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A series of novel mimetic peptides were designed, synthesised and biologically evaluated as inhibitors of AB4»
aggregation. One of the synthesised peptidic compounds, termed compound 7 modulated AB4, aggregation as
demonstrated by thioflavin T fluorescence, acting also as an inhibitor of the cytotoxicity exerted by AR, ag-
gregates. The early stage interaction between compound 7 and the Af4, monomer was investigated by replica
exchange molecular dynamics (REMD) simulations and docking studies. Our theoretical results revealed that
compound 7 can elongate the helical conformation state of an early stage Af4> monomer and it helps preventing

the formation of -sheet structures by interacting with key residues in the central hydrophobic cluster (CHC).
This strategy where early “on-pathway” events are monitored by small molecules will help the development of
new therapeutic strategies for Alzheimer’s disease.

1. Introduction

Alzheimer’s disease (AD) is a complex, progressive, and irreversible
neurological disorder being the most prevalent neurodegenerative dis-
ease in humans [1]. By 2030, the number of people with the disease is
expected to rise to more than 70 million cases worldwide [2,3]. Unless
there is a breakthrough in treatment, nearly one in every 2-3 people
over 85 years of age will attain AD.

Although there are some controversies [4], the most widely ac-
cepted theory regarding the aetiology of AD is known as the “amyloid
hypothesis” which features the amyloid (3-peptide (AP) as the central
pathological agent. This hypothesis posits that pathology initiates be-
cause of an imbalance in AB production and/or clearance, which may
result from altered expression or processing of amyloid precursor pro-
tein (APP) or changes in A} metabolism [5]. Various forms of AP arise
upon processing of APP, including peptides varying in length from 37
(AB37) to 46 (AB4e) amino acids. It is widely accepted that the more

amyloidogenic AP4» is most dominantly toxic and accumulates in the
brain of patients with AD [6].

In the last fifteen years, growing number of evidences suggest that
the small oligomeric aggregates of Af, rather than the fibrillar products
are the most cytotoxic species in neurodegenerative diseases [7,8].
Thus, strategies to prevent or destabilize the formation of A} aggregates
by interfering with A oligomers, particularly those related to AP, are
workable approaches in the field of drug discovery against AD. Such
approaches may include the blockage of protein—protein interactions
that generate toxic A} aggregates [9] or the inhibition of conforma-
tional transition between the native disordered conformation of A and
the aggregation-prone [-sheet structures [10,11]. Insight into con-
formational transformation that trigger misfolding and amyloid for-
mation is useful in the design of compounds that target these transitions
[12,13]. Broad range of anti-AP aggregation agents, peptidic and non-
peptidic inhibitors [14-16] nanoparticles [17], small molecules
[18-20] have been designed recently to target protein misfolding.
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Fig. 1. DZK structure (core: in magenta, R1: in blue, R2: in red, R3: in green). Structure features of compounds 1-8.

In order to design new molecules that prevent AP4, aggregation
more effectively, the detailed underlying molecular mechanism of in-
hibition of AP4, aggregation should be elucidated. Despite the sig-
nificant progress in methodologies, experiments can give a limited
picture about the effect of small molecules in the early stage of the
aggregation. Computational simulations, especially molecular dy-
namics (MD) can provide atomic level description of conformational
transitions involved in peptide-ligand interactions. Recently, a large
number of computational studies have been reported to elucidate the
fundamental molecular mechanism of unfolding of the native con-
formation of AP, and to characterize the inhibition mechanisms of
current A} inhibitors at atomic level [20].

In the search for new anti-aggregation agents, we have reported a
series of mimetic peptides with potent inhibitory activity against the
formation of AP, aggregates [21,22]. These compounds were derived
from a molecular modelling study using as molecular target a penta-
meric Ap model previously developed by our research group [23].
Among these compounds, DZK (Na,Ne-Di-Z-1-lysine hydro-
xysuccinimide ester, Fig. 1) presented the most potent inhibiting
properties, therefore in the present work this compound was taken as
the starting structure in the search of new inhibitors.

Recently, we performed a theoretical study on DZK using QM/MM
calculations and QTAIM analysis using an A4, monomeric model [24].

Following this work, we aimed to find new peptide-like structures
that have an inhibitory effect against the formation of AR, aggregates
based on combined theoretical-experimental study. In a first step,
taking compound DZK as a starting point, we designed and synthesised
several structurally related mimetic peptides. In the second stage, the
anti-aggregation properties of these new compounds were evaluated by
spectroscopy and microscopy techniques, while their capacity to inhibit
AB4o-induced toxicity was monitored in an in vitro viability assay. To
have insights of the atomic level interaction between the active com-
pound and the monomeric AR, peptide a molecular modelling study
was performed. This stage included docking calculations and enhanced
sampling MD simulations.

2. Materials and methods
2.1. Chemistry

2.1.1. Synthesis
The strategy employed for the synthesis of dipeptides (4, 6-8) and
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Scheme 1.
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tripeptide (5) started with the Fmoc-protected amino acids preloaded to
Wang resin which were treated with 30% piperidine in DMF to free the
amino group (Scheme 1). The second or third amino acids were coupled
using standard solid-phase peptide synthesis conditions, hydro-
xybenzotriazole (HOBt) and 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC) [25,26]. The obtained immobilized peptides were
cleaved from the solid support by treatment with 10% trifluoroacetic
acid in dichloromethane.

