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Abstract

The formation of amyloid aggregates is the hallmafksystemic and neurodegenerative
diseases, also known as amyloidosis. Many protene been found to aggregate into amyloid-
like fibrils and thus process is recognized as gdnendency of polypeptides. Inhibition of
protein aggregation and fibril formation is thuseasf the important strategies in the prevention
and treatment of such disease. There is a growtegest of identification of small molecules
mainly natural compounds that can prevent or dalayloid fibril formation. In this work, we
report the effect of various compounds from differgroups on the amyloid fibrillation of hen
egg white lysozyme, a model protein for amyloidniation. Herein, a range of biophysical
techniques have been employed in order to establslstematic approach to study the effect of
candidate inhibitors on amyloid aggregation.

Results demonstrated that the strategy used staivthih different techniques are complimentary
in order to elucidate a complete in vitro pictufetlee effect of the used compounds on HEWL
aggregation. Moreover, compared to the data oldabe other groups for the inhibition of
lysozyme fibril formation, this work provides newsights into the structural changes (local,
secondary, oligomeric, fibrillar structures) undmrg by HEWL during aggregation in the

presence and absence of inhibitors.



Introduction

Protein misfolding and amyloid formation are an emyging pathological hallmark in a
number of relevant diseases ranging from neurcébgdisorders (i.e. Alzheimer's and
Parkinson’s diseases) to various systematic amysesd(Hutt, Powers, and Balch 2009; Hartl
2017; Lindner and Demarez 2009; Chiti and Dobsod62@Gelkoe 2004). Irrespective of their
sequence or tertiary structure, the proteins, wealin these diseases, generate fibrillar
aggregates exhibiting common morphological feat@fdam et al. 2017; Jiménez et al. 2001,
Chamberlain et al. 2000). Moreover, these chanatites were also observed for the fibril-like
aggregates obtained under appropriate conditioasdxtreme pH, heating and the presence of
cosolvent etc...) for non-disease-related prot@ihsV. Khan et al. 2015; Lomakin et al. 1996;
Ruzafa et al. 2012; Jayaraman et al. 2012; Swahanaet al. 2011; Jean et al. 2008;
Grudzielanek et al. 2007; Grondelle et al. 2009géther, these observations have led to the
conclusion that the ability to form amyloid aggreggais an intrinsic property of the polypeptide
chains of proteins (Uversky and Fink 2004), and #iaamyloid proteins may exhibit similar
structure-specific cytotoxic effects through commmoechanisms (Kayed et al. 2003; Bucciantini
et al. 2002). Hence, regardless of the mode ofqogthesis of these amyloid proteins, inhibition
and/or reversion of the aggregation and amyloidlfibormation of these proteins has emerged as
a possible therapeutic strategy for the preverdiwhtreatment of amyloid diseases (R. Liu et al.
2012; DaSilva, Shaw, and McLaurin 2010; Florentiid et al. 2009; Cavalli et al. 2008).

A large number of diverse compounds have been fotodinhibit or reduce the
aggregation/fibrillogenesis of the amyloid-formipgoteins and/or the cytotoxicity triggered by
these amyloid proteins (Scarpini, Galimberti, andegzzi 2013; Amijee et al. 2009). These

compounds or molecules include antibodies (Legleitel. 2004), chaperone proteins (Lee et al.



2005; Santhoshkumar and Sharma 2004), synthetitdpepKumar, Namsechi, and Sim 2015;
Dolphin et al. 2007), nanopatrticles (Ishtikhar le2@15; Cabaleiro-Lago, Szczepankiewicz, and
Linse 2012) and small organic substances (Di Giovahal. 2010; Gazova et al. 2013; Stefani
and Rigacci 2013; Alam et al. 2016; Leong et aD@05iddiqi et al. 2017; Porat, Abramowitz,
and Gazit 2006; Masuda et al. 2006). Among theserlaeompounds, the natural molecules from
various sources have received a great interesliernative candidates for the development of
amyloid aggregation inhibitors against the humaseases (Galleano et al. 2010; Q. Liu et al.
2007; Ono et al. 2006; Moran 2013; Baur and Sin&&06). For examples, curcumin and
resveratrol are typical examples of the naturalemdles that have been reported to exert an
inhibitory effect on the aggregation of diverse &g, proteins such as amylojttpeptide,a-
synuclein, transthyretin, islet amyloid polypeptmelysozyme (Stefani and Rigacci 2013; Alam
et al. 2016; Leong et al. 2009; Siddiqi et al. 20R@rat, Abramowitz, and Gazit 2006; Masuda
et al. 2006). Besides their anti-amyloidogenic\aigti these molecules exhibit anti-oxidative and
anti-inflammatory properties (Ono et al. 2006; Mo013; Baur and Sinclair 2006). Although
several small molecule inhibitors of protein sed@ambly have been identified, their
mechanisms of action are often still unclear, anelirteffects can vary depending on the
conditions in which they are assessed such asading gt which these inhibitors intercede within
the assembly process of proteins, the protein/itdrinolar ratio, the pH or the temperature.

In our previous study ,we have analyzed the salémbly of hen egg-white lysozyme, a well-
known model protein commonly utilized for the stuafyprotein aggregation (Chaatri et al. 2015;
J. M. Khan et al. 2014; Raccosta, Martorana, ancrda2012; Gharibyan et al. 2007,
Dumoulin, Kumita, and Dobson 2006), by using comm@atary methods which provided new
insights into the structural changes (local, seaopdoligomeric/fibrillar structures) undergone

by the lysozyme under agitation during a prolongedting in acidic pH. In view of the above



observations, we have ustitt same aggregation conditions and adopted the saperimental
approach to investigate the influence of differeatural compounds on the fibril formation of
HEWL with the aim to characterize their effectstbe kinetics of aggregation and to evaluate
their anti-aggregating and anti-amyloidogenic atiéis against the formation of

oligomeric/fibrillar species.



