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Abstract: Plants are rich in secondary metabolites, which are often useful as a relevant source of
nutraceuticals. Quercetin (QUE) is a flavonol aglycone able to bind Transthyretin (TTR), a plasma
protein that under pathological conditions can lose its native structure leading to fibrils formation
and amyloid diseases onset. Here, the dual nature of five quercetin 3-O-glycosylated flavonol
derivatives, isolated from different plant species, such as possible binders of TTR and antioxidants,
was investigated. The crystal structure of 3-O-3-D-galactopyranoside in complex with TTR was
solved, suggesting that not only quercetin but also its metabolites can contribute to stabilizing the
TTR tetramer.

Keywords: transthyretin; TTR; quercetin 3-O-glycosylated derivatives; amyloidosis; antioxidant;
plant bioactive metabolites; nutraceuticals; phytochemicals

1. Introduction

Nature is a rich source of bioactive compounds where plant biodiversity contributes
to furnishing a large number of nutraceuticals [1]. Quercetin (QUE), related flavonoids and
metabolites, are largely studied in vitro and in vivo for their antioxidant, anti-inflammatory,
antidiabetic, anticancer and neuroprotective roles [2—6]. Studies report that a diet rich in
fruits and vegetables drastically decreases the risk of developing cancer and cardiovascular
and degenerative diseases [7-9]. Recently, natural compounds, in particular polyphenols,
were investigated for their ability to interact with amyloidogenic proteins contrasting
amyloid fibril formation and/or favoring the disaggregation or destabilization of preformed
amyloid fibrils [10-14].

Human transthyretin (TTR) is a plasma protein involved in the transport of the
thyroid hormone thyroxine (T4) and retinol, through retinol-binding protein, in blood
and cerebrospinal fluid (CSF) [15,16]. Moreover, it was reported that TTR can interact
with amyloid beta peptides (Af3), preventing the formation of fibrils aggregates [17-22].
Under the pathological condition, wild-type TTR (wt-TTR) and its variants are involved
in amyloid disease onset such as senile systematic amyloidosis (SSA), familial amyloid
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polyneuropathy (FAP), familial amyloid cardiomyopathy (FAC) and central nervous system
amyloidosis (CNSA).

Deposition of aggregated forms of TTR is responsible of several side effects such as
the dysregulation of physiological metals and, consequently, the production of reactive
oxygen species (ROS) [23-25]. The relationship between TTR and ROS is not completely
understood; however, several studies report that the free thiol of Cys10 is sensitive to
oxidation, playing an important role in maintaining the stability of the tetramer [26].
In patients with FAP, the TTR tetramer is characterized by a blend of Cys10-modified
species where the ratio between TTR with modified Cys and free Cys is high [27]. This
evidence suggests that the destabilization of the TTR structure caused by Cys modification
contributes to the abnormal deposition of TTR aggregates [28].

Among several therapeutic strategies against TTR amyloidosis, the stabilization of
its tetrameric structure is one of the most studied [29,30]. Currently, two stabilizer drugs,
tafamidis meglumine (Vyndaqel®) and tafamidis (VyndimaxTM), are approved for the
treatment of FAC while Diflunisal and AG10 are under clinical studies [31,32].

From a structure point of view, TTR is a 55 kDa homotetrameric protein rich in 3-sheets.
Each monomer (A, A’, B, B') is characterized by four-stranded antiparallel 3-sheets and a
short «-helix. Dimer (A-A’/B-B’) is formed by two monomers bound together through a
hydrogen bond network between the two edge (3-strands of each monomer. Two dimers
are assembled back to back by hydrophobic contacts to form a central cavity, characterized
by two T4 binding pockets that cross the tetramer (Figure 1).

A

Figure 1. Graphic representation of TTR tetramer in complex with T4 (pdb structure 1sn0). The
structural figure has been made with PyMol [33] using our in-house script [34].

