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Natural and synthetic flavonols are environmentally sensitive dyes whose emission
properties are highly sensitive to their immediate environment. Here we describe the
synthesis and spectral properties of flavonols bearing a series of substituents in the 4‘-aryl
ring. The synthesized flavonols were applied to study their capability for fluorescence
sensing of B-glucosidase in physiological solutions. We found that 4¢-fluoro- and 4‘-car-
boxyflavonols revealed the essential fluorescence enhancement in the presence of B-glucosi-
dase, which is characteristic of the protein-induced "turn-on” effect. The fluorescence
titration experiments suggest that the studied flavonols favor binding to the protein, so
that the probes leave a polar aqueous solution and enters a nonpolar hydrophobic environ-
ment inside a protein pocket. These findings were collaborated by molecular docking
calculations, which allowed us to identify favorable binding modes and the binding affinity
of the synthetic flavonols towards B-glucosidases from various sources. Molecular docking
revealed the high binding affinity towards B-glucosidase, which is the same order of
magnitude as the well-known natural flavonols. Our results suggest that the studied
flavonol dyes can be a promising scaffold for developing novel flavonol glycosides as "turn
on/off” fluorescent indicators of B-glucosidase activity.

Keywords: flavonol, fluorescence probe, B-glucosidase, fluorescence indicator, molecu-
lar docking.

Cunreruyni Ta npupogni ¢GaaBoHOMN K MepcHeKTUBHI diyopecienTHI 30HIM I CKPHHIH-
ry akTusHOCTI B-rimokoaupasu. 0.0,/Jemudos, E.C.Iaadros, O.B.Kupuuenro, O.Pouwansy
ITpupogui Ta cunreTnuni draBoHONMU € UyTIMBMMN GapBHUKaMU, eMiciiini BmactuBocTi
AKUX ITysKe UyTIUBl g0 ix GesdmocepegHLOTO OTOUeHHA. B pobori ommcano cuHTe3 Ta CIEKT-
pasbHi BiracTuBocTi QJIABOHOIIB, 10 MicTATh psax samicHukiB y 4‘-apunabmHomy Kinbii. Cusn-
TesoBaHi IaBoHONU OyJIM 3aCTOCOBaHI AJSA BUBUEHHA IXHBOI 37aTHOCTL J0 (iryopeclieHTHOTO
30HAYBaHHA [-Taoxosugasu y disiomoriuamx posunnax. Mu Bussuan, mo 4’-dprop- i 4’-xap-
GoKCU(DIABOHONN TIOKASANN 3HAUHE IOCUJIeHHS (QJyopeciieHIlil B IpUCYyTHOCTI B-ritoxosuzga-
34, 1[0 XapaKTepHO AJs edeKTy ' HiACUJEeHHA , 110 BUKJIUKacThesA 6inkom. ExcnepumenTu 3
GIyopecIleHTHOTO TUTPYBaHHA IIOKAa3YIOTh, IO JOCHimKyBaHi (aBoHONU B3B’A3YIOTHCA 3
6iMKOM, TaK IO BOHAUW B3aJUINAIOTh HOJAPHUN BOTHUIA POSUMH i BXOAATL B HEMOJAPHE
rizpodobue cepemoBullle BcepezuHi 6inmkoBoi kuiteni. Ili pesdymbratum 6ynam o6’emmani 3
PO3paxyHKaMU MOJIEKYJIAPHOTO AOKIHTY, AK1 JO3BOMMIN HaAM BUSHAUUTH CHPUATINBL IIAXU
3B A3yBaHHSA Ta CIODPigHEeHICTH 3B’ sA3yBaHHS CUHTETUYHUX (PIABOHOJIB i3 B-rirokosugasamu 3
pisaux mixepes. MoleKyasapHU TOKIHT BUSBUB BHUCOKY CIOPifHEHiCTH 3B’A3yBaHHA 3 [-TJr0-
KO3UIa3010, AKA SHAXOAUTHLCA Ha TOMY K piBHIi, m1o & Bigomi mpupogHi duaBononu. Harri
pes3ynbTaTH CBiguaTh Hmpo Te, IO BUBUeHI OapBHUKN Ha 6asi duaBoHONIB MOXKYTHL OyTH
6araToobiIII0UO0 OCHOBOI MAJIS PO3POOKM HOBUX IJIIKO3UIIB (JIABOHOJIB SAK  HifCUIIEH-
HsA/ocnabnenHs” QIyopeclieHTHI IHAMKATOPU aKTHUBHOCTI P-riIOKosugasu.
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1. Introduction