Materials and Methods

Materials

Hen egg-white lysosyme (EC 3.2.1.17) and thioflaviwere purchased from Sigma-Aldrich
(St. Louis, MO). The natural molecules (resverattyriosol, rutin, nicotine and dopamine) were
purchased from sigma All other reagents and bufbenponents were of analytical grade.
Lysozyme aggregation

The sample solutions of hen egg white lysozyme (HLUEW/ithout further purification, were
prepared in 10 mM glycine buffer (pH 2.0) contaghih2% (w/v) sodium azide. To produce the
amyloid structures, HEWL solutions (20 mg/ml) wameubated for different days at 55°C in a
thermomixer with an agitation of 700 rpm. At reguiieme intervals, samples for analysis were
taken and stored at 4°C. HEWL concentrations weterchined from UV absorption measured
ath =280 nm £,g0 = 2.64 ml.mg.cm™).
Compound testing

All Compounds were dissolved in dimethylsulfoxid®{SO) and kept as stock solutions at -
20°C in order to maintain their maximal stabilitpuring the experiments, they were used
immediately after unfreezing and kept away fronhtligfo assay for inhibitory activity, each
compound was added to the monomeric HEWL solutiihrig/ml) in 10 mM glycine buffer
(pH 2.0) containing 0.2% (w/v) sodium azide at ket of HEWL aggregation with an agitation
of 700 rpm at 55°C.
Thioflavin T (ThT) fluorescence assay

To monitor the aggregation of lysozyme, in the abseor the presence of each compound,
the fluorescent ThT dye was added to the proteimpsss (10 uM) to a final concentration of 20

UM. The fluorescence emission spectra of ThT welkeded from 450 nm to 550 nm on a



Bowman fluorescence spectrophotometer using antatari wavelength of 440 nm.
Fluorescence measurements were performed at 25P€rimquartz cell with both excitation and
emission bandwidths of 5 nm. The fluorescence speat ThT blanks, in the absence or
presence of each ligand, were independently meésand subtracted from the corresponding
fluorescence spectra of HEWL samples. The valugbefjuantum yield of ThT fluorescence,
determined by integrating the emission spectra f4&&® nm to 500 nm, are the mean of three
measurements, each performed in quadruplicate.
Atomic Force Microscopy (AFM) measurements

AFM images were acquired in non-contact mode ifbeation-insulated environment using a
PicoPlus microscope (Molecular Imaging) equippedhwa NanoScan-3000 controller. For
imaging, we used single beam aluminium-coated lesetis (type NSC36/ALBSimasch) with
Rc<10 nm, 110-13Am lengths and nominal spring constant (0.6 N/m} @hve frequency was
between 200 and 400 kHz. The solutions of HEWLnalor in the presence of ligands, were
diluted 400 times and a small aliquot (@Pwas deposited on freshly cleaved mica. The saspl
were incubated on mica for 10 min followed by thvessshes with 5@l water to gently remove
the material not adsorbed to the substrate. Eanipleawas dried under mild vacuum and
imaged in air. Each experiment was performed irdgualicate at 25°C. The acquisition and the
analysis of AFM pictures were performed by using floftwares “Nanoscope 5.30r3sr3” and
“WSxM 5.0 Develop 3.17, respectively.
Dynamic Light Scattering (DL S) measurements

DLS measurements were carried out using a DynaPi®80d@ instrument (Wyatt
Technologies Corp.) equipped with a gallium alunnmiarsenide 825 nm laser. The total light
scattering intensity of HEWL solutions (1 mg/ml)pr@e or in the presence of ligands, was

collected at a 90° angle. All measurements wereemad3 mm quartz cell at 25°C. The



acquisition of data (usually 30—-40 points) was meadtd an acquisition time of 30 s and the
obtained data were averaged. The autocorrelatioreswere deconvoluted using Dynamics V6
software to obtain the size distribution and thdrbgynamic radii (<R>). Each experiment was
repeated three times to ensure reproducibility.
Fourier Transform Infra Red spectroscopy (FTIR) analysis

Attenuated total reflectance Fourier transform andd (ATR-FTIR) spectra of HEWL
samples, in the absence or the presence of eaclpocmwh, were recorded on a FTIR
spectrometer (model IFS-66v; Nicolett) equippechvaithorizontal ZnS ATR accessory. 50 pl of
samples (1 mg/ml) were placed directly in the ZridRAaccessory and the spectra were recorded
at 25°C. 200 scans were performed for each specatughcm® resolution. The spectrum of
buffer background, containing each ligand alones walependently measured and subtracted
from the corresponding protein spectrum before euiitting of the amide | region. Each
experiment was repeated three times to ensuredegitwnlity. To identify the different spectral
components of HEWL species and to determine thespective content, the spectra were
analyzed by using the Grams 31 program version @sbdactic Industries Corporation, Salem,
NH).
Intrinsic fluorescence assay

The fluorescence emission spectra (collected fr@® 8m to 500 nm) of 20-fold diluted
lysozyme samples, in the absence or the presenmengfounds, were acquired with a Bowman
fluorescence spectrophotometer. The excitation lgagth was set at 295 nm in order to
observe exclusively the fluorescence of Trp resduEluorescence measurements were
performed at 25°C in 1 cm quartz cell with bothigton and emission bandwidths of 2 nm.
The fluorescence spectra of protein samples weterrdaed by subtracting the fluorescence of

buffer, in the absence or presence of each ligand, corrected for scattering effect (Eftink



1991). Each experiment was performed in quadruglicehe values of the quantum yield of Trp
fluorescence were determined by integrating theréiscence emission spectra from 310 nm to
450 nm.
Analysis of fibril formation kinetics

All aggregation curves were fitted to a sigmoidaidtion (Morris, Watzky, and Finke 2009),
implemented within the Origin 8.0 software packdljkcrocal, Southampton, MA), to extract
the relevant aggregation parameters (see Equation 1

S=S+[S-S]/[1+exd " 1)

where S is the signal observed at the time &8 $ are the initial and final values of the signal,
respectively. The values of the parameters of idmaadal curve 1, (half-time: time required to
reach the half of the maximum of the signgl &dt (magnitude of the signal change) were
determined by fitting the experimental data by toerar least-square method.
Analysis of fibril formation inhibition

Concentration-effect data from the ThT fluorescemssays were fitted to a sigmoidal
function B3], implemented within the Origin 8.0 software padkgdylicrocal, Southampton,
MA), to extract the relevant inhibition parametése Equation (2)).

E= Fmin + [Fmax _ Fmin] / [1 + 1d|og IC50 - log x)/r] (2)

where F is the fluorescence quantum yield of Thihapresence of inhibitor at concentration X,
Fmax and Fin represent the maximum and minimum of the fluoreseequantum yield of ThT in
the absence and presence of inhibitors, respegtiidie values of the parameters n (Hill
coefficient) and IG, (the concentration of inhibitor that results ins®f maximal inhibition)

were determined by fitting the experimental datanbg-linear least-square method.
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Results and Discussion

Because diverse small organic molecules have beandfto reduce the formation of
amyloidogenic forms of proteins (oligomers and gfibrils) and/or to disperse the preformed
fibrils (Q. Liu et al. 2007; Ono et al. 2006; Mor2013; Baur and Sinclair 2006; Chaatri et al.
2015; J. M. Khan et al. 2014; Raccosta, Martorama, Manno 2012; Gharibyan et al. 2007,
Dumoulin, Kumita, and Dobson 2006), we have evalddtere the inhibiting potential of five
structurally different natural compounds (Fig 1)aiagt the formation of oligomeric/fibrillar
species of HEWL under our aggregation conditioee (®aterial and methods). To this end, we
have used different methods including various gpsecbpic techniques (e.g. thioflavin T (ThT)
fluorescence spectroscopy, attenuated total rafieet (ATR)-Fourier transform infrared (FTIR)
spectroscopy, dynamic light scattering (DLS) aryptwphan (Trp) fluorescence spectroscopy)

and atomic force microscopy (AFM).

l. Inhibition of the formation of lysozyme amyloid aggregates by natural

compounds.

To confirm the ability of resveratrol and tyrosgo{yphenols), rutin (flavonol), nicotine
(alkaloid) and dopamine (catecholamine) to inhibié formation of HEWL fibrils, we have
investigated the structural features of HEWL specgenerated at the end point of the
equilibrium phase by each ligand for the drug-totgin molar ratio of 1:1.

[.1. Morphological characterization of ligand-generated species of HEWL

Firstly, the generated HEWL species were morphokily probed by the atomic force

microscopy (AFM) which is a method generally usedcharacterize the size and shape of

aggregates for many proteins (Jiménez et al. 208amberlain et al. 2000).
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Fig 2 exhibits the AFM images obtained for the prctd of the 264 hrs incubation of HEWL
with and without the ligands at low pH (~2.0) anghhtemperature (55°C) under agitated
condition (~700 rpm). As shown in the Fig 2A, tmeubation of HEWL sample alone leads
predominantly to the formation of fibrillar aggrega exhibiting different lengths (>100 nm) in
agreement with our previous reports (Dumoulin, Kiamand Dobson 2006). On the contrary,
such fibrillar structures were not observed in AV images of HEWL samples containing the
resveratrol (Fig 2B), the tyrosol (Fig 2C), theimu{Fig 2D), the nicotine (Fig 2E) or the
dopamine (Fig 2F), indicating that the tested commgls are able to prevent the formation of
HEWL fibrillar aggregates. Moreover, these genatdd&WL species present differences at the
level of their morphologies compared to the fresphgpared lysozyme sample devoid of
aggregated/fibrillar species (Gharibyan et al. 200leed, the end-products of the aggregation
reaction exhibit essentially round spherical strces.

The table Isummarizes the size and distribution of these aligec products deduced from
the analysis of AFM images by softwares (see natarid methods). The analysis of these data
allows us to deduce the following observations loa eéffects of these compounds. Firstly, the
majority of the oligomers produced by all the ligar(>80%) were shorter than 30 nm in length
with a higher percentage for the HEWL species gerdrby the nicotine (~100%). Secondly,
the nicotine generates HEWL aggregates essentityter than 15 nm in length (~89%)
whereas those produced by the dopamine, rutin @sxkeratrol compounds have predominantly
lengths situated between 15 and 30 nm (>60%). Thhitide tyrosol-generated aggregates exhibit
a polydisperse size distribution despite the amainthe aggregate species having a length
shorter than 15 nm (~47%) is somewhat higher th@npercentage of those having a length
shorter than 30 nm (~34%). Finally, the rutin amgamine, compounds, which belong to two

different chemical classes, exhibit the same sig&ilbution whereas the resveratrol and the
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tyrosol, belonging to the same chemical class,laysa different and opposite size distribution.
Overall, these AFM results demonstrate that all ¢henpounds have distinctive inhibitory
effects on the formation of HEWL fibrils by genenat small oligomeric species which exhibit
differences at level of their size distribution

|.2. Structural features of ligand-generated species of HEWL

Given that the fibrillar aggregates of many progseimere shown to harbour highsheet
contents (Alam et al. 2017; Jiménez et al. 2001¢, secondary structures of the generated
HEWL species were examined by the attenuated tefé&dctance Fourier-transform infrared
(ATR-FTIR) spectroscopy, which is a method partaelyl suitable to the study of protein
aggregates (Krimm and Bandekar 1986).