TTR T4 binding pockets are able to accommodate several classes of natural and
synthetic compounds [35,36], stabilizing the tetramer and contrasting the formation of
insoluble aggregates. Among the natural flavonoids, it was reported that QUE, a flavonol
ubiquitously contained in vegetables and fruits, binds the tetramer (ICsy 13.34 uM) [37],
contrasting the TTR aggregation induced by acid pH. The crystal structure of QUE in
complex with wt-TTR confirmed that QUE takes place in one of two T4 binding sites with
the dihydroxyphenyl moiety deeply inserted into the pocket and the benzopyran ring
pointing towards the outside [38].
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It was reported that the ability of glycosylated metabolites to bind TTR tetramer is
lower than the aglycone itself [39,40]. QUE also possesses high antioxidant power and is
considered a scavenger of free radicals [40,41].

Vegetables and fruits, such as onion, molokheya, broccoli, kale, black tea, orange, blue-
berry, and apple are rich in QUE and its glycosides derivatives [42]. Therefore, dietary intake
includes not only QUE but also its metabolites such as QUE 3-O--D-glucuronopyranoside (1),
QUE 3-O-3-D-galactopyranoside (2), QUE 3-O-3-D-glucopyranoside (3), QUE 3-O-«-L-
arabinopyranoside (4) and QUE 3-O-«-L-arabinofuranoside (5). In this context, our aim
was to investigate if these QUE 3-O-glycosydes maintain the ability to bind TTR binding
pockets, thus contributing to the tetramer stabilization. Compounds 1-5 were isolated
from different plant sources [43-45], and their ability to interact with TTR was evalu-
ated by in vitro assays (turbidimetric assay, ANS competitive binding assay, Thioflavin T
fluorescence spectroscopy) and validated by X-ray crystallographic analysis.

As mentioned above, TTR aggregates are related to ROS production, that in turn lead to
the destabilization of the tetramer. Thus, starting from the evidence that different studies have
reported that QUE 3-O-f3-D-glucuronopyranoside (1), QUE 3-O-3-D-galactopyranoside (2),
QUE 3-O-3-D-glucopyranoside (3) and QUE 3-O-«-L-arabinofuranoside (5) have antioxidant
power [46—48], in order to fulfil the QUE 3-O-metabolites profile, here the in vitro radical
scavenger property of QUE 3-O-«-L-arabinopyranoside simultaneously with all isolated
glycosylated derivatives, using the DPPH assay, was evaluated.

2. Materials and Methods
2.1. In Vitro Studies
2.1.1. Turbidimetric Assay

The turbidimetric assay was carried out following the protocol previously described [49].
Lyophilized Prealbumin, Human Plasma (wt-TTR) was purchased from Merck Millipore
(Molsheim, France). 3-O-glycosylated derivatives, isolated from Cornus mas, Cornus sanguinea,
and Ruprechtia polystacya [43,45], were dissolved in DMSO (7.2 mM), and the stock solution
was diluted to reach a final concentration of 1.44 mM. A stock solution of TTR at 7.2 uM
was made using 10 mM phosphate buffer pH 7.6 (100 mM KCl, 1.7 mM EDTA). The TTR
solution was dispensed into wells of 96-well microplate, and the stock stabilizer solution,
or DMSO for the negative control, was added. The plate was incubated for 30 min at r.t.
After the incubation, acetate buffer (200 mM acetate at pH 4.4, 100 mM KCl, 1.7 mM EDTA)
was aliquoted in each well. The microplate was incubated at 37 °C for 72 h without
stirring, then the plate was vortexed, and the optical density was measured at 450 nm
using a SPECTROstarNano (200-1000 nm) UV /Vis spectrophotometer. All compounds
were tested in triplicate and the percentage of fibril formation was calculated as previously
described [50].

2.1.2. Thioflavin T Fluorescence Assay (ThT)

An in vitro ThT fluorescence assay was performed in accordance with the protocol
already described [51]. In brief, wt-TTR (7.2 uM), purchased from Calbiochem (EDM
Millipore, cat.529577 lot: 2896620), was incubated overnight at 37 °C in 10 mM phosphate
buffer (pH 7.0) in the presence or in the absence of 10 uM 3-O-glycosylated derivatives (1-5).
200 mM acetate buffer (pH 4.4) containing 1 mM EDTA and 100 mM KCI were mixed
and incubated at 37 °C for 96 h (final concentration of TTR 3.6 uM). After incubation,
amyloid fibril formation was assessed by a ThT binding assay (10 uM ThT in 50 mM glycine
buffer pH 9; TTR concentration at 0.045 uM) after incubation at 37 °C for 30 min. Bars
are representative of the 9 dilution measurements from the same incubation vial. Values
represent the mean =+ the standard error.
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2.1.3. ANS Competitive Binding Assay
Recombinant Expression of TTR in E. coli