Flavonol-based fluorescent probes repre-
sent a class of environmentally sensitive
dyes whose emission properties are highly
sensitive to their immediate environment
[1-7]. The notable feature of these probes is
that due to the presence of a hydroxyl
group at the 3-position of a flavonoid moiety
they are capable of the excited-state intra-
molecular proton transfer (ESIPT) [8-9]. A
proton transfer reaction occurs through an
intramolecular hydrogen bond bridge result-
ing in an extremely fast (kggpr > 1012 s71)
phototautomerization from normal state
(N*) to tautomer state (T*) [7, 10-11].
ESIPT leads to the appearance of the dual-
wavelength emission of flavonols, which is
beneficial for their ratiometric fluorescence
response [1, 10].

It has been shown that flavonol-based
probes could be utilized as solvatochromo-
genic fluorophores for monitoring solvent
polarity [1, 12-13] and pH [14-15], as well
as the determination of water traces in or-
ganic solvents [16]. Moreover, flavonol de-
rivatives have revealed a good sensitivity
and selectivity toward metal ions in solu-
tion [7, 15, 17-20]. Their unique optical
properties and biocompatibility makes fla-
vonols a valuable template for sensing vari-
ous biomolecules [21]. Flavonols show a
large fluorescence "turn-on™ effect upon se-
lective binding to proteins, such as
lysozymes[22] and albumins [17, 21]. The
observed protein selectivity opens up the op-
portunity for sensing other protein binding-
induced fluorescence “turn-on” [21, 28].
Flavonol-based probes are also promising fluo-
rescent agent with a low perturbation impact
on the lipid membrane physical state [24]. Due
to the low molecular mass (< 500 Dalton) and
low toxicity, some fluorescent flavonols
have been utilized for fluorescent cell imag-
ing [25-27].

It has recently been demonstrated that
4¢-fuoroflavonol B-D-glucopyranoside can be
used as a fluorescent indicator of B-glucosi-
dase activity [28]. PB-glucosidases are a
group of enzymes, which catalyze the hy-
drolysis of aryl and alkyl B-Glucoside and
cellobiose. B-glucosidase are widely spread
in nature, they are present in plants, fungi,
animals, bacteria and yeast also contained
in the soil. In addition, these enzymes can
catalyze the hydrolysis of many artificial
substrates. Finally, B-glucosidases have the
potential for its use in various biotech-
nological processes such as biofuel produc-
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tion and oligosaccharide synthesis. The role
of B-glucosidases contained in the soil is
extremely important, since they take part in
the catalysis of hydrolysis and biodegradation
of various B-glucosides present in plant resi-
dues. In addition, the activity and concentra-
tion of glucosidase is an indicator of soil
quality [29]. The important role of B-glucosi-
dase in various aspects of plant physiology
has been reported [30]; for example, it initi-
ates chemical protection against pathogens
[81]. Regulation of glucosidase activity af-
fects the course of Gaucher’s disease [32], as
well as the effectiveness of chemotherapy for
breast cancer [33].

In this work, we studied binding interac-
tion of some synthetic and natural flavonols
with [B-glucosidase enzyme using fluores-
cence titration measurements and molecular
docking calculations. The fluorescence titra-
tion revealed protein- induced fluorescence
"turn-on” effects for some representative
flavonols, which is indicative of their bind-
ing to the hydrophobic water-free cavity of
the protein. The binding mode of these li-
gands and other structurally similar fla-
vonols into B-glucosidase enzymes from dif-
ferent sources were further identified by
molecular docking.

2. Experimental

Flavonol synthesis. The synthesis of 2-
aryl-8-hydroxy-4H-chromen-4-ones (fla-
vonols) is well known and can be carried out
in two ways: (i) as a linear synthetic strat-
egy ("Linear™ method A) with isolation and
purification of an intermediate 1-(2-hy-
droxyphenyl)-8-phenylprop-2-en-1-ones
(chalcones) [34] and (ii) as a multicompo-
nent, one-pot synthesis ("one-pot™ Method B)
[35]. The final step of the Algar-Flynn-
Oyamada (AFO) reaction in the formation of
flavonol is used in both cases (Scheme 1).