Formation of N-hydroxysuccinimide esters 2 and 3 were carried out
using standard conditions (N,N’-dicyclohexylcarbodiimide, N-hydro-
xysuccinimide). On the other hand, a lysine derivative of 1 was ob-
tained by treatment of H-Lys(Z)OBn hydrochloride with benzyl
chloroformate in the presence of triethylamine and 4-N,N-dimethyla-
minopyridine.

2.1.2. General

Chemical reagents were purchased from commercial sources and
used without further purification. Solvents were analytical grade or
were purified by standard procedures prior to use. 'H NMR spectra
were recorded on a Bruker Avance 300 spectrophotometer operating at
300 MHz. '3C NMR spectra were recorded on the same apparatus at
75 MHz. Mass spectra were obtained on a LC-MS Bruker micrOTOF-Q II
spectrophotometer. Silica gel aluminium plates (Merck 60 F254) were
used for analytical TLC. Flash column chromatography was performed
using Merck silica gel 60 (230-400 mesh).

2.1.3. General procedure I. Solid phase coupling

The Fmoc-amino acid-Wang resin (300 mg) was suspended in a 30%
piperidine solution in DMF and stirred 50 min at r.t (room tempera-
ture). The resin was washed with CH,Cl, (3 X 2mL), EtOAc
(8 x 2mL), MeOH (3 x 2mL) and CH,Cl, (2 mL), and finally dried in
vacuum. The resin was suspended in 5 mL of a DMF:DCM (2:1) mixture
and Fmoc-amino acid (3 equiv.), 1-hydroxybenzotriazole (3 equiv.), 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (3 equiv.) and diisopro-
pylethylamine (3 equiv.) were successively added. The solution was
stirred at r.t. for 16 h. After this, the resin was washed with DMF
(3 x 2mL), CH,Cl, (3 x 2mL), MeOH (3 x 2mL) and CH,Cl, (2 mL),
and finally dried in vacuum. Resin was treated with 5 mL of 10% TFA in
CH,CI, for 1 h. The mixture was filtered and the filtrate was evaporated
under reduced pressure to give the crude product.

2.1.4. General procedure II. Formation of N-hydroxysuccinimide ester

The amino acid was dissolved in CH,Cl, and N-hydroxysuccinimide
(1.2 equiv.) was added. The solution was cooled to 0°C and N,N’-di-
cyclohexylcarbodiimide (1.2 equiv.) dissolved in CHCl, was added
dropwise. The mixture was stirred overnight at r.t., filtered, and the
filtrate was evaporated under reduced pressure to give the crude pro-
duct.

2.1.5. Z-Lys(Z)-OBn (1)

H-Lys(Z)OBn hydrochloride (100 mg, 0.24 mmol) was dissolved in
anhydrous N,N-dimethylformamide, trimethylamine (50 pL, 0.36 mmol,
1.5 equiv.), benzyl chloroformate (51 uL, 0.36 mmol, 1.5 equiv.) and 4-
dimethylaminopyridine (cat.) were successively added. The reaction
mixture was stirred at 60 °C overnight. Purification by silica gel column
chromatography (Hexane/EtOAc) gives 48 mg of product 1 (40% yield).

'H NMR (CDCls, 300 MHz): § (ppm) 7.35-7.28 (m, 15H), 5.17 (dd,
J1 = 17.8Hz, J, = 12Hz, 2H), 5.05 (m, 2H), 3.96 (m, 2H), 3.58 (t,
J = 6.1Hz, 1H), 3.06 (m, 2H), 1.87 (m, 2H), 1.36-1.19 (m, 4H). °C
NMR (CDCl;, 75MHz): § (ppm) 169.6, 156.5, 136.6, 134.6, 131.7,
129.9,129.1, 128.9, 128.8, 128.7, 128.4, 128.0, 67.8, 66.5, 58.6, 50.2,
40.2, 29.8, 29.1, 21.9. HRMS calcd. for CogH3oNoNaOg ™ ([M + Na] ™,
m/z): 527.21526, found: 527.21473.

2.1.6. Fmoc-Lys(Z)-OSu (2)
Starting from Fmoc-Lys(Z)-OH (114 mg, 0.22 mmol) and following
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general procedure II, we obtained the crude material that was purified
by silica gel column chromatography (Hexane/EtOAc), providing
72.3 mg of product 2 (55% yield).

'H NMR (CDCl;, 300 MHz): § (ppm) 7.75 (d, J = 7.3 Hz, 2H), 7.58
(d, J = 7.3Hz, 2H), 7.38-7.25 (m, 9H), 5.57 (m, 1H), 5.08 (s, 2H), 5.05
(m, 1H), 4.73 (m, 1H), 4.43 (m, 2H), 4.22 (m, 1H), 3.21 (m, 2H), 2.76
(s, 4H), 1.97-1.90 (m, 2H), 1.51 (m, 4H). **C NMR (CDCl3, 75 MHz): §
(ppm) 168.6, 168.2, 156.6, 155.6, 143.8, 143.6, 141.3, 136.6, 128.4,
128.0, 127.7, 127.1, 125.0, 119.9, 67.2, 66.6, 52.1, 47.1, 40.2, 31.8,
29.1, 25.5, 21.6. HRMS calcd. for C33H33N3NaOg™ ([M + Nal ™, m/z):
622.21599; found: 622.21553.

2.1.7. Z-Lys(Boc)-OSu (3)

Starting from (Z)-Lys(Boc)dicyclohexylamonium salt and following
general procedure II, we obtained the crude material that was purified
by silica gel column chromatography (Hexane/EtOAc), providing
75 mg of product 3 (98% yield).

'HNMR (CDCls, 300 MHz): § (ppm) 7.34 (m, 5H), 5.55 (m, 1H),
5.12 (s, 2H), 4.70 (m, 2H), 3.10 (m, 2H), 2.82 (s, 4H), 2.03-1.86 (m,
2H), 1.50 (m, 4H), 1.40 (s, 9H). *CNMR (CDCl;, 75 MHz): § (ppm)
168.6, 168.2, 156.2, 155.6, 135.9, 128.5, 128.2, 79.1, 67.3, 52.2, 39.6,
31.8, 29.4, 28.4, 25.5, 21.7. HRMS caled. for Co,sHzN3;NaOg*
(IM + Nal*, m/2): 500.20034, found: 500.19978.

2.1.8. Fmoc-Lys(Fmoc)-Phe-OH (4)

Starting from Fmoc-Phe-Wang resin (300 mg, 0.21 mmol, sust:
0.7 mmol/g) and following general procedure I, using Fmoc-Lys(Fmoc)-
OH (372.1 mg, 0.63 mmol), we obtained the crude material that was
purified by silica gel column chromatography (CH,Cl,/MeOH, 95:5,
drops of AcOH) providing 96.9 mg of compound 4 (65% yield).

'H NMR ((CD3)»SO, 300 MHz): & (ppm) 8.05 (d, J = 8.1 Hz, 1H),
7.88-7.85 (m, 4H), 7.70-7.65 (m, 4H), 7.41-7.14 (m, 13H), 4.46-4.38
(m, 1H), 4.28-4.15 (m, 6H), 4.00-3.93 (m, 1H), 3.16 (m, 1H),
3.07-2.85 (m, 4H), 1.53-1.21 (m, 6H), *C NMR ((CD5),SO, 75 MHz): §
(ppm) 172.7, 171.9, 156.0, 155.8, 143.8, 143.7, 140.6, 137.3, 129.0,
128.0, 127.5, 127.0, 126.3, 125.2, 125.0, 120.0, 65.5, 65.1, 54.4, 53.2,
48.5, 46.7, 46.6, 36.6, 31.6, 29.0, 22.7.

2.1.9. Fmoc-Lys(Fmoc)-Ala-Gly-OH (5)

Starting from Fmoc-Gly-Wang resin (300 mg, 0.18 mmol, sust.:
0.6 mmol/g) and following the general procedure I, using Fmoc-Ala-OH
(168 mg, 0.54 mmol) and Fmoc-Lys-Fmoc (318 mg, 0.54 mmol), we
obtained the crude material that was purified by silica gel column
chromatography (CH,Cl,/MeOH, 95:5, drops of AcOH) providing
21.4 mg of compound 5 (20% yield).

"H NMR ((CD3),S0, 300 MHz): § (ppm) 8.08 (m, 1H), 7.97 (m, 1H),
7.87 (m, 3H), 7.72-7.64 (m, 3H), 7.47-7.28 (m, 8H), 4.26-4.18 (m,
5H), 3.96 (m, 1H), 3.75-3.69 (m, 1H), 2.95 (m, 2H), 1.62-1.21 (m, 3H),
1.20 (d, J = 7.4 Hz, 3H). '3C NMR ((CD5),S0, 75 MHz): § (ppm) 172.8,
172.1, 171.5, 156.5, 144.3, 144.2, 141.1, 128.0, 127.5, 125.7, 125.6,
120.5, 66.04, 65.6, 49.0, 48.3, 47.2, 47.1, 32.0, 29.5, 23.3, 18.8.

2.1.10. Fmoc-Phe-Gly-OH (6)

Starting from Fmoc-Gly-Wang resin (300 mg, 0.21 mmol, sust:
0.70 mmol/g) and following general procedure I, using Fmoc-PheOH
(244 mg, 0.63 mmol), we obtained the crude material that was purified
by silica gel column chromatography (CH,Cl,/MeOH, 95:5, drops of
AcOH) providing 16.2 mg of compound 6.

'HNMR ((CD3),CO, 300 MHz): § (ppm) 7.39 (d, J = 7.3 Hz, 2H),
7.35-7.16 (m, 11H), 4.59-4.52 (m, 1H), 4.29-4.12 (m, 3H), 4.01 (d,
J = 5.7Hz, 2H), 3.27 (dd, J; = 14.0Hz, J, = 4.2Hz, 1H), 2.96 (dd,
J1 = 14Hz, J, = 9.6 Hz, 1H); '*CNMR ((CD3),CO, 75MHz): § (ppm)
172.7, 172.2, 171.3, 156.8, 144.9, 142.0, 138.6, 130.2, 129.0, 128.4,
127.9, 127.2, 126.2, 126.1, 120.7, 67.2, 57.1, 47.8, 41.5, 38.8. HRMS
caled. for CpgHo3NoNay,Ost [(M—H)+2Nal™*, m/z: 489.1397; found:
489.1378.
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2.1.11. Fmoc-Asp-Tyr-OH (7)

Starting from Fmoc-Tyr(t-Bu)-Wang resin (300 mg, 0.21 mmol, sust:
0.70 mmol/g) and following general procedure I, using Fmoc-Asp
(OtBu)OH (300 mg, 0.63 mmol), we obtained the crude material that
was purified by silica gel column chromatography (CH,Cl,/MeOH,
95:5, drops of AcOH) providing 16.2 mg of compound 7.

'H NMR ((CD3),CO, 300 MHz): § (ppm) 7.84 (d, J = 7.3 Hz, 2H),
7.69 (d, J = 7.3 Hz, 2H), 7.42-7.28 (m, 4H), 7.07 (d, J = 8.3 Hz, 2H),
6.92 (d, J = 6 Hz, 1H), 6.72 (d, J = 8.3 Hz, 2H), 4.69-4.57 (m, 2H),
4.32-4.21 (m, 3H), 3.12-2.70 (m, 5H). *C NMR ((CD3),CO, 75 MHz): §
(ppm) 172.7, 172.5, 171.3, 157.1, 145.0, 142.0, 131.3, 128.5, 128.0,
126.2, 120.8, 116.0, 67.6, 54.5, 54.5, 52.4, 47.9, 37.1, 36.5. HRMS
caled. for CagHosNoNa,Og ™ [(M—H)+2Na]*, m/z: 563.1401; found:
563.1383.

2.1.12. Fmoc-Glu-Tyr-OH (8)

Starting from Fmoc-Tyr(t-Bu)-Wang resin (285 mg, 0.19 mmol, sust:
0.7 mmol/g) and following general procedure I, using Fmoc-Glu(OtBu)-
OH (270 mg, 0.57 mmol). TFA re-treatment of the raw reaction was
necessary to complete removal of the tert-butyl group. We obtained the
crude material that was purified by silica gel column chromatography
(CH,Cl,/MeOH, 95:5, drops of AcOH) providing 66.9mg of pure
compound 8 (68% yield).

'H NMR ((CD3),CO, 300 MHz): § (ppm) 7.83 (d, J = 7.4 Hz, 2H),
7.69 (m, 2H), 7.41-7.28 m, 4H), 7.07 (d, J = 8.3Hz, 2H), 6.72 (d,
J = 8.5 Hz, 2H), 4.68 (m, 1H), 4.33-4.20 (m, 4H), 3.14-2.94 (m, 2H),
2.43 (t, J = 7.4Hz, 2H), 2.17-1.88 (m, 2H); *C NMR ((CD3)-CO,
75MHz): § (ppm) 174.3, 172.9, 172.1, 157.1, 157.0, 145.1, 144.9,
142.0, 131.2, 128.5, 128.4, 127.9, 126.2, 120.7, 116.0, 67.3, 55.4,
55.0, 54.4, 48.0, 37.1, 28.5.

2.2. Biophysical assays

All the compounds were dissolved in DMSO prior to experiments at
a concentration of 200 mM. From this stock, serial dilutions, ranging
from 0.75 to 200 uM were prepared. However, the final DMSO con-
centration in the analyzed samples was < 1%.

2.2.1. Thioflavin T fluorescence assay

Amyloid aggregation was measured by a Thioflavin-T (ThT) fluor-
escence assay, a common technique which allows to monitor fibril
formation [27]. AB4> was dissolved using a previously published solu-
bilisation procedure using HFIP, DMSO and desalting column separa-
tion [28]. APB4» concentration was adjusted to 25 uM using PBS buffer,
pH 7.4 and a final concentration of 12uM ThT in a 96-well plate.
Fluorescence intensity was measured at 37 °C using an automated well-
plate reader (TECAN Infinite 200 PRO) at an excitation wavelength of
450 nm and emission detection from 480 to 600 nm. Measurements
were performed as independent triplicates. Recorded values were
averaged and background measurements (buffer containing 12 pM ThT
and compound) were subtracted. Statistical significance of the results
was established by P-values using two-tailed t-tests (GraphPad Soft-
ware).

2.2.2. Cytotoxicity assay

SH-SY5Y cells were grown in DMEM/F12 medium supplemented
with 10% FBS, 1% penicillin/streptomycin and 1% nonessential amino
acids (Gibco). Cells were seeded in a 96-well plate at 25,000 cells/well
and maintained in phenol-red free DMEM/F12 (i-Glutamine, 15 mM
HEPES) supplemented with 1% penicillin/streptomycin and incubated
at 5% CO,. Samples containing 25 pM Af,,, in absence or presence of
50 or 0.75uM of compound 7, were pre-incubated at r.t. for 2h and
added to the cells. As a positive control an 8% SDS solution was in-
cluded. The plates were incubated at 37°C for 48h, followed by
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addition of CellTiter-Blue® Reagent (20 uL/well) and incubation for 4 h.
The fluorescence intensity (excitation wavelength 560 nm and emission
wavelength 590 nm) was measured using a TECAN Infinite 200 PRO
fluorescence platereader. The medium background values were sub-
tracted from the values obtained in experimental wells.

2.2.3. Transmission electron microscopy

An isoform of Af4, was synthesised by Bozso et al., as described
earlier [29]. The peptide was dissolved in 100 mM NaOH (pH = 11) to
a concentration of 1 mg/ml. The stock solution was sonicated for 3 min
then incubated for 2 h at r.t., aliquoted and snap-frozen for further use.
Prior to the experiments, stock aliquots were diluted with 20 mM PBS
(pH = 7.4) to a final concentration of 25 uM. To the peptide solutions,
either DMSO (vehicle) or compound 7 dissolved in DMSO was added at
two final concentrations, 25 pM or 100 uM. The samples were incubated
for 37°C for Omin, 24h and 168h, and following incubation, 10 pL
aliquots were placed on formvar carbon 400-mesh copper grids (Elec-
tron Microscopy Sciences, Washington, PA, USA). Grids were stained
with 2% (w/v) uranyl acetate. Images were taken on a JEOL JEM-1400
transmission electron microscope (JEOL Ltd., Japan) operating at
120 kV. Images were captured at magnifications of x 25,000 and 40,000
and analysed with a SightX Viewer Software (EM-15300SXV Image Edit
Software, JEOL Ltd., Tokyo, Japan).

2.3. Molecular modelling

PDB entry 11YT was selected as starting monomeric conformation of
AP4o. This conformation was determined by NMR measurements in
apolar environment [30], being characterized by two helices between
the 8-25 and the 28-39 residues. The starting structure was a highly
helical conformation of the monomer in order to start the simulation
from a close state of the cleavage, which according to the literature [31]
can occur in an a-helical state of the AP section in the Amyloid Pre-
cursor Protein. Compound 7 was optimized first at molecular me-
chanical level, with PRCG (Polak-Ribiere Conjugate Gradient) method
[32] using Macromodel [33] from the Schrodinger suit and it was
further optimized with Gaussian09 [34] at HF/6-31 g level of theory.
The atomic charges were taken from the quantum calculation and at-
tached to the structure parameters with the Antechamber [35] pro-
gram. Other force constant parameters of compound 7 were based on
the GAFF parameter set [36].

2.3.1. Simulation details

Sampling conformational space of monomeric Af4» in the presence
and absence of compound 7, Replica Exchange Molecular Dynamics
(REMD) simulations were carried out in explicit solvent with the
GROMACS 5.1 package using the AMBER99SB-ILDN force field for the
AB4- peptide. A dodecahedron box with 1.2 nm distance between the
box and the solute was taken and solvated with explicit TIP3P water
molecules. The system was neutralized with Na™ ions and further
Na™Cl™ ion pairs were added to mimic the physiological (0.15 M) salt
concentration. Both systems (AP4, and AB4, + ligand) were energy
minimized with 50,000 steepest-descent steps. After minimization the
system was heated up and 200 ps long NPT and NVT equilibrated at
315K. For REMD simulations, 48 replicas were taken in the range of
315K and 400K using the temperature distribution provided by the
web server of D. Van der Spoel [37]. Each replica was 250 ns long and
temperature coupling was applied using velocity rescaling with a sto-
chastic term [38] (0.1 ps time constant), as well as the isotropic Parri-
nello-Rahman barostat [39] with 0.5 ps time constant. P-LINCS algo-
rithm [40] was selected for hydrogen atom connection constrains and
in the electrostatic interaction the Particle Mesh Ewald (PME) method
[41] was applied.
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Fig. 2. AB4> amyloid aggregation is affected in a dose-dependent manner by
compound 7. Dose-response amyloid fibril formation of 25 uM A4, incubated
in the presence of compound at 37 °C for 7 days was monitored using ThT
fluorescence intensity at 485 nm. Values represent results of three independent
replicates. Statistical significance of the results was established by P-values
using paired two-tailed t-tests. Statistical significance levels were * P < 0.05,
**pP < 0.005 and ***P < 0.0005.

2.3.2. Ensemble analysis

Two time periods were selected for analysis from the lowest tem-
perature (315 K) replicas: the first 50 ns and the last 150 ns period. The
recently published Dihedral-based Segment Identification and
Classification method (DISICL) [42] was applied to calculate the sec-
ondary structure distribution for each residue. The contact maps are
based on the probability of contacts over the selected periods. Two
residues were considered to be in contact if their centre of mass distance
is equal or lower than 0.4 nm.

2.3.3. Docking

The pure A4, monomer simulation was clustered with single
linkage method taking the last 150ns from the full trajectory.
Considering clusters with more than 100 cluster members, the average
middle structures were selected as representants of the trajectory for
docking calculations. Compound 7 was docked onto these representants
using the Glide software [43]. First, blind dockings were performed
with the single precision (SP) method, where the inner box size was
adjusted to 40-40-40 Angstrom (A) while the outer box size was set to
76-76-76 A. Refining the blind docking results, the top 5 positions were
selected, and redocked using the extra precision (XP) as well as the
induced fit docking (IFD) methods [44]. XP-dockings were performed
with 20-20-20 and 35-35-35 A inner and outer box size, respectively.
All the other docking parameters were kept at its default values during
SP or XP docking calculations, as well as the IFD using standard pro-
tocol with default settings. All interaction energies are characterized by
the Glide-score values [43] which is a widely accepted scoring function
for computational binding affinity prediction. The Glide score takes into
account many aspects of a ligand-protein interaction just like hydrogen
bonds, rotatable bond penalty, and contributions from protein-ligand
coulomb-vdW energies, as well as a consequence of the hydrophobic
environment.

3. Results and discussion

3.1. Searching new inhibitors preventing conformational transition of AB42
monomer

In search for new inhibitors with improved potency to modulate
AB4, aggregation, our previously reported compound DZK (Fig. 1) was
used as initial structure from which further optimizations were ex-
plored. The general structure of this compound consists of four parts:
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Cell Viability (% of cells in medium)

Fig. 3. Cell viability assay using the CellTiter-Blue reagent with SHSY-5Y cells
exposed to 25 uM A4, in presence or absence of compound 7. Controls include
8% pM solution of sodium dodecyl sulfate, full-length AB4,, compound and cells
in buffer. The results are represented as mean values *+ standard error of the
mean. Values represent results of three independent replicates. Significant p-
values are indicated by: *P < 0.05, **P < 0.01 and ***P < 0.001.

the core (amino acid Lys) and three substituents located at its a-car-
boxylic (R1), a-amine (R2) and e-amine group (R3). The strategy
chosen for the design of the eight new structures was based on the
modification of natural amino acids with aromatic or hydrophobic
substituents hypothesised to interact with the central hydrophobic
cluster (CHC) of the AR4, peptide. Compounds 1, 2 and 3 presented
minor variations compared to DZK by maintaining the Lys core and
introducing new substituents in R1 = Z (compound 1); R2 = Fmoc
(compound 2); and R3 = Boc (compound 3). Compounds 4 and 5 not
only presented modified substitution patterns with R2 = R3 = Fmoc
but also extra residues at R1 like Phe (compound 4) and Ala-Gly
(compound 5). Finally, compounds 6, 7 and 8 presented major varia-
tions losing the characteristic Lys core. Compound 6 core was formed
by the dipeptide Phe-Gly; compound 7 by Asp-Tyr; and compound 8 by
Glu-Tyr. These last three structures were modified in their N-terminal
moieties with the Fmoc group as substituent.

To evaluate the inhibition of AP4, aggregation, a ThT study was
performed incubating AP, peptide for seven days at 37 °C in the ab-
sence and presence of this new series of compounds. Of the eight stu-
died mimetic peptides only compound 7 showed activity being con-
siderably more potent at inhibiting ThT-positive A4, aggregation
compared to the previously reported DZK (Fig. 2) [21]. Namely, DZK
100 uM was needed to reduce by 50% the ThT positive aggregates while
compound 7 reached similar inhibitory activity at 3 uM concentrations.

To obtain further insight into the effect of compound 7 on the Af4,
aggregation kinetics a ThT assay was performed monitoring fluores-
cence intensity at different times of incubation. Similar to the 7-day
incubation shown in Fig. 2, after 1.5 hrs ThT-positive AR, formation
was diminished in a dose-dependent manner suggesting its potential
interaction with AB4, monomers or early aggregation species (Fig. S1,
Supplementary material).

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.bioorg.2018.08.018.

The inhibitory effect of compound 7 over A4, aggregates was
further established using a cytotoxicity assay and TEM analysis. A cell
viability assay, Cell Titer-Blue, demonstrated that 25uM (based on
monomeric concentration) of oligomeric AR, induced significant loss
of viability in an SHSY-5Y neuroblastoma cell line. Co-incubation of
25uM A4, oligomers with compound 7 at a concentration as low as
0.75 puM resulted in complete prevention of AB4>-mediated cell toxicity.
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Fig. 4. Representative transmission electron microscopy images of AP, incubated either in the presence of DMSO or 25 pM compound 7. Images were taken at three
time points. 0 min: AP4> with DMSO (A) or 25 uM compound 7 (B). 24 h: A4, with DMSO (C) or 25 uM compound 7 (D). 168 h: AB4, with DMSO (E) or 25 pM

compound 7 (F). Scale bar: 500 nm.

Moreover, the compound itself was found to be non-toxic at con-
centrations up to 200 pM compared to SDS 8% which was used as a
control for cell death (Fig. 3).

Complementary, we conducted an in vitro fibril formation experi-
ment in order to assess the effect of compound 7 on the aggregation
process of AP4, by TEM. Compound 7 was dissolved in DMSO and
added in two different concentrations of 25 and 100 uM to a solution of
25uM freshly-prepared Af4, oligomers. The peptide solutions were
incubated at 37 °C, and aliquots were analysed by TEM at three time
points: 0 min, 24 h and 168 h. Fig. 4 shows representative images of the
A4, oligomers incubated with a concentration of 25 uM compound 7.
Images were analysed according to the main morphological character-
istics of the formed aggregates on randomly selected images (Table 1).
According to the results of the analysis, average diameters of the

aggregates did not change with time considerably. Lengths of fibrillary
aggregates varied in a wide range, but the semi-quantitative evaluation
allows a rough estimation for the size distribution. According to this, we
can conclude that after 24 h, the length of the fibrils fell in a lower size
range when treated with compound 7 (Fig. 4D) than without it
(Fig. 4C). This difference in the lengths between the two samples was
later partly equalized, as large, mature fibrils formed in both samples
after 168 h. These results indicate that although compound 7 can not
hinder the fibril formation, it influences the kinetics of the aggregation.

3.2. Molecular modelling

In order to have an atomistic insight into the experimentally hard to
realize early stage effect of the most promising ligand, computational

Table 1
Average diameters of the aggregates and length intervals of the fibrillar forms.
0 min 24h 48h
Diameter Length Diameter Length Diameter Length
AP, oligomers 8.3 + 2.4nm 22-85nm 7.6 £ 1.3nm 60-842 nm 8.9 + 1.8nm 55-760 nm
AB4o + Compound 7 6.7 £ 1.2nm 28-62nm 6.8 £ 1.2nm 29-240 nm 7.2 £ 1.9nm 24-450 nm
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Fig. 5. The a-helical content of the AB4» peptide in the presence (red) and the absence (blue) of compound 7 taking the first 50 ns of the trajectories at the lowest

temperature.

investigations were carried out regarding the interaction of compound
7 and the monomeric AB4,. MD analysis and docking studies were
applied for the computationally derived AR, peptide ensemble, which
represent the conformational space immediately after the enzymatic
cleavage as well as for a more general state of the A4, monomer.

Considering the MD studies, two parts of the trajectories were ex-
amined using replicas at the lowest temperature (315K). The simula-
tions were started from a highly helical experimental conformation of
the peptide which mimicked an initial stage after cleavage and the first
50 ns were selected to see how the presence or the absence of the ligand
affected the helical content. Secondly, the last 150 ns parts were con-
sidered from the same replicas to examine the effect of the ligand on the
conformation space of the Af4, monomer characterized by a higher
disordered content.

Docking calculations followed the MD simulations and molecular
targets were taken as cluster representatives of the A4, monomer de-
rived from the last 150 ns part of the replica at the lowest temperature.
These calculations allowed us to examine the ligand binding energies
concerning the Af4, monomer in a broader conformational scenario.

3.2.1. Maintenance of the original helical content

As was outlined in our previous articles [21,24], a possible strategy
to decrease the toxicity of the AP4» peptide is to avoid its transition to a
B-hairpin conformation, which is related to the formation of toxic oli-
gomers. This goal can be achieved by stabilizing the early stage con-
formation of the AB4» monomer characterized by its high a-helical or
random coiled content. Therefore, we employed the model from the
PBD entry 1IYT as our starting configuration, which has been de-
termined in an apolar environment and is characterized by two a-he-
lical regions (residues 8-25 and 28-39). Considering the first 50 ns from
the REMD simulations we found that compound 7 inhibited the loss of
helical structure especially on the C-terminal region compared to the
pure Af4, monomer simulation (see Fig. 5).

To elucidate the contact between the protein and the ligand we
calculated their centre of mass distances (the resulting contact dis-
tribution is shown in Fig. S2, Supplementary material). It was found
that the largest number of contacts between the ligand and the

monomer peptide was found within the helical regions in particular the
one comprised between the residues 16 and 20. As Fig. 5 presents, the
helical content also increased partly in this region between K°LV!®
residues. It is worth to note that the hydrophobic interaction between
the B-strand K'°LVFFA?! and N*’KGAIIG>? regions has important role
in the formation of the B-hairpin conformation.

3.2.2. Secondary structure elements progression

To have a general picture about the effect of compound 7 to the
monomeric state of AR, peptide, we compared secondary structure
elements between the ligand + monomer and the free monomer cases
using the last 150ns of the replicas with the lowest temperature.
Difference between the probability of a-helix (red), 3;o-helix (blue) and
B-strand (green) for each residue is presented in Fig. 6.

We found that in the presence of compound 7 the B-strand content
was significantly diminished at K'°LVFFA%' (CHC), $**N* and A®°1132
segments. These residues are mainly involved in the formation of
hairpin structures in the Af4, toxic aggregates [45,46]. This difference
observed with the free ligand system had as counterpart increased 3;,-
helix propensities between SSGYEYH'® and CHC region. We also ob-
served higher a-helical distribution between N*’KGAIIG>® residues.
These results are consistent with theoretical [47] and experimental [48]
studies which posit that the preservation of these helical regions can
stop oligomerization at the dimer stage by impeding unfolding and [3-
sheet formation.

3.2.3. Contacts between AB4> monomer and compound 7 during REMD
simulations

Following the original principle of the design we dissect compound
7 into three fragments namely Fmoc, Asp and Tyr-OH. These segments
presented different interactions with the Af4, monomer ie. hydro-
phobic (Fmoc, Tyr-OH), ionic (Asp) or hydrogen-bond (Tyr-OH, pep-
tide-bonds). Then, we calculated the centre of mass distances between
each residues of the protein and the three fragments, where the critical
distance for a contact was defined as less than or equal to 0.4 nm. Fig. 7
shows the contact distribution per residue between the A4, monomer
and the three major parts of the ligand. The highly aromatic Fmoc
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Fig. 6. Difference between the probability of secondary structure elements adopted by the AP, peptide in the presence and absence of compound 7 taking the last
150 ns of the trajectories at the lowest temperature. Colour code: a-helix (red), 3;o-helix (blue) and B-strand (green).

group often forms contacts with residues 12-19 and 28-38 providing a
putative explanation for the inhibitory capacity of compound 7 on the
conformational transition of the AB4»> monomer.

3.2.4. Estimating potential binding modes

To have a more depicted description of putative binding modes
between compound 7 and the AB4, monomer different docking calcu-
lations were performed. Here, we considered the dynamical character

40

of the peptide by generating multiple docking targets. The targets were
derived by clusterization of the last 150 ns of the lowest temperature
AB4> monomer trajectory taken from the previous REMD study.
According to this, 4602 clusters were generated, of which only the ones
with more than 100 elements were selected. This way 21 clusters re-
presentants were selected to perform blind docking with the quickest SP
method. The best docking scores of each target are reported in Table S1
(Supplementary material).
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Fig. 7. Distribution of the contacts between compound 7 and the A4, monomer in the last 150 ns of the trajectory taking the lowest temperature.
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Table 2
Single precision, extra precision and induced fit docking scores.

Docking method

Cluster Single precision Extra precision Induced fit docking
787 —6.422 —3.48 -9.60
1415 —6.399 —3.54 —7.47
3691 —-6.115 —6.82 -8.32
1954 —5.566 -6.14 —6.50
3354 —5.367 —5.89 -8.35

To refine our blind docking results, we selected 5 complexes with
the best SP docking values and performed XP and IFD calculations.
Refining docking was restricted to a 20 A environment of the poses
provided by the blind docking SP calculations. All Glide score values
(SP, XP and IFD) are shown in Table 2. As can be observed, score
rankings were not maintained when using the different docking ap-
proaches.

Nevertheless, the analysis of the highest and lowest binding energies
provided hints about relevant interactions between compound 7 and
the AB4> monomer. For example, in the case of cluster 787 both SP and
IFD showed the higher scorings among the five analysed systems while
XP method presented the weakest interaction with the peptide. This
main difference could be explained considering how in the first two
methods compound 7 formed si-stacking interactions between the Fmoc
group and aromatic residues His'* and Tyr'® (SP and IFD methods,
respectively) while in the XP case this interaction was lost leaving the
hydrophobic group exposed to the solvent and so reducing its binding

A

——» H-bond
®——@ Tl-stacking
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affinity to the AP4, peptide. Other preferred binding modes, e.g. the one
obtained in cluster 3354 using the IFD method showed the same pe-
culiarity having m-stacking interactions with Tyr'®. Another important
feature in this particular binding mode were two salt-bridges formed
between Lys?® and Arg® with the COO ™~ groups of 7 (Fig. 8).

Overall, the close interaction of compound 7 burying its hydro-
phobic group in the CHC of AP4, regardless of the peptide conformation
coincides with the results observed in the REMD trajectory where the
contact distribution of the ligand was located in this region of the AR5
monomer. This interaction is in line with the capacity of the ligand to
inhibit the conformational transition in the L'”VFFA*! region towards
higher contents of B-strand structures.

4. Conclusions

In a previous work we reported a mimetic peptide, DZK, possessing
a potent inhibitory effect on AR, aggregate formations [21]. Here, we
investigated experimentally a new series of mimetic peptides based on
the DZK molecule completed with detailed theoretical analysis for a
selected case. Among the tested molecules, compound 7 possessed a
higher inhibitory potency at ThT-positive AR, aggregation than the
original DZK molecule. This compound was selected for a more ex-
tensive physico-chemical evaluation including a ThT assay monitoring
fluorescence intensity at different times and TEM studies, as well as a
cell viability assay to obtain further insights into the prevention of A4,
-mediated cell toxicity.

Moreover, different computational modelling techniques were em-
ployed to identify the interactions of compound 7 with early stage AB4,
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Fig. 8. 2-D diagrams of 7-AB4, complexes for cluster 787 employing different docking methods: SP (A), IFD (B), XP (C) and cluster 3354 employing IFD (D).
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monomer and look for possible explanations of how this mimetic pep-
tide affects the conformational transition of the peptide. These simu-
lations enabled us to obtain a picture for the experimentally hard to
attain, very early stage interaction with the ligand at atomic level.
REMD simulations showed that compound 7 diminished the formation
of aggregation-prone structures by maintaining helical content which
were reproduced by our ligand-free control simulations. It was also
found that the p-strand structure was significantly diminished at CHC
region (residues K'®LVFFA?'). Regarding helical structures, the a-he-
lical distribution was higher at N*’KGAIIG>® residues and 3;,-helix
propensities were increased at N-terminal and CHC regions in the
presence of compound 7. These secondary structure results are in good
agreement with experimental [46] and theoretical [47] studies where it
had been indicated that the loss of helical content can be observed
during the early stage of toxic species formation.

Molecular docking studies revealed that compound 7 interacted
with the AB4> monomer through m-stacking interactions between its
Fmoc group and the aromatic residues His'* or Tyr'®. Compound 7
buries its hydrophobic Fmoc group in the CHC leading to the dom-
inance of helical conformation in this region. This result corroborates
the REMD simulations where the contact distribution of the ligand is
also enhanced at the CHC region of the A4, monomer.

In conclusion, our experimental and theoretical work demonstrated
that compound 7 modulates the early steps of the amyloidogenic pro-
cess also inhibiting the cytotoxicity linked to Af4, aggregation with full
viability recovery of cultured cells under submicromolar concentrations
of the ligand.
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