TTR protein production was conducted using an Escherichia coli expression system
previously described [51]. The purification of TTR on Size-exclusion chromatography (SEC)
Sephacryl® S-100 HR GE Healthcare in buffer 100 mM Tris HCl pH 8, 150 mM NaCl. TTR
was concentrated at 3.69 mg/mL.

ANS Competitive Binding Assay

The binding of ANS (8-anilino-1-naphthalenesulfonic acid, SigmaAldrich (St. Louis,
MO, USA) and its displacement by the five 3-O-glycosylated derivatives (1-5) were studied
using recombinant wt-TTR protein. TTR (2 pM, phosphate buffer (PB) 100 mM, pH 7.5) was
incubated with ANS (4 uM, PB, 100 mM, pH 7.5) at r.t. for 15 min in 96-well plates. Then,
compounds 1-5 at different concentrations (100 uM to 50 M) were added. After 10 min,
the plate was stirred, and the fluorescent emission spectra (400-540 nm) were recorded by
exciting at 280 nm [52] using Molecular Devices SpectraMax Gemini XPS plate reader. In
all experiments, the fluorescence increases of ANS bound to TTR solution compared to its
control without TTR, and TTR alone, in PB buffer, were used as a control.

2.2. Crystallogenesis and Structure Resolution

Crystallization experiments were carried out with Lyophilized Prealbumin Merck
Millipore (Molsheim, France). The co-crystallization trials were performed by sitting
drop vapor diffusion using Cryst ChemTM plates: 1 uL drop of protein mixed with
derivatives (1-5) and 1 uL drop of precipitant, stored in a constant temperature incubator
at 20 °C. The TTR-3-O-f3-D-galactopyranoside (2) crystal complex was prepared from TTR
at 5.02 mg/mL and 10 mM of ligands dissolved in DMSO, in a volumetric ratio of 6:1,
according to the previously reported strategy [53]. All crystals were obtained mixing 80%
of commercial solution #2_4.D (30% PEG 4000, 0.2 M Imidazole Malate pH 6.0) with 15% of
solution #2_5.A (12% MPEG 5000, 0.1 Sodium Acetate pH 5.5) of Stura Footprint Screen
(Molecular Dimensions Ltd., Cambridge, UK). For X-ray data collection, the crystals were
cryoprotected by soaking cryoprotectant solution composed of 40% of CM16 according
to the protocol previously described [54]. In order to avoid the leakage of the ligand
during the flash cool in liquid nitrogen, the stabilizers were added to the cryoprotectant
solution and soaked for 30 min at room temperature [55]. The data sets for the TTR-ligands
crystal complexes were collected on the beamline PROXIMA 2A at Synchrotron SOLEIL
storage ring in St. Aubin, France [56]. The MX data collections were carried out using
microfocused X-rays (FWHM 10 pm X 5 um) using both helical scan and standard rotation
methods [56,57]. Data processing was carried out using XDS with the “xdsme” script
(https://github.com/legrandp/xdsme (accessed on 2 February 2022)) to optimize data
quality. Molecular replacement was carried out using MolRep [58]. The ligand restraint
file was built using the smiles code in phenix.elbow [59] or with the monomer library
sketcher from the CCP4 package [58]. The electron density maps were viewed and fitted in
COOT [60]. The structures were subjected to various cycles of rebuilding and refinement
with RefMac and PHENIX [58,59]. The figures were made with PyMOL [33].

2.3. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging

The DPPH assay was carried out in a 96-microwell plate (200 uL), following a previ-
ously described protocol [61,62]. In total, 195 uL of freshly prepared DPPH solution (60 pM
in MeOH) was added with 5 uL of compounds 1-5 or MeOH as the control. The plate
was incubated in the dark for 1 h at r.t. The absorbance was measured at 517 nm using a
SPECTROstarNano (200-1000 nm) UV /Vis spectrophotometer.

Glycosylated derivatives 1-5 were tested in triplicate. Serial solutions were carried
out with the stock solution (10 mM in MeOH) from 50 uM and 1 uM. The percentage of the
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antioxidant activity (AA) of the compounds was determined according to the following
Equation (1):
%AA = ((AbspppH — AbSsample)/ Abspppr) x 100 1)

Abspppy is the absorbance of DPPH solution, and Absgample is the absorbance of
DPPH solution containing the test compound.

The concentration of tested compounds that decreased 50% of free radical concentra-
tion (RCsp) was calculated for compounds 1-5.

3. Results and Discussion

Glycosylated derivatives 1-5 (Figure 2) were screened as potential stabilizers of wt-
TTR amyloidogenesis using a turbidity assay [49].

OH OH OH
OH OH OH
HO o O HO o O HO o O
O | OH O | oHH O | OH
HO HO HO
OH O OH OH O

OH O OH
1 2 3

4 OH 5

Figure 2. Chemical structures of flavonol quercetin derivatives 1-5.

Fibril formation is reported relative to wt-TTR homotetramer, where the amount of ag-
gregation in the absence of a stabilizer is assigned to be 100%. Therefore, 5% fibril formation
(FF) in the presence of the reference drug diflunisal corresponds to 95% inhibition, Figure 3.
QUIE glycoside derivatives showed moderate activity as a stabilizer of FF. The percentage
of fibril formation (%FF) of wt-TTR in the presence of QUE 3-O-x-L-arabinofuranoside (5)
is 57%, suggesting that derivative (5) has poor interaction with TTR binding sites. How-
ever, the %FF decreases from 45%, for QUE 3-O-3-D-glucuronopyranoside (1) and QUE
3-O-p-D-glucopyranoside (3), to 40% for QUE 3-O-f3-D-galactopyranoside (2) and QUE
3-O-a-L-arabinopyranoside (4) (Figure 2).

% Fibril Formation

100
100
80
60 57
45 40 45 40
40
20
0 [ |

TTR  Diflunisal 1 2 3 4 5

Figure 3. In vitro acid turbidimetric assay of wt-TTR. Histogram shows the percentages of aggregate
formation related to glycoside derivatives 1-5. The fibril formation in the absence of a stabilizer was
assigned to be 100%. The error in the fibril formation assay is +5%.
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The turbidimetric investigation highlighted that the glycosylated derivatives 1-5
showed a weak ability to inhibit the TTR FF process, thus suggesting a weak interaction
with T4 binding sites. An average of around 50% of fibril formation was observed for all
the compounds, with the glycosylated derivative 5 as the less effective.

The inhibition activity against the TTR aggregation of derivatives 1-5 was also investi-
gated by a Thioflavin T (ThT) binding assay. As shown in Figure 4, the ThT test, which is
more precise in detecting the formation of 3-sheet rich aggregate structures, confirmed the
inhibitory activity of derivatives 1-3 with a reduction of the fibril formation between 23%
and 38%, compared to TTR. However, in the presence of derivatives 4 and 5, containing an
arabinopyranoside or arabinofuranoside, TTR seems to be more aggregative and increases
the fibril formation. This last result seems in contradiction with the previous turbidity
assay. The discrepancy of the data might be related to the fact that the ThT test is able to
detect even small, still soluble protofibrils, so very well structured in a (3-sheet manner
that the rotation around the o bond of the dye is blocked, with the enhancement of the
fluorescence emission as a consequence. These small soluble protofibrils, however, are not
so big to increase the turbidity of the solution.

140

129
118
120
100
100 x
77
71
80 62 o
6 ]
4
2
TTR 1 2 3 4 5

Figure 4. In vitro ThT fluorescence assay of wt-TTR in the absence or in the presence of derivatives

o

o

o

o

1-5. Histogram shows the percentages of aggregate formation. The fibril formation in the absence of
a stabilizer was assigned to be 100%. Values represent the mean =+ the standard error.