2-Aryl-3-hydroxy-4H-chromen-4-ones 1-
14 may be obtained by one of the two modi-
fied methods [34-35]. The general proce-
dures of syntheses of most typical substances
of the series used in our work and typical
examples of substance characteristics are
given in the experimental section.

Materials and methods. "H and 13C NMR
spectra (400 and 100 MHz) were recorded
on Bruker Avance 400 and Varian MR-400
spectrometers in DMSO-d6. 'H and 13C
chemical shifts were reported relative to re-
sidual protons and the carbon atoms of the
solvent (2.49 and 39.5 ppm, respectively) as
the internal standard. The LCMS spectra
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Scheme 1. Chemical structure and preparation of substituted 3-hydroxy-2-(phenyl)-4H-chromen-4-ones 1-14.

were recorded using a chromatogra-
phy/mass spectrometric system that con-
sists of a high-performance liquid chroma-
tography Agilent 1100 Series equipped with
a diode matrix and a mass selective detector
Agilent LC/MSD SL, column SUPELCO As-
centis Express C18 2.7 um 4.6 mm x 15 cm.
Elemental analysis was realized on a
EuroVector EA-3000 instrument. TLC was
performed using Polychrom SI F254 plates.
Melting points of all synthesized compounds
were determined with a Hanon Instruments
automatic melting point apparatus MP450
in open capillary tubes.

According to the HPLC MS data, all syn-
thesized compounds are > 95 % pure. All
solvents and reagents were commercial
grade and, if required, purified in accord-
ance with the standard procedures. Starting
unsaturated ketones were synthesized as de-
scribed in [35].

General procedures for the preparation of
substituted 3-hydroxy-2-(phenyl )-4H-
chromen-4-ones (1-14).

Method A ("linear”™ method). Substituted
1-(2-hydroxyphenyl)-3-phenylprop-2-en-1-one
(10 mmol) was dissolved in methanol
(100 mL) at RT, 1.2 mL 50 % solution of
potassium hydroxide was added to reaction
mixture and 1.5 mL 80 % solution of H,O,
was added at stirring. The mixture was
heated at 50°C for 10 min and the mixture
was acidification to pH 2-3. After cooling,
the solid was filtered, washed by water and
dried at RT.

Method B (one-pot method). 2-Hy-
droxyacetophenone (40 mmol) and corre-
sponding aldehyde (40 mmol) were dissolved
in methanol (100 mL) at 50°C and 38 mL
50 % solution of potassium hydroxide was
added to reaction mixture. The mixture was
heated at 35°C for 24 h. At RT 1.5 mL
30 % solution of H,O, was added at stir-
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ring. The mixture was heated at 50°C for
10 min and the mixture was acidification to
pH 2-3. The solid was filtered, washed by
water and dried at RT.
3-Hydroxy-2-(4-carboxyphenyl )-4H-chro
men-4-one (7). 3-Hydroxy-2-(4-car-
boxyphenyl)-4H-chromen-4-one (7) was ob-
tained by Method A. Yield 1.835 g (48 %),
yellow solid, mp > 220°C (with decomp.,
from ethanol). 'TH NMR spectrum, §, ppm:
13.27 (bs, 1H, COOH), 9.98 (s, 1H, OH),
8.36 (d, 2H, Ar), 8.14 (1, 1H, Ar), 8.12 (d, 2H,
Ar), 7.81 (dd, 2H, Ar), 7.50 (t, 1H, Ar). 13C
NMR spectrum, o, ppm: 173.2, 166.18,
154.7, 148.9, 140.0, 134.4, 134.1, 129.8,
127.6, 125.3, 124.7, 121.3, 118.5. Mass
spectrum, m/z (N %): 283.0
[M+H]"(100). Found, %: C 68.12; H 8.59.
C16H1005' Calculated, %: C 68.09; H 8.57.
3-Hydroxy-2-(4-fluorophenyl )-4H-chrome

n-4-one (9). 3-Hydroxy-2-(4-fluorophenyl)-
4H-chromen-4-one (9) was obtained by
Method A. Yield 1.41 g (55 %), yellow
solid, mp 151-152°C (from ethanol). 'H
NMR spectrum, 8, ppm: 9.70 (s, 1H, OH),
8.27 (dd, 2H, Ar), 8.10 (d, 1H, Ar), 7.81-
7.78 (m, 2H, Ar), 7.46 (t, 1H, Ar), 7.40 (t,
2H, Ar). '3C NMR spectrum, 8, ppm: 172.9,
163.6, 161.6, 154.5, 144.4, 138.8, 188.7,
130.1, 124.6, 121.3, 118.4, 115.6. Mass
spectrum, m/z (N %): 257.2
[M+H]"(100). Found, %: C 70.27; H 8.56.
C15H9FO3. Calculated, %: C 70.31; H 3.54.