Fig 3 exhibits the ATR-FTIR spectra of the end-praid of the 264 hrs incubation of HEWL
with each ligand at low pH (~2.0) and high tempamat(55°C) under agitated condition (~700
rpm). As shown, the HEWL samples, treated with gairmolar concentration of the nicotine
(Fig 3A), tyrosol (Fig 3B), rutin (Fig 3C), dopamein(Fig 3D) and resveratrol (Fig 3E)
molecules, exhibit significant differences at lew#l the shape of their ATR-FTIR spectra.
Firstly, while the amide 1l region of all spectrahgéits a single maximum intensity (A)l the
amide | region of spectra (located between 160101 displays a single maximum
intensity (Ah) for the nicotine and two maximum intensities {Adnd Ab) for the other
compounds. Secondly, the value of the ratioiJAll 1] is slightly inferior to 1 for the tyrosol-
and nicotine-generated species of HEWL whereas guperior to 1 for the HEWL species
generated by the rutin, resveratrol and dopamimapoainds. Thirdly, the value of the ratio
[Al1/Al;] is somewhat superior to 1 for the resveratroltaoning HEWL sample whereas it was
found to be ~1.4, ~1.6 and ~1.9 for the HEWL sasmglentaining the dopamine, the rutin and

the tyrosol, respectively. This qualitative anadyssf infrared spectra reveals substantial
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differences between the conformations of generdt&d/L species resulting from the distinctive
inhibitory effects of these compounds on the as$goftHEWL monomers.

Since the amide | region of the infrared spectrprofeins is very sensitive to changes in their
secondary structures (Surewicz and Mantsch 198krByd Susi 1986), the deconvolution and
curve-fitting of this spectral region for the HEWdpectra (Fig 3) were used to evaluate the
percentage of content in each secondary strucyye s listed in Table 2. Compared to the
compositions off-sheet and-helix observed for the monomers and fibrils of HE\&Wlone
(Dumoulin, Kumita, and Dobson 2006), these datacatd that the secondary structure contents
of the resulting species of the protein are mostignged by the tested compounidsieed, the
HEWL species generated by all the compounds exailmtver amount of-sheet conformations
and a higher percentage whelix structures than that of the fibrillar HEWpexies (70% and
20%, respectively). In contrast, they display adowr similar percentage afhelix and a higher
amount off-sheet conformations than that of the monomerim$of HEWL (~50% and ~30%,
respectively). Moreover, the values of the ratiehglix(%)/B-sheet(%)] of the HEWL species
generated by all the compounds are situated betthese obtained for the monomers (~2.4) and
fibrils (~0.3) of the protein alone. Indeed, théiada-helix(%)/B-sheet(%)] is inferior to 1 for
the dopamine- and rutin-generated species of HEMIL8] whereas it is superior to 1 for the
HEWL samples containing the resveratrol, nicotine &rosol compounds (~1.20, ~1.35 and
~1.40, respectively)Although the secondary structures of the gener&iBUVL species are
efficiently modified, this spectroscopic analysientbnstrates that the presence of these
compounds clearly prevented the structural traomsiirom the nativea-helix rich HEWL

conformer to amyloidogenig-sheet rich species (Morris, Watzky, and Finke 2009
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[I. Inhibition effects on the kinetics of HEWL fibr il formation.

After shown that the resveratrol, tyrosol, rutilgatine and dopamine compounds are able to
inhibit the HEWL fibrillar structures formed at tlead point of the assembly process (Fig 2,3),
their inhibitory potentials were investigated in naaletails by analysing their effects on the
kinetics of the HEWL aggregation/fibrillization tite drug-to-protein molar ratio of 1:1.

I1.1. ThT fluorescence analysis

To investigate the effects of each compound onytbezyme aggregation kinetics, we have
analyzed firstly the time dependency of the extehtHEWL aggregation by the ThT
fluorescence that is commonly used as a principdx for monitoring the kinetics of protein
fibrillogenesis (Levine 2008).

Fig 4 displays the kinetic traces of HEWL aggregatin the absence and presence of
resveratrol, tyrosol, rutin, nicotine and dopamiae a concentration equimolar to HEWL
monomer (1.4 mM). As evidenced by our results,Tth€ fluorescence quantum yield of ligand-
containing HEWL samples (as given by the area urlerspectra) decreases significantly
during the studied time interval of the aggregatioin HEWL sample without inhibitor.
Moreover, we observed that the presence of DMSE%R. used to facilitate solubilization of
these compounds, had a negligible effect on HEWgregption (data not shown) and the
samples of each ligand alone (at the concentratised in this study) did not quench the ThT
fluorescence (data not shown). Together, these Wbdrescence data indicate that these
compounds exert an attenuating effect on the kisetf aggregation/fibrillization of HEWL. To
better characterize the inhibitory mechanism(ghete compounds, we have analyzed in details

their effects on the kinetic parameters of HEWL raggtion.
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Generally, the decrease in the amplitude of theegggion reactions (steady-state value), the
reduction in the rate constant of fibril growth lk={/r) and the extension of the lag timg t
(tag=t12—2t) have been generally used as positive measurniehibition of protein aggregation.
As shown in the Fig 4, the steady-state value of Tlaorescence (amplitude) is markedly
reduced for all the ligand-containing HEWL samplasdijcating a high inhibiting potential of the
tested compounds. For example, the calculated p@age of the reduction in the fluorescence
quantum yield of ThT (% = 100 x [1 — [ThT fluoresce quantum yield of ligand-containing
HEWL sample]/[maximal ThT fluorescence quantum ¢jief aggregate HEWL]) was found to
vary from~88% in the resveratrol-containing HEWL sample to 94% in the tyrosol- and
dopamine-containing HEWL samples after an incubatio of 264 hrs.Besides affecting the
amplitude of the aggregation kinetics, we find tthetse compounds also affect the rate constant
of fibril growth (k) and the lag time {§) whose the mean values were extracted from the ThT
fluorescence kinetics data (Fig 4) by a nonlinezast square curve-fitting to a sigmoidal
function (Morris, Watzky, and Finke 2009). From thealysis of the mean k angytvalues,
summarized in the table 3, it can be deduced tllewimg observations. Firstly, the time
constant of growth phase of the fibrillation of HEV&@lone ¢=~37 hrs) is somewhat reduced by
the presence of nicotine, rutin or tyrosol wheriéaxhibits a substantial increase for the HEWL
solutions containing the resveratrol and dopaminterestingly, the higher effects anwere
produced by the dopamine (~51% increase) and ty(e4d% decrease). Secondly, the duration
of the lag phase of the aggregation of HEWL consaohple (,~=~66 hrs) was reduced by the
nicotine and dopamine compounds whereas it wandeteby the tyrosol, resveratrol and rutin
molecules. It is noteworthy that the higher effemtsthe length ofi{y were produced by the rutin
(~48% augmentation) and dopamine (~46% reductidhjrdly, the effects of nicotine or

resveratrol (group I) on the both kinetics paramsetee qualitatively similar whereas those of
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tyrosol, rutin or dopamine (group Il) are opposkerthermore, the compounds of each group
exhibit between them distinctive effects. For theup |, the mean values af and g are
together augmented by the resveratrol whereasdateyeduced by the nicotine. In the case of
the group Il, the dopamine lessens the growth(mateease of) and shortens the lag time while
the resveratrol and rutin enhances the growth(teerease of) and lengthens the lag time. Our
ThT fluorescence analysis demonstrates that alltéseed molecules modulate strongly and
differently the HEWL fibrillation and oligomerizath kinetics and exerts their inhibitory
potential by affecting substantially either theddmof the nucleation phasesd) or the growth
rate of the elongation phase (k), or the both kisgtarameters of the HEWL aggregation.

[1.2. HEWL fibrillogenesisinhibition asrevealed by DLS.

To further investigate the effects of these comjpisumm the aggregative behaviour of HEWL,
the characteristic dimensions of ligand-generaggeties of HEWL were evaluated via DLS,
which is a powerful technique used to monitor thewgh of oligomeric particles upon
aggregation as well as to determine the size digidn of protein assemblies (Takeuchi et al.
2014).

For illustration, we give the DLS graphs obtained the products generated at the 264 hrs
incubation of HEWL alone (Fig 5A) and with an eqoiar concentration of dopamine (Fig 5B),
nicotine (Fig 5C), resveratrol (Fig 5D), rutin (FigE) and tyrosol (Fig 5F) and their
corresponding hydrodynamic radii that are listedha table 4. As evidenced by these DLS
graphs, the size distribution by mass of HEWL sa&amplisplays two peaks corresponding to two
types of HEWL species generated by each compoumel smaller of these represents the major
population £85-90%) and has a hydrodynamic radius (&R) which is mainly higher than that

obtained for the samples containing unheated lysezyn the presence of each ligand
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(<R>=~1.4 nm). Indeed, the Ry value varies from ~17 nm in the presence of dopann
~37 nm in the presence of tyrosol (Table 4). Theosd type of generated species,
corresponding to the larger-particles of ligandtaoring HEWL samples, represents the minor
population (10-15%) and exhibits elevated hydrodynamic radii (3R as the heated lysozyme
alone (Table 4). However, the gR, value of HEWL samples containing the rutin, ninetior
tyrosol molecules is elevated compared to that dofion the aggregated lysozyme (=R~145
nm) whereas that of HEWL samples containing theadape or resveratrol compounds is lower
(Table 4). These DLS data reveal that these smgdnic compounds prevent the formation of
HEWL fibrils by generating two types of speciestla¢ end of the self-assembly pathway of
HEWL.

As previously observed for the size distributiontplof the resulting species of the 264 hrs
incubation of HEWL with each compound (Fig 5B-F) Wind that those of HEWL products,
generated at each time point of the course of HEAYfiregation, also displays two peaks (data
not shown). For example, the table 5 summarizesiydeodynamic radius and amount values of
the two types of HEWL species detected at ceriaie points along the self-assembly pathway
of HEWL. Interestingly, we observe that while thglrodynamic radius of both HEWL species
increased with the incubation time their amounés\ariable during the aggregation process. By
taking into account of these mentioned observatimeshave used the temporal evolution of the
hydrodynamic radius (sRw) of the smallest-particle population of ligand-taning HEWL
samples (Fig 6) to draw some general conclusionsitaihe effects of these compounds on the
kinetics of HEWL aggregationAs shown, the initial <R of ligand-containing HEWL
samples (~1.5 nm) started to increase from an et time which is specific to each tested
ligand. Indeed, the starting time for the size gfoaf HEWL aggregates was found to be 24 hrs

for the resveratrol, 72 hrs for the HEWL samplestaming the dopamine or nicotine, 96 hrs for
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the tyrosol and 144 hrs in the presence of rutonversely, it can be observed that at the end of
the aggregation process, the dopamine, resveratlnicotine compounds generate HEWL
aggregates which are smaller (17-24 nm) than thbtsined in the presence of rutin and tyrosol
(35-37 nm). Although our DLS measurements give elattjualitative information about the
kinetics of HEWL aggregation, we nevertheless olexethat each inhibitor exerts its inhibitory
effects by reducing the production of amyloidogdnins (oligomers and protofibrils) in favour
of very small amorphous aggregates.
[1.3. HEWL fibrillogenesisinhibition as monitored by Trp fluorescence

In our previous report (Dumoulin, Kumita, and Dobs®006), we have shown that the
dominating fluorophores TPp and Trg® of HEWL, responsible for ~80 % of the total
fluorescence emission of the protein, are effegiraes of all conformational events occurring
during the entire fibrillation process of HEWL. @iv the aforementioned observations, we
exploited the fluorescence characteristics of thege residues (maximum intensitymgl) or
fluorescence quantum yield fand wavelength of the maximum intensity.{y)) (Eftink and
Ghiron 1976; Vivian and Callis 2001) to characterihe time dependency of the extent of
lysozyme aggregation in the presence of each contpou

Fig 7 reports on the Trp fluorescence emission spedtidEOVL species generated by the
dopamine, nicotine and tyrosol compounds (excitatat 295 nm) obtained at different
incubation times. Compared to the spectrum of te@omeric HEWL (control sample), these
Trp fluorescence spectra exhibit a significant dase of their Trp fluorescence quantum yield
(as given by the area under the spectra) withrtbehbation time whereas the wavelength of their
maximum intensity, situated around 380nm, does not change drastically. The same results

were obtained for the other ligand-containing HE¥Amples but the extent of the reduction of
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Qr is depending of the tested compound. Indeed, rtieuat of the reduction (thes@alue of Trp
observed for the monomeric lysozyme in the preseheach ligand at the initial time was taken
as 100%) varies from 40% in the presence of tyré@ot65% in the presence of resveratrol.
Given that the solvent-exposed Trp residues ingmetusually exhibit a decrease i lwith a
substantial red shift ilmax (Eftink and Ghiron 1976; Vivian and Callis 2001he observed
quenching of the Trp fluorescence in the presericeaoh ligand would result from the intra-
and/or inter-molecular interactions of the Trp m@mvironment with neighbouring residues
within the HEWL aggregates generated by each lig@fidhimoto et al. 1998; Burley and
Petsko 1986; Rholam, Scarlata, and Weber 1984).

Fig 8 exhibits the Trp fluorescence-monitored kinetids HEWL aggregation which is
characterized by distinct monotonic time decreaseshe presence of each ligand. Linear
regression analysis of these Trp fluorescence ikmefata gives the values of the rate constant
(ki) of the changes of Trp photophysical featuredjséad in the tablé. The analysis of these
results allows us to deduce the following obseoreti Firstly, the time-dependent decrease of
the Trp fluorescence quantum yield during the agmfien of HEWL exhibits two phases (Fig
8A,B) in the presence of dopamine and rutin (Grgupnd three phases (Fig 8C,D,E) in the
presence of tyrosol, resveratrol and nicotine (@rdl). Qualitatively, this indicates that the
compounds of each group produce different typegusinching interactions in the generated
HEWL species. Indeed, the changes in the Trp plhysipal features, produced by the rutiff (1
group) and by the resveratrol and nicotin& @@oup), are most marked during the first phase
(Ik1/ks]>1) whereas those, induced by the dopamiriegfdup) and tyrosol (¢ group), are most
pronounced during the second phase/Kpk<1). Moreover, the rate constantd the resveratrol
and nicotine molecules Tgroup) is 2-fold faster than that of the tyrosotpound. Secondly,

the fastest changes in the fluorescence quencliifigooare produced by the resveratrol during
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the first and third phases,f0,606 R and k=-0,276 i) and by the tyrosol during the second
phase (=-0,374 H). Conversely, the slowest changes in the Trp @soence quantum were
observed for the tyrosol during the first and thattases (k-0,065 R and k=-0,123 ') and
for the resveratrol during the second phasg-(k040 H). Thirdly, the rutin and nicotine
molecules, producing parallel effects on the Trpofescence during the two first phases
(ki/ko[nicotine]>ki/ko[rutin]>1), or the resveratrol and tyrosol composnexerting opposite
effects on the Trp fluorescence during the samesghdlg/ko[resveratrol]>1>kko[tyrosol]),
exhibit a similar value for the product of their; kand k rate constants
(ki.ko[resveratrol]=k.ks[tyrosol]=~0.040 and kko[rutin]=k;.ks[nicotine]=~0.024). Qualitatively,
this means that the Trp spectroscopic featuresrgnd®mparable effects by the compounds of
each pair at the end of the time period correspundo the two first phases of HEWL
aggregation. Regardless of the exact nature oétlistsinguishing spectroscopic features of Trp,
the kinetics of HEWL amyloid formation, monitoreg the Trp fluorescence, displays kinetic
parameters indicating that the Trp environmentsH&WL undergo different modifications
depending on both the chemical nature of compowmdsthe step at which these inhibitors

interfere within the assembly process of HEWL.

I11. Dose-dependent inhibition of HEWL fibril formation by natural compounds.

Generally, the effects of molecule inhibitors obtgin self-assembly can vary depending on
the conditions in which they are assessed sucheapdint(s) at which these inhibitors intercede
within the assembly process or the protein/inhibiteolar ratio. Therefore, to complete the
analysis of inhibition potency compounds done i@ pinevious sections for the drug-to-protein

molar ratio of 1:1 at different phases of HEWL aggation, we have investigated in this part the
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concentration-dependence of inhibition of fibrilrfwation by each compound using the same
biophysical methods.
[11.1. Concentration dependent effects of I nhibitors as assessed by ThT fluorescence.

To investigate the dependence of concentrationldeseeach ligand on the HEWL fibril
generation under our aggregation conditions (seemabhand methods), we performed several
dose-dependency experiments at different stepsgaloa self-assembly pathway of HEWL.
Then, their ability to reduce dose-dependently HEWubril formation was quantitatively
assessed via comparison of experimental plateaufliblescence values of samples containing
the ligands to that of the control sample (taket@3%0).

Fig 9A exhibits the patterns of dose-dependent inhibitadnfibril formation by each
compound obtained for different drug-to-protein aralatios after completion of the stationary
phase (incubation of 264 hAs shown, the inhibitory effect of each compoundwecreased as
the drug-to-protein molar ratio raised from™® 4, indicating that all the compounds clearly
retarded the formation of HEWL oligomers/fibrils @& concentration-dependent manner. The
highest anti-amyloidogenic inhibitory effect of baligand was observed at a drug-to-protein
molar ratio higher than 1:1 (>~95% decrease of Tla®rescence relative to that of HEWL
alone). The values of inhibitory concentration (0E®f rutin, dopamine, nicotine, resveratrol
and tyrosol, required to inhibit the formation oEWL fibrils to 50% of the control value, were
derived from the sigmoidal curve fitting of the exipnental data (Fi@A). The analysis of these
values, summarized in the tabeallows us to deduce the following observationsstly, the
best fit of the data was obtained by using the $ite-competitive binding model, indicating that
each compound exhibits two binding sites with digtiaffinities (IC5Q and 1C5Q). Secondly,
the IC5Q (high affinity) value of rutin is approximately faid lower than that of the other

ligands whereas the IC5Qow affinity) value of resveratrol is ~4-fold law than that of rutin,
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tyrosol and dopamine and ~8-fold-lower than thatniotine. Thirdly, all the tested ligands
exhibit different values for the parameter P, whiepresents the fraction of the site 1. Indeed,
the tyrosol rather binds to the low affinity sit€%0,, P>50%) whereas the nicotine, rutin and
dopamine molecules preferably bind to the higméffisite (IC5Q, P<50%). This contrasts with
the resveratrol which exhibits close values for theth half-maximal inhibitions
(IC50,=~8xIC5Q) and binds to the two sites with the same proigl{fP=~50%).

To gain more insights with regard to the equilibripphase in which the inhibitors are
effective, dose-dependency experiments were pedormat certain time points of the
polymerization and nucleation phases. The resdéta(not shown), obtained for the 96 hrs and
144 hrsincubations (polymerization phase) of ligand-camteg HEWL samples, indicate that
all the compounds dose-dependently inhibited thé/nperization phase and also exhibit
sigmoidal dose—response curves described by theiter@wompetitive binding model as shown
for the end point of the stationary phase (Fig ®)e analysis of parameters (IC50 and P),
derived from these dose-response curves, revealsltbwing:i)-the IC5Q values for inhibition
of HEWL polymerization were approximately similar those presented in the taf@lgi)-the P
values are quite different from those obtainedtiiar stationary phases ang-the IC5Q values
of the 96 hrs incubation, unlike those of the 144 incubation, are ~10-fold higher than that
obtained for the equilibrium phase. For the nuabmaphase (incubation of 48h and 72h), the
compounds exhibit also a sigmoidal dose-response dwt it is characterized by the one-site
competitive binding model. For illustration, we githe pattern of dose-dependent inhibition of
the 48 hours aggregation reaction of HEWL by eaganld at different drug-to-protein molar
ratios (Fig.9B). Interestingly, the IC50 values, deduced fromséheose-response curves, are
roughly similar to those obtained for the low aitfipbinding site (IC5@) of the stationary and

polymerization phases of HEWL kinetics.
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Conclusion

In the present study, we conducted a series ofhlggipal experiments to explore the amyloid
fibril inhibition effect of natural compounds frordifferent groups (polyphenols, flavanol,
alkaloid and catecholamine) using the well-characte protein system hen egg white
lysozyme. Taken together, the experimental dataeabevealed that all the used compounds are
capable to inhibit amyloid fibril formation in a oentration dependent manner. In particular
DLS and AFM imaging confirmed the reduction of teze/fibrils when the protein was
incubated in presence if one of these compounds. ifillicate that all these small molecules
reduce not only the size of the formed speciesalsat the fibril length and number. Importantly,
these natural compounds are also capable to preélwendtructural transition from the native
a—helix rich HEWL conformer to amyloidogenfg-sheet rich species, affecting the process of
fibril formation. Despite the differences of theedscompounds, this work provides further
insight into the effect of each compound on amyfdid| formation of HEWL. Moreover, given
that the structural features (local, secondargowhieric and fibrillar structures) observed in the
presence of inhibitors have not been reported bdfmrthis amyloid system, we believe that the
detailed approach established in the present wotkddvbe useful for a systematic investigation

of anti-amyloid compounds targeting various stagfgsocess of aggregation proteins.
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Figure Legends

Figure 1. Chemical structure of naturalompounds tested as inhibitors of HEWL fibril

formation.

Figure 2. Morphological characterization of HEWL aggregatesby AFM. TheAFM images
of an aliquot from the solutions were obtainedha&t 264 hour incubation of HEWL alonA)(
and in the presence of an equimolar concentratforesveratrol B), tyrosol C), rutin ©),
nicotine E€) and dopamineH). AFM images of HEWL solutions were registered thé

concentration of 10 uM.

Figure 3. Secondary structural characterization oflysozyme species by FTIRThe ATR-
FTIR spectra were registered at the 264 hour incuaf HEWL solutions with the presence of
an equimolar concentration of nicotin&)(tyrosol 8), rutin (C), dopamine @) and resveratrol
(E). Measurements, obtained from three independgmgrerents, were performed for different

protein concentrations. The arrows point to the imaxrn intensities

Figure 4. Inhibition of amyloid fibrillogenesis kinetics of HEWL followed by ThT
fluorescence The data represent the temporal evolution of tfuantum yield of ThT
fluorescence during the aggregation process of HEWihe presence of each compound at a
concentration equimolar to HEWL monomer (1.4 mM)eTvalues of the fluorescence quantum
yield of ThT are the mean of three independent nreasents, each performed in quadruplicate.