To evaluate if glycosylated QUE derivatives 1-5 were able to interact with the TTR
binding sites, the ANS displacement binding assay was performed. ANS is one of the most
known fluorophores capable of binding simultaneously both TTR binding sites [63]; thus,
when a tested compound provokes the quenching of the TTR-ANS fluorescence complex, it
means that the molecules studied displaces ANS out of TTR binding sites. In agreement
with the other results, the addition of compounds 1-5 slightly decreases the TTR-ANS
fluorescence at a concentration of 100 uM (Figure 5). The high concentration needed for
the ANS displacement is due to the poor affinity of the glycosylated derivatives for the
binding sites.

In order to verify the ability of compounds 1-5 to interact with TTR tetramer, a co-
crystallogenesis screening of all glycosylated derivatives with wt-TTR was performed. A
good ligand density was only obtained for QUE 3-O-f3-D-galactopyranoside (2) (Figure S1).
The TTR-QUE 3-O-p-D-galactopyranoside crystal complex belongs to the orthorhombic
space group P2;2,2 with cell parameters a = 43.230, b = 85.600, ¢ = 64.430; x = 3 =y =90°,
Table 1.
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Figure 5. Displacement of ANS by glycosylated derivatives 1-5. TTR was incubated in the absence
or presence of ANS (ratio 1:2) for 15 min. TTR-ANS complex was added after different concentra-
tions (100 pM, 80 uM, 60 uM and 50 uM) of compounds 1-5. The fluorescence emission spectra
(400-540 nm) were recorded by exiting at 280 nm.

The binding of the ligand to the protein was immediately detected by the yellow color
on the crystal obtained (Figure 6A). In the X-ray TTR-QUE 3-O-3-D-galactopyranoside
crystal structure, the additional electro density related to the binding of the ligand (2) was
detectable only in pocket B/B’ (Figure 6A,B). Since QUE 3-O-3-D-galactopyranoside binds
along the two-fold axis of the tetramer, the ligand occupancy was fixed at 0.5. The two TTR
monomers A and B, in the asymmetric unit, have only minor differences.

The weak binding affinity of QUE 3-O-(3-D-galactopyranoside 2 with the TTR pocket
could be explained by comparing its binding mode (crystal structure code 7Z60) with that of
quercetin (pdb code 4WNJ) [38] (Figure 6C-E). In both structures, ligands are bound only in
the binding pocket located at the interface of monomer B/B’. This evidence is in accordance
with the data obtained by the ANS displacement binding assay, where compound 2 and its
analogues probably replace only one of the two molecules of ANS bound to T4-binding
sites. In the TTR-quercetin crystal complex, the benzopyran ring of quercetin is located
in the outer binding pocket pointing Lys15 (Figure 6C-E), while the OH- groups of the
dihydroxyphenyl ring are oriented towards the inner binding pocket Ser117 and Thr119
(Figure 6D). Compound 2 showed an opposite orientation in the TTR binding pocket. The
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benzopyran ring points toward the inner binding pocket while the dihydroxyphenyl ring
is situated in the outer binding pocket orienting the galactopyranoside moiety towards
the exit of the channel (Figure 6D,E). The ligands superposition clearly shows that QUE
3-O-p-D-galactopyranoside 2 is slightly more out of the pocket with respect to quercetin,

and this is probably due to the steric hindrance of the galactopyranoside group.

Table 1. TTR-2 crystal complex: crystallization, data collection, processing and refinement.

Structure TTR-QUE 3-O-B-D-Galactopyranoside Crystal Complex
PDB code 7760
L 80% (30% PEG 4000, 0.2 M Imidazole Malate pH 6.0) and
Crystallization

Data Collection

15% (12% MPEG 5000, 0.1 Sodium Acetate pH 5.5)

Source SOLEIL PROXIMA2A
Wavelength (A°) 0.980
Space group P212,2
Unit-cell (A°) a=43.230,b =85.600, c = 64.430; x = p =y =90°
Molec./asym. 2
Resolution (A°) 42.80-1.40/1.43-1.40
CC1/2 (%) 99.9/39.6
(I/o(D) 18.10/0.93
No. of reflections 569968
No. of unique reflections 45603
Completeness (%) 99.7/93.0
Multiplicity 13.3/13.3
Refinement Refmac
Resolution (A°) 42.80-1.40/1.43-1.40
No. of reflections 45603
R-work 18.23
R-free 21.9
RMSD Bond lengths (A°) 0.01
RMSD Bond angles (°) 1.75
Ramachandran favored 96.60%
Ramachandran outliers 0

Structural analysis is in accordance with all previous results supporting the evidence

that QUE 3-O-3-D-galactopyranoside is able to bind into the TTR pocket, but the presence
of the galactopyranoside in position 3 forces the orientation of the ligand slightly out of the
binding site.

The antioxidant activity of each compound is expressed as RCsq (the concentration
of tested compounds that decreased 50% of free radical con-centration) and is related to
its interaction with the free stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPHe). All
derivatives possess a good profile as radical scavengers (Table 2), and the data related to
compounds 1-3 and 5 are in agreement with those reported in the literature [46—48].

Table 2. Antioxidant activity based on DPPH radical scavenging method.

Radical Scavenging

Compounds Activity 2 R?
RCsp (uM)
Quercetin 54 £ 1.0[66] 0.989
1 478 +1.07 0.997
2 24.96 + 1.09 0.988
3 447 +1.09 0.978
4 29.40 + 1.08 0.987
5 5.62 +1.08 0.995

@ Mean = SD of three independent experiment for 50% antioxidant activity.
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Monomer B

Yellow crystal of
TTR-3-0-B-D-galactoside (2)

C Monomer B

Outer
binding
pocket

Inner
binding
pocket

Monomer B'

Figure 6. Graphic representation of QUE 3-O-p-D-galactopyranoside in complex with wt-TTR.
(A) QUE 3-O-p-D-galactopyranoside bound to TTR tetramer binding site B/B’. (B) Zoom of ligand
contoured by its electron density (weighted 2Fo-Fc, contoured at 1.0 ¢). Chemical structure of com-
pound 2. (C) Superposition between the crystal structure of quercetin complexed with wt-TTR (pdb
code 4WN]) colored in marine and light blue (symmetric) and TTR-QUE 3-O-p3-D-galactopyranoside
complex (bright orange and pale yellow symmetric). (D) Comparison between the two ligands in
T4-TTR binding site (QUE colored marine and QUE 3-O-3-D-galactopyranoside in bright orange).
(E) Zoom of ligands superposition (QUE colored marine and QUE 3-O-f3-D-galactopyranoside in
bright orange). Structural figures have been made with PyMol [33], modifying the scripts previously
used [64], and the images were assembled using GNU Image Manipulation Program (GIMP) [65].

It is interesting to underline that, even if derivatives 1-5 do not show a relevant ability
to bind T4 binding sites, they possess high antioxidant power that could contribute to
contrast the oxidation of Cys10, favoring the maintenance of the TTR tetrameric structure.

4. Conclusions

Natural compounds are a huge source of bioactive and nutraceutical products with
benefits against amyloid diseases [14,67,68]. Moreover, it is well known that a diet rich in
fruits and vegetables reduces the incidence of degenerative disease onset and progression.

In this context, starting from the evidence that QUE is a flavonol aglycone able to bind
and stabilize TTR tetramer, the aim of this work was to study whether not only QUE but
also its natural 3-O-glycosylated metabolites 1-5, largely present in plants as secondary
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metabolites, were able to interact with TTR. It is known that QUE and its derivatives
possess high antioxidant power; thus, they can potentially contribute to reducing oxidative
stress related to TTR aggregates, contrasting the oxidation of Cys10 involved in maintaining
tetramer stability.

The data reported here suggest that QUE 3-O-glycosylated derivatives 1-5 interact
with T4 binding pockets. The in vitro turbidimetric, ThT and ANS fluorescence binding
assays show that the five QUE glycosylated derivatives are able to interact with the TTR
tetramer slightly, contributing to the tetramer stabilization. Analyzing the crystal complex
of compound 2 in complex with TTR, it is reasonable to think that this is probably due
to the glycosidic group in position three that impedes a good allocation of the natural
flavonol 2 into the binding sites. The QUE 3-O-glycosylated plant flavonols can strengthen
the beneficial effects that QUE has on TTR stabilization, both binding into the T4 binding
site and contrasting the oxidative stress, characteristic of TTR aggregates, which leads to
tetramer misfolding.
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