B-Glucosidase (B-D-glucoside glucohydro-
lase) from almonds were purchased from
Sigma-Aldrich as lyophilized powder with >
98 % purity.

Spectroscopic measurements. Absorption
spectra were recorded by Agilent Cary 3500
UV-Vis Multicell Spectrophotometer. Fluo-
rescence was measured using a Hitachi 850
steady-state  fluorescence  spectrometer
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equipped with double- grating excitation
and emission monochromators. The fluores-
cence measurements were made in the phos-
phate buffer pH 7.4 (100 mM) in a
10x10 mm cuvette maintained at 20°C.

Molecular docking setup. The preparation
of the receptor and ligands were carried out
with the AutoDock Tools (ADT) software,
version 1.5.7 [36]. The addition of hydro-
gen, the calculation of the Gasteiger
charges of the receptor and ligands were
also performed using the ADT software.
Molecular docking calculations were carried
out with the AutoDock Vina 1.1.2 software
[37]. The 3D X-ray structure of Paenibacil-
lus polymyxa P-glucosidase B (BglB, PDB ID:
209R) [38], Raucaffricine B-glucosidase (PDB
ID: 4A3Y) [89] and human cytosolic B-glu-
cosidase (hCBG, PDB ID: 2JFE) [40] were
downloaded from the RCSB Protein Data
Bank. The analysis of the protein structure
was carried out using MolProbity [41].

We carried out the semi-flexible docking,
so that the receptor was kept rigid and the
ligand molecules were conformational flex-
ible. The size of the cubic box generated by
the ADT software, in the region of the re-
ceptor interaction (residues Glul67 and
Glu356 for pBG, Glul86 and Glu420 for
rBG and Glul65 and g}lu373 for hBG, was
defined as 65x65x65 A. The center of the
grid box was set at Cartesian coordinates x
= 61.980, y = 31.109 and z = 40.606 for
pBG, x=16.753, y=23.943 and =z =
41.579 for rBG, x = 38.208, y = 43.888 and
z = 32.468 for hBG with the grid point
spacing set to 0.375 A, respectively. For all
runs, the number of binding modes was set
to 9 and the exhaustiveness to 64. For each
ligand, three independent runs were per-
formed using different random seeds. The
best docking mode corresponds to the larg-
est ligand-binding affinity. Molecular
graphics and visualization were performed
using VMD 1.9.3 [42].

3. Results and discussion

Despite the wide use of flavonols in
biomedical applications, their solubility is
known to be very low in water, being about
(0.12, 0.5, and < 0.01) gL' at 20°C for
rutin, naringin, and quercetin, respectively
[43]. Therefore, to estimate the water solu-
bility of the studied flavonols we calculated
their logP using various approaches as sum-
marized in Table 1. As can be seen from
Table 1, the logP values estimated for the
known natural flavonols are within a range
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Fig. 2. Fluorescence titration of flavonol 9
with B-glucosidase in sodium phosphate buff-
er pH 7.4. The fluorescence was excited at
360 nm. The arrow corresponds to increase in
the fluorescence intensity of flavonol 9 upon
the increase in B-glucosidase concentration.
The concentration of flavanol 9 was kept
fixed at 21075 mol/l, whereas the B-glucosi-
dase concentration was varied in a range
from 0.5:107% mol/1 up to 14.6:107% mol/l,
respectively.

of 1.83-3.0. These data can now be compared
with the logP values of our synthetic fla-
vonols 1-12, which were calculated to be in
a range of 2.7-4.0, suggesting some lower
solubility of these derivatives as compared
to quercetin. It should also be noted that
compounds 13-14 revealed the largest logP
values of 4.8-6.2, which correlate with
their very low water solubility.

Fluorescence titration

We studied fluorescence properties of
flavonols 7 and 9 in phosphate buffer at pH
7.4 in the presence and in the absence of
B-glucosidase. The flavonols were added into
the buffer as aliquot of their stocks in ace-
tonitrile solution. An example of typical
changes in emission spectra of flavonol 9 in
the buffer solution as a function of concen-
tration of B-glucosidase is shown in Fig. 2.

The fluorescence enhancement of fla-
vonol 9 upon B-glucosidase titration was ob-
served, which is characteristic of the pro-
tein-induced “turn-on” effect. These spec-
tral changes of 9 are indicative of binding
of a fluorophore with the protein, when the
flavonol probe leaves polar aqueous solution
and enters a nonpolar hydrophobic environ-
ment inside a protein pocket. Therefore, the
loss of water-induced fluorescence quench-
ing inside a protein are thought to be due to
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Table 1. Physicochemical parameters of the studied and natural flavonols

Compound | M, g/mol log P?
12 2b 3° 44 5° Average
1 238.2 3.04 2.70 3.45 3.40 3.76 3.23
2 268.3 2.99 2.66 3.50 3.87 3.67 3.19
3 254.2 2.41 2.28 2.97 3.05 2.98 2.70
4 283.2 2.83 2.71 3.40 3.23 3.49 3.10
5 281.3 3.23 2.88 3.55 3.52 3.87 3.88
6 296.3 3.05 2.63 3.62 3.25 3.73 3.20
7 282.3 2.82 2.60 3.36 2.93 3.43 2.99
8 263.3 2.52 2.47 3.20 3.12 3.19 2.86
9 256.2 3.21 2.85 3.61 3.50 3.81 3.36
10 272.7 3.78 3.87 4.12 4.03 4.35 3.90
11 317.1 3.93 3.49 4.25 4.09 4.53 4.03
12 364.1 4.19 3.23 4.53 4.05 4.79 4.08
13 344.4 4.76 4.27 5.10 4.87 5.33 4.84
14 450.4 6.25 5.88 6.28 5.96 6.80 6.22
Conibretol 388.4 2.87 2.47 3.09 3.44 2.62 2.86
Morin 302.2 1.18 1.47 1.88 1.54 1.61 1.48
Myricetin 318.2 0.83 1.72 1.39 1.18 2.11 1.31
Ombuin 303.3 3.07 2.38 2.83 2.52 2.92 2.72
Quercetin 302.2 1.50 1.71 1.68 1.54 2.07 1.68
Retusin 358.3 3.23 2.52 3.11 3.47 2.86 3.00

a — Calculated by ChemDraw 20.0
b — Calculated by PreADME [44]

¢ — Calculated by Molinspiration (https://www.molinspiration.com/)

d — Calculated by XLOGP3 [45]

deep penetration of flavonol 9 into the hy-
drophobic, water-free region of the B- glu-
cosidase enzyme.

Similar changes in the emission behavior
were also observed for flavonol 7 upon the
increase in P-glucosidase concentration as
shown in Fig. 3. Although flavonol 7 dem-
onstrates (unlike flavonol 9) phototautomer
fluorescence in aqueous medium, a penetra-
tion of this flavonol into the hydrophobic
region of the PB-glucosidase also results in
the increase of the fluorescence intensity.

It can be seen that the emission band of
flavonol 7 has a short-wavelength shoulder
at about 470 nm. This shoulder is due to
the emission of an anion form of the fla-
vonol. The structure of this anion and the
mechanism of its formation in the presence
of B-glucosidase are going to be examined in
our upcoming study. It is also worth to note
that the anion formation is typical also for
flavonol 9. However, since the absorption
bands of the anion 9 are red-shifted rela-
tively those of the anion 7, the anion fluo-
rescence of 9 is not seen in Fig. 2 and ap-
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Fig. 3. Fluorescence titration of flavonol 7
with B-glucosidase in sodium phosphate buff-
er pH 7.4. The fluorescence was excited at
360 nm. The arrow corresponds to increase in
the fluorescence intensity of 7 upon the in-
crease in [-glucosidase concentration. The
fluorescence of anionic form of 7 is shown by
a dotted line as a shaded area.
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Fig. 4. X-ray structures of B-glucosidase from various sources: (a,d) from Paenibacillus polymyxa
(BglB, PDB 209R), (b,e) from Raucaffricine (PDB 4A8Y), (c,f) human cytosol (PDB 2JFE). The
active site Glu residues are labelled by blue and red. The active site pocket is schematically shown
as blue (top panel a—c) and yellow (bottom panel d—f) shaded areas.

pears only after excitation in the long-wave-
length region of the absorption spectrum.

Molecular docking of some flavonols with
B-glucosidase

B-Glucosidase family includes enzymes
with different activities widely distributed
among all sort of living organisms, which
are capable of the common ability to hydro-
lyse PB-glycosidic linkages of disaccharides,
oligosaccharides or conjugated saccharides
[46]. Among the members of this family are
bacterial and fungal cellobiases that play an
essential role in cellulolytic hydrolysis [47].
Therefore, to study flavonol-protein interac-
tions and to carry out molecular docking
analysis, we used B-glucosidase enzymes for
various sources. Although the alignment of
B-glucosidase enzymes revealed sequence
identity of 85—55 % only along its members
from various sources, the detailed charac-
terization of the atomic interactions at the
aglycone site revealed a recognition pattern
common to all bacterial B-glucosidases [38,
40, 47-48].

The high-resolution 3D structure of com-
mercial B-glucosidase derived from Almonds
are currently not available. Therefore, to
elucidate of flavonol-protein interactions at

Functional materials, 29, 2, 2022

the molecular level, we carried out molecu-
lar docking towards pB-glucosidases taken
from various sources, as summarized in
Fig. 4. B-Glucosidases from Paenibacillus
polymyxa (BglB), Raucaffricine, and human
cytosol bear some common features. (i) All
three enzymes have deep hydrophobic
pocket capable of accommodation of sub-
strate molecules during cellulolytic hydroly-
sis (Fig. 4a—f). (ii) The active site center is
composed of two glutamate residues placed
at close proximity one another (Fig. 4a—c).

We found that all studied flavonols were
able to insert into a central cavity of B-glu-
cosidase. The binding affinity towards B-
glucosidase depends on the nature of pe-
ripheral substituents R and R; located in
the 4¢-aryl ring of the flavonols, as well as
on the structure of the P-glucosidase en-
zyme. Molecular docking results of the
studied flavonols are summarized in Table
2. We found that the binding affinity of
our synthetic flavonols 1-12 varies in a
range from —8.2 up to —9.6 kcal/mol. The
etherification of the peripheral hydroxyl
groups in the 4‘-aryl moiety with the hydro-
phobic benzyl substituent significantly in-
crease the affinity of the flavonols 13-14
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Fig. 5. Some natural flavonols revealing inhibitory activity towards glucosidase enzymes.

towards the B-glucosidase enzymes, so that
the binding affinity increases up to
11.73 kecal/mol (Table 2).

The binding affinity of the studied fla-
vonols may be compared with some well-
known natural flavonols, such as combretol,
morin [49-50], myricetin [50—-51], ombuin,
quercetin [49, 51] and retusin (Fig. 5),
which have been studied in context of their
inhibitory activity against various glucosi-
dases by using experimental and computa-
tional techniques. For comparison reason,
we carried out re-docking of the selected
natural flavonols towards the same set of
the B-glucosidase receptors and using the
same molecular docking settings. The com-
parison of the binding affinity of these
natural flavonols with the molecular dock-
ing results of our synthetic flavonols is
given in Table 2. As can be noticed, the
binding interaction energies of the most of
our single-substituted synthetic flavonols
1-12 are the same order of the magnitude
as their natural analogs. Moreover, some
flavonols, such as 4 and 7, revealed the
higher affinity in comparison with the
known-natural analogues (Table 2).

Paenibacillus polymyxa PB-glucosidase B
(BglB). BglB enzyme has deep hydrophobic
pocket with the active site located at the
bottom of this pocket (about 16 A deep)
(Fig. 6a). The two catalytic glutamate resi-
dues, namely, the acid/base Glul67 and the
nucleophile Glu356, are located deep within
the active site. The BglB 3D structure (PDB
209R) has been used as a target for molecu-
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lar docking calculations to identify inhibi-
tors of its activity [52].

Figure 6 shows the binding mode of fla-
vonol 9 toward Paenibacillus polymyxa [-
glucosidase B. The molecular docking sug-
gests that flavonol 9 inserts deeply into the
hydrophobic cavity of BglB, as seen in Fig.
6a. The ligand binding is driven by hydro-
phobic interactions with aromatic Trpl23,
Trp328, Trp402, