrazole, pyrimidine,17 and pyridine13 derivatives
capable of binding Ab in the same manner as curcumin.
Accordingly, on the basis of an a priori chemoinformatic eval-
uation, we synthesized systems carrying other heterocyclic
nuclei, in particular azoles and azines, which can provide the
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis of compound 4.

Scheme 2 Synthesis of compound 7.
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completion of the chemical space and possibly lead to the
identication of promising novel drugs.

In this study, two new compounds were designed and
synthesized (Schemes 1 and 2) and their inhibitor effect on Ab
aggregation was tested by means of biophysical experimental
techniques. Ab aggregation kinetics were monitored using
spectrouorometric measurements, small angle X-ray scat-
tering, and confocal microscopy. All experiments proved that
both of the newly synthesized compounds are able to interfere
with the protein by selecting different aggregation pathways,
but with different results in the two cases. Finally, the cytotoxic
potential of these compounds was tested in vitro with a model
neuronal cell line.
2 Materials and methods
2.1 In silico studies

2.1.1 Molecular modeling. The in silico experiments were
carried out using the Schrödinger molecular modeling soware
package installed on a workstation running on a T7400-Dual
Intel Xeon X5482 (3.20 GHz, 1600 FSB, 2x6MB, Quad Core)
and using Ubuntu 14.4 LTS as the operating system.
This journal is © The Royal Society of Chemistry 2017
2.1.2 Ab bril structure preparation. The X-ray crystal
structure of a portion of the Ab bril (PDB code: 2BEG)18 was
retrieved from the Protein Data Bank19 and prepared using the
Protein Preparation Wizard.20 This was then pre-processed by
verifying the bond orders, adding hydrogens, and lling in the
missing loops and side chains using Prime.21 Water molecules
were deleted beyond 5 Å from the ligand and ionization/
tautomeric states were generated at pH 7.0 � 0.5 using Epik.22

Subsequently, the Ab brils were rened by optimizing the
hydrogen bonds (H-bonds) and the sample water orientations.
Finally the Impref-minimization was carried out using the OPLS
2005 force eld.20

2.1.3 Ligand preparation. The structures of the compounds
recorded in the database were built in the Maestro 9.3 panel.23

LigPrep24 was used to produce low energy 3D structures of the
database compounds. The ionization/tautomeric states were
generated using Epik.22 The chirality of the compounds was
retained from the original state. All of the conformations were
minimized using the OPLS-2005 force eld and the most likely
32 conformations per ligand were generated.

2.1.4 Induced t docking. All of the docking calculations
were performed via XP-Glide25 and run in the Virtual Screening
Workow framework. The docking grid was generated by Glide
using the Ab brils’ 3D-space extended to 10 Å in each dimen-
sion. The compounds were exibly docked using penalization
for non-planar amide bond conformations. The docking poses
with the best scoring results are kept. We combine in an itera-
tive way the ligand docking techniques with those for modelling
receptor conformational changes. The Glide docking program
is used for ligand exibility, while the renement module in the
Prime program is used to account for receptor exibility; the
side chain degrees of freedom are mainly sampled, while minor
backbone movements are allowed through minimization. The
major feature of the side chain prediction algorithm is the
sampling performed in a dihedral angle space; in fact, although
the algorithm uses the same type of force eld-based energy
functions used in Molecular Dynamics (MD), the small move-
ments are replaced with large ones in the dihedral angle space.
Further important features of this approach include the rapid
elimination of conformations that involve steric clashes, the
efficient minimization algorithm (multi-scale truncated
Newton), and the use of rotamer libraries to sample only ener-
getically reasonable side chain conformations. All of these
features are coupled in an iterative process. The strategy is to
rstly dock ligands into a rigid receptor using a soened energy
function, such that steric clashes do not prevent at least one
pose from assuming a conformation close to the correct one
(ligand sampling step). Furthermore, the receptor degrees of
freedom are sampled, and a global ligand/receptor energy
minimization is performed for many ligand poses, which
attempts to identify low free-energy conformations of the whole
complex (protein sampling step). A second round of ligand
docking is then performed on the rened protein structures,
using a hard potential function to sample ligand conforma-
tional space within the rened protein environment (ligand
resampling step). Finally, a composite score function is applied
RSC Adv., 2017, 7, 31714–31724 | 31715
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to rank the complexes, accounting for the receptor/ligand
interaction energy as well as strain and solvation energies
(scoring step).

The challenge of the initial ligand sampling step is to
generate at least one reasonably docked pose for the ligand
(independent from the score it receives), because without
a plausible initial guess for the ligand pose, any attempt to
predict reorganization of the protein structure is unlikely to
succeed in the context of a limited allotment of CPU time. The
main goal of the protein sampling step is to predict the low
energy receptor conformation for a correct ligand pose, starting
from the plausible initial guess previously generated. The
ligand resampling step is focused on the generation of low
energy conformations when presented with the correct receptor
conformation. The composite score used for nal ranking of
compounds is given by GlideScore + 0.05 PrimeEnergy. This
denition implies that in most cases the GlideScore term is
dominant, however the small contribution of the PrimeEnergy
score is sufficient to eliminate predicted protein structures for
which the energy gap is large enough to overcome the energy
noise introduced by minor steric clashes. In fact, if the gap in
the composite scores between top ranked structures is below
0.2, indicating isoenergetic solutions, the entire IFD protocol is
repeated for the top ranked solutions using the results from the
rst IFD as input for a further cycle. Before the docking run,
each complex was prepared by adding hydrogens and charges,
in particular setting the ionization state of charged residues to
physiological conditions. The induced t parameters were set as
follows. During the initial Glide docking a van der Waals radius
scaling of 0.50 Å was kept for both ligand and receptor atoms,
and the top 20 poses were recorded. For the Prime renement
step, all of the residues within 5 Å of the active site were kept
free to move, and the side chains were further minimized.
Finally, in the Glide redocking step, all the conformations
within 30 kcal mol�1 of the best one were accepted. The accu-
racy level was set to the extra-precision mode (XP) available in
Glide, combining a powerful sampling protocol with the use of
a custom scoring function to identify ligand poses expected to
have unfavourable energies. This is designed as a renement
tool for use only on good ligand poses.
2.2 Synthesis

The melting points were determined on a hot-stage device and
are uncorrected. 1H NMR and 13C NMR spectra were recorded at
the frequencies indicated in the next sections, using the
residual solvent peak as a reference. Chromatography was per-
formed using silica gel (0.040–0.063 mm) and mixtures of ethyl
acetate and petroleum ether (fraction boiling in the range of 40–
60 �C) in various v/v ratios. All solvents and reagents were used
as received, unless otherwise stated. The compounds 626 and E-
3,4-dimethoxycinnamonitrile27 were obtained as previously
reported.

2.2.1 Preparation of amidoxime 3. A solution of hydroxyl-
amine hydrochloride (1 mM) and potassium carbonate (1 mM)
in 10 mL of water was added to a solution of E-3,4-dimethox-
ycinnamonitrile (1 mM) in 50 mL of methanol. The mixture was
31716 | RSC Adv., 2017, 7, 31714–31724
heated under reux for 2 hours, cooled, and concentrated under
vacuum. The crude mixture was poured into water and extracted
using dichloromethane. The organic layer was dried over
anhydrous Na2SO4, concentrated under reduced pressure and
puried by column chromatography, giving E-3-(3,4-dimethox-
yphenyl)-N0-hydroxyacrylimidamide 3 in 58% yield with mp ¼
150–151 �C. 1H NMR (300 MHz, DMSO) d: 3.82 (s, 3H, OCH3),
3.85 (s, 3H, OCH3), 5.87 (s, 2H, NH2), 6.36 (d, 1H, J ¼ 16.7 Hz,
–CH]CH– trans), 6.96–7.07 (m, 3H, overlapped), 7.15 (d, J ¼
1 Hz, 1H, Ar), 9.68 (s, 1H, NOH).

2.2.2 Preparation of a-b-unsaturated ethyl ester 2. To
a solution of malonic acid monoethyl ester (1.5 mM) in 3 mL of
pyridine and 0.02 mL of piperidine was added dropwise the
aldehyde 1 (1 mM), while stirring. The mixture was le reuxing
for 1 h. The mixture was treated with HCl (100 mL, 0.1 M) and
extracted with ethyl acetate. The organic layer was dried over
anhydrous Na2SO4 and concentrated under reduced pressure.
The crude product was puried using column chromatography
giving E-ethyl 3-(3-chloro-4-methoxyphenyl)acrylate 2 in 62%
yield, with mp ¼ 60–61 �C. 1H NMR (300 MHz, CDCl3) d: 1.34 (t,
3H, J ¼ 7.1 Hz, CH2CH3), 3.94 (s, 3H, OCH3), 4.26 (q, 2H, J ¼
7.1 Hz, OCH2CH3), 6.29 (d, J¼ 16.3 Hz, 1H, CH), 6.93 (d, 1H, J¼
8.5 Hz, Ar), 7.39 (dd, 1H, J1 ¼ 8.5 Hz, J2 ¼ 2.1 Hz, Ar), 7.57 (d, J¼
16.3 Hz, 1H, CH), 7.58 (d, 1H, J¼ 2.1 Hz, Ar). 13C-NMR (75 MHz,
CDCl3) d: 15.0, 57.0, 61.2, 112.7, 118.0, 124.0, 128.8, 130.2,
143.5, 157.2, 167.6, 196.7.

2.2.3 Preparation of 1,2,4-oxadiazole 4. Amidoxime 3 (1
mM), ethyl ester 2 (1.5 mM) and K2CO3 (3 mM) were mixed in
a glass tube under solvent free conditions and heated at 110 �C
until complete fusion. The reaction was monitored until
completion via TLC. The crude mixture was treated with water
(50 mL) and extracted with ethyl acetate (100 mL). The organic
layer was dried over anhydrous Na2SO4, ltered, concentrated
under reduced pressure, and puried using column chroma-
tography, giving E,E-5-(3,4-dimethoxystyryl)-3-(3-chloro-4-
methoxystyryl)-1,2,4-oxadiazole 4 in 64% yield, with mp ¼
175–177 �C. 1H NMR (300 MHz, CDCl3) d: 3.97 (s, 9H, OCH3),
6.92 (d, 1H, J¼ 16.2 Hz, –CH]CH– trans), 6.98 (d, 1H, J¼ 16 Hz,
–CH]CH– trans), 6.90–7.03 (m, 2H, Ar), 7.18 (d, 2H, J ¼ 7.8 Hz,
Ar), 7.50 (dd, J1 ¼ 8.8 Hz, J2 ¼ 2 Hz, 1H, Ar), 7.70 (d, 1H, J ¼
16.0 Hz, –CH]CH– trans), 7.77 (d, 1H, J ¼ 16.2 Hz, –CH]CH–

trans). 13C NMR (75MHz, CDCl3) d: 55.9, 56.0, 56.3, 109.1, 109.2,
110.8, 111.1, 112.1, 121.6, 123.4, 128.0, 128.1, 128.4, 129.3,
138.8, 140.9, 149.2, 150.4, 156.7, 168.3, 174.4.

2.2.4 Preparation of 1,3,4-oxadiazole 7. HOBt (1.2 mM) and
EDC (1.2 mM) were added to a solution of E-3-(4-uoro-3-
methoxyphenyl) acrylic acid 6 (1 mM) in acetonitrile (7 mL)
and the resulting mixture was stirred for 2 h. Hydrazine hydrate
(0.49 mM) was added and stirred again for 1 h. The resulting
mixture was poured into aqueous NaOH (100 mL, 10% wt) and
extracted with ethyl acetate (100 mL). The organic layer was
dried over sodium sulfate, ltered, and concentrated, giving the
crude diacylhydrazide which, without further purication, was
solubilized in acetonitrile (15 mL) and stirred for 1 h aer
adding tosyl chloride (3 mM) and DIPEA (2 mM). At the end of
the reaction the crude mixture was concentrated in vacuo and
treated with water and NaOH. The aqueous phase was extracted
This journal is © The Royal Society of Chemistry 2017
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with dichloromethane, dried over sodium sulfate and concen-
trated in vacuo. The resulting crude product was puried using
column chromatography giving 2,5-bis(4-uoro-3-
methoxystyryl)-1,3,4-oxadiazole 7 in 76% yield, with mp ¼
186–188 �C. 1H NMR (300 MHz, CDCl3) d: 3.97 (s, 6H, OCH3),
6.99 (d, 2H, J¼ 16.5 Hz, –CH]CH– trans), 7.12–7.20 (m, 6H, Ar),
7.55 (d, 2H, J ¼ 16.5 Hz, –CH]CH– trans). 13C NMR (75 MHz,
CDCl3) d: 56.3, 109.7, 111.6, 116.6 (d, J¼ 20 Hz), 121.1 (d, J¼ 7.1
Hz), 131.4 (d, J ¼ 3.9 Hz), 138.1, 148.2 (d, J ¼ 11.2 Hz), 153.6 (d,
J ¼ 250.1 Hz), 163.6.
2.3 Sample preparation: Ab and compounds

The lyophilized synthetic peptide Ab1–40 (Anaspec) was solubi-
lized in NaOH 5 mM (Sigma-Aldrich), pH 10, and sonicated and
lyophilized according to the Fezoui et al. protocol.28 The
lyophilized peptide was then dissolved in PBS (pH 7.4) and
ltered through two lters in series with diameters of 0.20 mm
(Millex-Lg) and 0.02 mm (Whatman), in order to eliminate large
aggregates. The sample preparation was aseptically operated in
a cold room at 4 �C. The Ab1–40 concentration was determined
using tyrosine absorption at 276 nm using an extinction coef-
cient of 1390 cm�1 M�1. Compounds 7 and 4 were dissolved in
DMSO. Absorption and uorescence spectra for compounds 7
and 4 were registered at different times in order to assess their
stability and the absence of uorescence interference for the
following spectroscopic measurements.

The nal samples containing Ab1–40 and curcumin
compounds were obtained by appropriate aseptic mixing of the
solutions and were used immediately for the aggregation
kinetics experiment.

2.3.1 Aggregation kinetics for spectroscopic experiments.
Aggregation was induced by incubating 75 mM Ab1–40 in the
presence and absence of 7.5 mMcurcumin compounds (4 or 7), in
0.1 M phosphate buffer solution (PBS, pH 7.4), 1% DMSO, for 6 h
at 45 �C under continuous magnetic stirring in the thermostatic
cell holder of a FLUOROMAX 4 HORIBA Jobin Yvon spectrou-
orimeter. The aggregation process was monitored by setting both
the excitation and the emission monochromators at 405 nm and
measuring the light diffusion at 90�.29 In our system the illumi-
nated volume was a cylinder of 20 mL, with the total volume of the
solution in the microcuvette being 800 mL. For such a large
volume, uctuations of diffused light reect a very small number
of large particles oating in the solution. Assuming a Poisson
distribution, we may estimate that in 20 mL uctuations should
arise from a particle concentration as low as x10�17 M. There-
fore, we can safely assume that monomers and small oligomers
are the largely predominant species in our systems.30

2.3.2 Thioavin T spectrouorometric measurements.
Thioavin T (ThT) uorescence emission was monitored using
a FLUOROMAX 4 HORIBA-Jobin Yvon spectrouorimeter. The
excitation and emission wavelengths were 450 and 485 nm,
respectively, with slit widths of 2 nm. The ThT concentration
was 5 mM. In particular, for each sample 50 mL of 75 mM Ab1–40
with and without 7.5 mM curcumin compounds was added to
850 mL of a ThT solution with 5 mM nal concentration. Thus,
we reached 4 mM Ab1–40 and 5 mM ThT nal concentrations.
This journal is © The Royal Society of Chemistry 2017
2.4 Small angle X-ray scattering

Small Angle X-ray Scattering (SAXS) experiments were carried
out at the BM29 beamline in ESRF – the European Synchrotron
Radiation Facility in Grenoble, France.31 Protein samples were
carried in ice, and freshly prepared with the desired amount of
curcumin-like compound, as described in Section 2.3. Ab1–40
concentration was spectrophotometrically checked to be 270
mM. Each sample was measured at 37 �C. SAXS patterns were
recorded using a bidimensional Pilatus 1 M detector. The
sample cell used is a 1.0 mm diameter quartz capillary, with
a few tens of microns wall thickness. On BM29, data collection
on protein solutions is possible in a wide temperature range via
an automated sample changer. Aer each measurement protein
samples are stored at 37 �C, without stirring. To minimize the
dose and the consequent radiation damage, protein solutions
were only irradiated during data collection using a fast experi-
mental shutter located 4 m upstream of the sample, thus
controlling the acquisition time. The transmitted intensity is
monitored with a diode integrated in the beamstop and the
intensity measured during data acquisition is used for
normalization. The modulus Q of the scattering vector Q is
dened as Q ¼ 4p sin(2Q)/l, where 2Q is the scattering angle
and l ¼ 0.8 Å, the X-ray wavelength. Since the sample–detector
distance was xed at 2.867 m, the Q values ranged from 0.01 to
0.45 Å�1. SAXS macroscopic differential scattering cross
sections dS/dU(Q) (briey referred to as scattering intensities)
were obtained on an absolute scale (cm�1) by calibrating via
a water sample, subtracting the proper buffer contribution for
each investigated condition, and correcting for the protein
volume fraction, as previously described.32 Each measurement
lasted 1 s, followed by a dead time of 6 s in order to avoid
radiation damage, and was repeated at least 10 times. The
averaged SAXS patterns were analysed as reported in Section 3.
2.5 Confocal microscopy

Images of Ab1–40 bril bundles, and compound 4-Ab1–40 and
compound 7-Ab1–40 complexes stained with ThT, were obtained
using a Leica TCS SP5 inverted laser scanning confocal micro-
scope (Leica Microsystems AG, Wetzlar, Germany) interfaced
with an Ar laser for excitation at 458 nm and adopting a 63 �
1.4 numerical aperture oil immersion objective (Leica Micro-
systems) in oil immersions. Fibril bundles, and compound 4-
Ab1–40 and compound 7-Ab1–40 complexes were le to settle for
20 min from the initial solution in 3.5 cm glass bottomed Petri
dishes (WillCo-Dish, WillCo Wells, Amsterdam, the Nether-
lands) and then imaged therein. The excitation power was 50–
200 mW at the objective, the line scanning speed was set to
400 Hz, and the wavelength collection range was between 470–
515 nm. Transmission images were obtained in differential
image contrast mode (Nomarski image) using the same laser
source.
2.6 Biological evaluation

The cytotoxicity of the compounds and their effect on Ab1–40
aggregation in vitro, were studied on the LAN5 neuroblastoma
RSC Adv., 2017, 7, 31714–31724 | 31717
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Fig. 1 Structure of curcumin and the dataset for the generation of the
curcumin-like database.

Fig. 2 Docking poses for curcumin (top) and for selected compounds
(bottom) binding at the saddle near Met35.
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cell line through an MTT assay, by adapting a previously re-
ported procedure.33 Cells were treated with both compounds 4
and 7 at 1 and 5 mM doses, respectively. Taking into account the
cytotoxicity potential of Ab1–40 in aggregated species, LAN5 cells
were treated using aliquots taken during Ab1–40 aggregation
kinetics at 50 mM in the absence and presence of the oxadiazoles
4 and 7, each one at 5 mM. Ab1–40 aliquots were sampled aer
different incubation times. The experiments were carried out
under the same conditions as the Rayleigh experiment, but
using an Ab1–40 concentration of 50 mM.

The Ab amyloid aggregation kinetics were followed at
a controlled temperature (37 �C) and under stirring (200 rpm) at
50 mM. The samples for cytotoxicity assays were collected at the
beginning, aer 30 minutes, and aer two hours of kinetics
experiments, and were diluted in a medium at 5 mM of Ab. To
assess cell viability aer 24 h of treatment, the MTT (3-(4,5-
dimethylthiazol-2-yl-2,5-diphenyl tetrazolium bromide)) assay
(Sigma-Aldrich) was performed as previously reported.34

2.6.1 Statistical analysis. Statistical analysis was performed
using the statistical soware package GraphPad PrismTM 4.0.35

Comparisons were carried out using one-way analysis of vari-
ance. If a signicant difference was detected by the ANOVA
analysis, this was further evaluated using the Bonferroni post
hoc test. Data were reported as means� standard deviation. The
statistical signicance threshold was established at the level of
p # 0.05.

3 Results and discussion

The in silico study was performed by replacing the central di-
ketonic core of the lead-compound curcumin with various
aromatic portions, in order to discover novel scaffolds able to
target Ab oligomers. In particular, the database of compounds
was built with structures endowed with a more stable and
planar heterocycle. Thus, a large library with novel curcumin-
like structured compounds was generated (see Fig. 1). The
virtual screening was accomplished using the soware suite
Maestro Schrödinger. In particular, the rst approach was
focused on the calculation of molecular descriptors able to
highlight the drug-like prole of the newly designed mole-
cules.20 The selection was based on Lipinski’s rules (rule of ve)
and by taking into account the molecular descriptors such as
log BB, which allows the evaluation of BBB permeation ability.
Actually, log BB is dened as the calculated ratio of the
concentration of the compound in the brain to the concentra-
tion of the compound in the blood at steady state (log([brain]/
[blood])) and the cut-off we chose for the selection of candi-
date molecules was set at the optimal value of log BB > �0.3.36

From this screening, the list of candidates was reduced to about
700 compounds showing the required features. These
compounds were used for the following step of molecular
docking with the biological target, a pentamer of Ab (PDB entry:
2BEG).18 The analysis of molecular docking poses revealed the
preference of curcumin to interact with the lateral oligomer
region, near the 17–21 amino acid residues (see Fig. 2), as was
previously experimentally observed for curcumin as well as for
other aggregation inhibitors.37
31718 | RSC Adv., 2017, 7, 31714–31724
From the restricted list, 50 compounds showed a docking
score higher than curcumin. In detail, curcumin and curcumin-
like compounds showed two different binding sites, again the
17–21 region and the saddle near methionine 35, Met35 (Fig. 2).
The latter was of particular interest, considering the role of
Met35 in modulating Ab aggregation38 and the supposed role of
this region as a secondary binding site for curcumin.39 In
general, we considered this binding site of potential interest to
avoid the protein–protein interactions in this zone that are
This journal is © The Royal Society of Chemistry 2017
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responsible for the hierarchical assembly of amyloid bers.40

However, hindering the 17–21 region could only reduce ber
elongation along the major axis. We consequently focused our
attention on six compounds binding the Met35 region with
higher scores (see Fig. S1 in the ESI†). By further evaluating the
synthetic feasibility and preliminary attempted synthesis, the
focus was restricted to only two compounds. These compounds
are two different oxadiazole regio-isomers, two heterocyclic
nuclei widely studied for AD treatment.33,41 Oxazole derivatives
were not considered, due to unproductive preliminary synthetic
attempts. In particular, following Scheme 1, the 1,2,4-oxadia-
zole derivative 4, was obtained by adopting the conventional
amidoxime route,42 starting from the ester 2 and amidoxime 3.
In turn, 2 was obtained through classical Knoevenagel
condensation27 employing the commercial aldehyde 1. The
1,3,4-oxadiazole regio-isomer 7, from Scheme 2, was obtained
from the one-pot construction of a diacylhydrazine interme-
diate, followed by cyclization and starting from the cinnamic
acid analogue 6.43 In turn, 6 was again obtained through
a classical Knoevenagel condensation employing the commer-
cial aldehyde 5.26 All compounds were regioselectively obtained
in E geometry in good overall yields. In order to assess whether
compound 4 and compound 7 were able to directly interact with
Ab1–40 and to inuence its aggregation process, we monitored
the self-assembly kinetics in the presence and in the absence of
either compound.

The aggregation process was rstly monitored by following
the increase in the Rayleigh scattering peak for samples incu-
bated under amyloid protocol conditions. The excitation and
the emission monochromators were set at 405 nm and light
diffusion was measured at 90�.29,30 Indeed, since the light scat-
tering intensity is proportional to the size of all of the species in
solution, Rayleigh scattering is a suitable tool to study the time
evolution of protein assemblies. Fig. 3 shows the time course of
the Rayleigh peak intensity during the aggregation kinetics of
75 mM Ab1–40 incubated at 45 �C, alone or in the presence of
either 7.5 mM of compound 4 or compound 7. The Ab1–40
peptide aggregation kinetics follow a typical nucleation–poly-
merization process, described by a sigmoidal prole (see
triangular symbols in Fig. 3). In the rst phase, called the lag-
phase, initial aggregation nuclei form and a very low value for
Fig. 3 Aggregation kinetics obtained by Rayleigh scattering of 75 mM
Ab1–40 alone (red) and in the presence of 7.5 mM of compound 4 (blue)
or compound 7 (green).

This journal is © The Royal Society of Chemistry 2017
the Rayleigh light intensity is detected. Aerwards, other
molecules bind to the initial nuclei and a drastic exponential
elongation phase follows, indicating a rapid increase of the
bril concentration.44 The plateau corresponds to the comple-
tion of the aggregation process, and its limit value is related to
the properties of the aggregates formed at the end of the
process. In the presence of compound 4 (see blue symbols in
Fig. 3), no signicant change of the light scattering intensity can
be observed for the sample up to 3 hours from the beginning of
the process, suggesting that the aggregation is inhibited by the
compound, even if the formation of Low Molecular Weight
Oligomers (LMWO) cannot be excluded. The effect is different
when the sample is incubated in the presence of compound 7
(see green symbols in Fig. 3). In this case the aggregation
inhibition, as conrmed by Rayleigh scattering, is not so strong.
However, the assembly rate and the nal amount of aggregates
are signicantly reduced. In addition, no lag-phase can be
observed, thus suggesting that in the presence of compound 7
the aggregation route of Ab1–40 is different from the one in the
presence of compound 4. Actually, even the value of light scat-
tering at time 0 is different in the presence of compound 7,
suggesting that the compound produces its effect immediately
aer mixing.

Light scattering, together with X-ray scattering, has the
important advantage of monitoring the aggregation process in
the absence of uorescent probes and therefore avoiding the
typical pitfalls that may affect the validity of tests on anti-
aggregation agents.45 In particular, the strong absorptive and
uorescent properties of some exogenous compounds, like
curcumin, were found to bias the uorescence of ThT, one of
the most used dyes for following brillogenesis kinetics.46

However, since ThT is a uorescent dye widely used to detect
the specic formation of the linear array of b-strand aggregates
in amyloid brils,47,48 it was used, only at the end of the aggre-
gation process, to verify the presence of on-pathway amyloid
species in samples incubated with the two compounds. There-
fore, we registered the uorescence spectrum of the ThT bound
Fig. 4 Fluorescence spectra of bound ThT at the end of the aggre-
gation process with 75 mM Ab1–40 alone (red triangles) and in the
presence of 7.5 mM of compound 4 (blue circles) or compound 7
(green squares).

RSC Adv., 2017, 7, 31714–31724 | 31719
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to Ab1–40 (Fig. 4) at the end of the brillogenesis kinetics
experiment in the absence of synthesized compounds, and then
we observed the variations of this spectrum when the dye is
added at the end of the aggregation process to the Ab1–40 species
formed in the presence of compound 4 or compound 7. A
signicant reduction in the ThT emission can be detected with
species formed in the presence of compound 4, whereas a less
marked reduction in the uorescence maximum is registered in
the presence of compound 7. The consistency of these results
with the light scattering experiments corroborates the test’s
reliability. Both of these experimental results indicate that while
compound 4 is able to strongly inhibit the aggregation of Ab1–40
peptides towards the formation of amyloid aggregates,
compound 7 probably alters the aggregation pattern.

To investigate at a molecular level the effect of each
compound on the aggregation kinetics of Ab1–40, SAXS curves of
270 mM Ab1–40 in the absence and in the presence of compound
4 or compound 7 (both in a 1 : 1 molar ratio) were recorded
immediately aer their fresh preparation (time 0) and 100, 150
and 200 min aer preparation. The experimental curves corre-
sponding to fresh preparations of Ab1–40 with and without the
two compounds are shown in Fig. 5A. The differential scattering
cross sections can be considered as different ngerprints of
each sample. It can be noticed that the scattering intensity at Q
x 0 increases when compounds are present in the solution.
Because at the same protein weight concentration values, the
cross section is proportional to the molecular weight of the
Fig. 5 (A) SAXS curves of 270 mM Ab1–40 just after fresh preparation
without any compound added (red), with compound 4 (blue), and with
compound 7 (green), each one in the molar ratio 1 : 1 with Ab1–40. (B)
SAXS curves corresponding to the same samples measured in panel A,
with the same color legend, 200 minutes after preparation.

31720 | RSC Adv., 2017, 7, 31714–31724
average particles in solution (see eqn (10) in ref. 49), it is clear
that both the compounds induce an aggregation of the Ab1–40
peptide. Also, the overall shape of the SAXS curve is different in
the presence of the compounds and is even different between
compounds 4 and 7.

The SAXS curve of the freshly prepared Ab1–40 sample (cor-
responding to time 0) was also tted in the whole Q range by the
worm-like form factor developed by Pedersen and Schurten-
berger.50 This model is indeed suitable to describe the intrin-
sically disordered chain of monomeric proteins. To take into
account the nite thickness of the chain and the presence of
a hydration shell with a possibly higher scattering length
density (SLD) with respect to that of bulk water, the worm-like
form factor was multiplied by the form factor of a core–shell
circular cross section, according to eqn (6) reported by Ortore
et al.,51 keeping the thickness of the external hydration shell
xed at the standard value of 3 Å. Since the electron density and
the dry volume of the Ab1–40 monomer can be easily determined
using amino acid literature data,52 the tting parameters of the
model reduce to the contour length L of the chain, the statistical
Kuhn length b (which represents the separation between two
adjacent rigid segments of the chain), the core radius Rw of the
circular cross-section, and the relative mass density dw of the
hydrating water. The xed estimated value V1 ¼ 5400 Å3 for the
dry volume of the Ab1–40 monomer implies the constraint V1 ¼
pRw

2L. The best t curve is reported in Fig. S6A in the ESI†
(continuous line among blue dots) and was obtained with b ¼
20 � 5 Å, Rw ¼ 4.1 � 0.1 Å, and dw x 1.05%, conrming that
Ab1–40 contains disordered single chains resulting from an
ensemble of possible conformations. The overall shape of the
SAXS curves of Ab1–40 noticeably changes with increasing time
aer the sample preparation. These SAXS curves, when repre-
sented according to the cross-sectional Guinier plots

(log
�
Q
dS
dU

ðQÞ
�
vs. Q2), show a linear trend at low Q (see ESI,†

Fig. S4). This feature is compatible with the form factor of rigid
rod-like particles, implying the formation of elongated cylin-
drical structures and thus conrming the expected presence of
protobrils and brils in solution. Consequently, SAXS curves
corresponding to in-solution Ab1–40 during its aggregation were
tted in their low Q-range by adopting the Guinier approach for
innite rods,53

dS

dU
ðQÞz K

Q
e�Q

2Rc
2=2 (1)

where K is a constant. The cross section radii Rc obtained from
this analysis are reported in Fig. 6A, and increase with
increasing time as could be expected.

On the other side, SAXS data of compounds 4 and 7, in
a molar ratio 1 : 1 with Ab1–40 monomers, evidence a sudden
modication and a different kinetic pattern of the peptide
aggregation state. The nal stage of the Ab1–40 peptide aggre-
gation in the presence and absence of the compounds shows
noticeable differences, as shown in Fig. 5B. In more detail,
while the SAXS curve of the peptide alone 100 min aer prep-
aration was best tted according to the Guinier approach for
long cylinders, representative of brillar species, this
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (A) The time dependence of the radius of the cross-section,
obtained by fitting SAXS curves corresponding to Ab1–40 in solution. (B)
The time dependence of the gyration radii resulting from fitting SAXS
curves corresponding to Ab1–40 in the presence of compounds 4 and
7, as in the legend.

Fig. 7 Fluorescence confocal images of ThT-stained Ab1–40 (left),
compound 4-treated Ab1–40 (center) and compound 7-treated Ab1–40
(right) after 6 hours of incubation. Scale bar: 20 mm, as reported in the
legend.
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approximation failed at tting the corresponding data in the
presence of both compounds at any time. However, the stan-
dard Guinier approximation,

dS

dU
ðQÞz dS

dU
ð0Þe�Q2Rg

2=3 (2)

valid for QRg # 1.3 and related to unspecic spherical-like
particles, can successfully t the low Q trend of all of the
experimental curves in the presence of compounds 4 and 7, as

shown by the linear trend of the plots log
dS
dU

ðQÞ vs. Q2, as re-

ported in ESI,† Fig. S5. The best t Guinier radii Rg are reported
in Fig. 6; in the presence of both compounds we observe that the
average dimensions of the particles in solution are increasing
versus time.

These model-free approaches enabled us to evaluate that
both compounds 4 and 7 immediately modify the Ab1–40
aggregation state and provided the average dimensions of the
particles in solution in each specic case. However, model-free
methods do not provide a complete description of the species
present in solution. An analysis of the whole of the SAXS curves
considering the presence of multiple species in solution (such
as disordered chains and/or compact objects like cylinders and/
or spheres) was inspired by microscope images that suggest
a certain polymorphism (see in the following and Fig. 7). Hence
further SAXS data analysis using GENFIT soware54 was per-
formed considering the simultaneous presence in solution of
disordered chains and cylinders. The results are reported in the
This journal is © The Royal Society of Chemistry 2017
ESI,† in Fig. S6 and S7, and a description of the different species
in solution is suggested. In fact, while in the nal investigated
time step of Ab1–40 peptide aggregation the predominant object
in solution resembles the cylindrical shape, conrming the
brillar pattern, in the nal step of aggregation in the presence
of compounds the results are clearly different. Compound 4
determines the prevalent presence of disordered aggregates,
with just a low percentage of cylinders. On the contrary,
compound 7 decreases the development of cylindrical species,
with respect to the case of just Ab1–40 in solution, in favor of
disordered species. These ndings are in agreement with the
other experimental techniques, but due to the several free
parameters required by this analysis, can be considered affected
by ambiguity without precise indications resulting from other
in-solution techniques.

In order to qualitatively evaluate the morphology of the
biggest species at the nal stage of aggregation kinetics,
confocal microscopy was performed on aliquots of the solutions
used for the kinetics experiments. Samples were stained with
ThT as described before (see Section 2.5), le to settle down in
glass bottom dishes in order to allow the aggregates to precip-
itate, and were then imaged. Fig. 7 shows the images acquired at
the nal stage of incubation of Ab1–40 with or without the cur-
cumin derivatives. The untreated samples showed prevalently
the presence of long uorescent “sticks”; importantly, negli-
gible background uorescence was recorded indicating
that these “sticks” account for the vast majority of ThT-positive
Ab1–40 structures in solution.55 The peptide sample treated with
compound 4 does not reveal a massive presence of amyloid
bers or large conglomerations, whilst a prevalent formation of
small amorphous aggregates is observed. Larger amorphous
aggregates are instead detected in the presence of compound 7.
These results further support the evidence of an effect induced
by the compounds on the aggregation process of Ab1–40.

Finally, a biological analysis of the effects of the two
curcumin-like compounds was carried out. Cells were treated
RSC Adv., 2017, 7, 31714–31724 | 31721
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Fig. 9 IFD pose for compound 4 bound to Ab1–40 (turquoise) and
unbound Ab1–40 (orange) (PDB: 2BEG). In the presence of 4, Gly37–
Gly38 are compressed by the ligand and lose the zigzag conformation.
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with both compounds and this revealed a low cytotoxicity for
both compounds 4 and 7 at 1 mM, particularly small for the
latter. Conversely the addition of compounds at a higher
concentration (5 mM) raised the potential cytotoxicity, and
specically compound 4 reduced the cell viability at 5 mM
(Fig. 8). Considering the effect of the amyloid peptide, LAN5
cells were treated using aliquots taken during aggregation
kinetics of the peptide alone or in the presence of the
compounds in a 10 : 1 peptide/compound ratio (Fig. 8). From
previous studies performed under the same conditions, we
consider in the sample the prevalence of oligomeric species.56

As expected, Ab increases its toxicity along its aggregation
kinetics due to the formation of toxic oligomeric species.
Interestingly, compound 7 is able to counterbalance the
formation of toxic oligomers, probably modifying the aggrega-
tion pathway toward less toxic aggregates, because aer 2 hours
it is able to slightly reduce the Ab1–40-induced toxicity. On the
other hand, co-administration of compound 4 clearly enhances
Ab1–40 toxicity. The latter effect could probably be explained by
the higher presence of toxic oligomers in the medium, due to
the inhibitory effect of compound 4 on the peptide aggregation
into less noxious amyloid brils.

Since the different behaviors of 4 and 7 were experimentally
proven, a further analysis of the compounds’ binding modes
was performed via Induced Fit Docking (IFD). IFD results
showed that the binding of compounds 4 and 7 occurs in
a similar way in terms of the involved amino acids and non-
covalent interactions. According to IFD, both compounds
bind Ab in a saddle between Met35 and Val39, via hydrophobic
interactions (see Fig. 9 and ESI†). The conformation of the
investigated compounds into the binding site is almost similar
in terms of molecule’s orientation and conformation around
rotatable bonds. On the other side, a clear difference could be
envisaged with compound 4 concerning Gly36–Gly37 confor-
mation in comparison to the starting pentameric structure. In
fact, in the presence of bound 4, the peptide backbone seems
Fig. 8 Histograms showing the percentage of cell viability after
treatments with Ab1–40 and the compounds alone or in combination.
Results were obtained for compounds 4 and 7 1 hour from the
beginning of the aggregation process: *p < 0.001 vs.Ctrl; §p < 0.001 vs.
Ctrl, 1 mM and 5 mM; #p < 0.001 vs. Ctrl and 1 mM.

31722 | RSC Adv., 2017, 7, 31714–31724
compressed, thus perturbing the b-sheet motif. In the presence
of compound 7, the zigzag b-sheet motif is partially preserved
(see ESI†). Hence, IFD results suggest that, while compound 7
could just interfere with Ab aggregation avoiding packing of
oligomers along bril major axis, due to steric hindrance
compound 4 could also interfere with the formation of the b-
sheet motif, unfortunately thus allowing the formation of toxic
off-pathway structures.
4 Conclusions

Our study integrates different research efforts focused on the
development of small molecules that are able to interfere with
uncontrolled aggregation of amyloid beta peptides, which is
still considered to be one of the main causes of AD. The newly
synthesized compounds were designed according to the same
principles and provided equivalent promising impact on Ab1–40
according to the scoring states resulting from docking. The in
vitro studies on the real effects of these compounds presented
interesting prospects and somehow unforeseen results.

Firstly, both compounds 4 and 7 succeed in modifying Ab1–40
brillogenesis. However, they give rise to aggregates with
different morphologies as well as with different cytotoxic
potential. Taking into account as a basic requirement the low
cytotoxic impact of a drug, compound 7 could be deemed to be
more promising than 4, which presents a high cytotoxic
potential. Experimental biophysical results account for an
immediate effect of compound 7 on Ab1–40, and for a moderate
peptide aggregation in the presence of this compound. On the
other hand, compound 4 triggers less peptide aggregation, but
featured by an higher cytotoxicity. These results suggest that
compound 4 is able to link Ab1–40 oligomeric toxic species and
in some way to shelve their natural tendency to aggregate into
amyloid brils. This hypothesis is in agreement with our bio-
logical analysis: if compound 4 inhibits the formation of large
aggregates, then its addition to the amyloid peptide may induce
a higher concentration of small toxic oligomers, thus producing
a collapse in cell viability. The eventuality here described does
not completely rule out the interest towards compound 4. In
This journal is © The Royal Society of Chemistry 2017
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fact, it is possible to consider its use toward studies for the
identication of toxic oligomers. Also, these ndings suggest
a more general message, i.e. that carefulness is always required
when a new compound is under consideration for therapy.57

Secondly, this work suggests that in the development of novel
drugs able to modify an intrinsically disordered protein aggre-
gation pattern, such as in the case of the amyloid beta peptide,
the analysis of their effects in vitro can provide unexpected
results. In fact, even though both compounds present the same
potential, they behave in quite dissimilar ways in the presence
of the peptide. This result can be correlated with the simulta-
neous presence of several oligomeric species, whose toxicity is
not actually assessed. Hence the design based on a single
oligomeric species fails to indicate the most efficient drug, if it
is not combined with other experiments in the presence of the
peptide.
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36 C. Rodŕıguez-Rodŕıguez, N. Sánchez de Groot, A. Rimola,
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