HEWL solutions were subjected to this analysidhatdoncentration of 10 uM.
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Figure 5. Dynamic light scattering during HEWL fibr illization . Size distribution by mass for
HEWL alone A) and in the presence of dopamii) (esveratrol C), nicotine D), tyrosol E)
and rutin F) at a concentration equimolar to HEWL monomer (hMl) for an incubation of
264 hrs. Measurements of HEWL solutions, perfornmetriplicate, were done at the protein

concentration of 1 mg/ml.

Figure 6. Inhibition of amyloid fibrillogenesis kinetics of HEWL monitored by DLS. The
data represent the temporal evolution of the awetagdrodynamic radius <Rh> of HEWL
species formed during the aggregation processvahes of <Rh> were deduced from the DLS

graphs as shown in the figuge

Figure 7. Trp fluorescence spectra of HEWL specieecorded during the aggregation.The
Trp emission spectra (excitation at 295 nm) of HE®ylecies, generated by dopamiAg é&nd
nicotine (B) and tyrosol (C) at a concentrationigwplar to HEWL monomer (1.4 mM), are the
mean of four independent experiments, each perfbrime quadruplicate. Fluorescence
measurements of HEWL solutions, at different indidmatimes, were acquired at the protein

concentration of 1 mg/ml.

Figure 8. Inhibition of the aggregation kinetics ofHEWL monitored by Trp fluorescence.

The data represent the temporal evolution of the fliorescence quantum vyield of HEWL
species formed during the aggregation processdrmthsence of resveratrol (A), nicotine (B),
tyrosol (C), rutin (D) and dopamine (E) at a coricaion equimolar to HEWL monomer (1.4

mM). The values of the Trp fluorescence quanturntdyaee given by the area under the emission
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spectra as shown in the figuBe The line of best fit through the experimentaladpbints was

obtained by fitting the data with a linear function

Figure 9. Aggregation of lysozyme observed at incasing concentration of compounds by
ThT assay.The inhibiting ability of each ligand was quantifiey fluorescence quantum vyield,
which was normalized to the control in the abseonfecompounds (100%). The single
experiment was performed in triplicates. The efars represent the average deviation for
repeated measurements of three separate sampkesuives were obtained by fitting of the
average values by non-linear least-square method.

A: After completion of the stationary phase (incubvatf 264 hr).

B: After the lag phase (48 hours aggregation reagtion
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Table 1. Size distribution of HEWL species (%) generatgcebch compound at the end of

protein aggregation process (incubation of 264 $jour

L<15 nm 15 nm<L<30 nm L>30 nm
HEWL + Nicotine 88.6 14.4
HEWL + Tyrosol 46.9 33.9 19.3
HEWL + Dopamine 27.0 59.2 13.8
HEWL + Rutin 23.1 59.1 17.8
HEWL + Resveratrol 14.0 70,3 15.7
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Table 2. Secondary-structure contents of HEWL speciesd@tierated by each compouatdthe

end of the protein aggregation process (incubatfd&64 hours).

a-helix B-sheet Loops/turns random coil
HEWL (264 hrs) 19.0 71.0 11.0
HEWL + Dopamine 31.0 42.0 12.0 15.0
HEWL + Rutin 33.0 43.0 24.0
HEWL + Resveratrol 42.0 34,0 24.0
HEWL + Tyrosol 47.0 34.0 18.0
HEWL + Nicotine 50.0 37.0 13.0
HEWL (0 hrs) 50.0 29.0 21.0

The proportions of each secondary structure haea loalculated from the ATR-FTIRpectre

shown in Fig. 3 by deconvolution and curve fittoighe Amide | band according taq]
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Table 3. Kinetics parameters of HEWL aggregation in thespnce of each compound

as determined by fitting of the ThT fluorescencevewshown in Fig 2

toss () 7= 1/k (h) lag time (h)
HEWL + Tyrosol 143.8 32.6 78.6
HEWL + Rutin 166.9 34.7 97.5
HEWL + Nicotine 124.8 34.7 55.4
HEWL 139.4 6.8 65.8
HEWL + Resveratrol 173.6 45.2 83.2

HEWL + Dopamine 146.7 55.6 35.5




Table 4. Hydrodynamic radii of HEWL species generated byhee@mmpound at th2

end of the protein incubation process (incubatioB6a hours).

<Rp>m (NM) <Rn>m (nmM)

HEWL (264 hrs) 144.7

HEWL + Dopamine 16.7 (87.0%) 116.1 (13.0%)
HEWL + Resveratrol 20.3 (88.0%) 122.9 (12.0%)
HEWL + Nicotine 23.8 (87.0%) 161.6 (13.0%)
HEWL + Rutin 34.7 (89.0%) 154.0 (11.0%)
HEWL + Tyrosol 36.6 (90.0%) 168.7 (10.0%)
HEWL (O hrs) 1.4

<R>u and <R>, correspond to the hydrodynamic radius obtainedHemajor (M)
and minor (m) populations of HEWL species generabsd each compound,
respectively. The values in parenthesis corresporide contribution of each particle

population to the total DLS signal
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Table 6 Rate constantk{) of Trp fluorescence changes during the aggregation

HEWL in the presence of each compound

ky (h™) ko (h™) ks (h™)
HEWL +Dopamine -0,167 -0,309
HEWL +Rutin -0,362 -0,110
HEWL +Tyrosol -0,065 -0,374 -0,123
HEWL +Nicotine -0,508 -0,079 -0,214

HEWL +Resveratrol -0,606 -0,040 -0,276




Table 7.the aggregation of HEWL in the presence of eachpoamd

10".1C50; 10.1C50, P

(M) (M) (%)
HEWL +Rutin 1.17 1.41 26.0
HEWL +Dopamine 1.02 2.74 29.0
HEWL +Nicotine 2.58 2.66 29.0
HEWL +Resveratrol 0.31 2.52 51.0
HEWL +Tyrosol 1.32 2.59 70.0
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Figure 5.
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Figure 9A
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Figure 9B
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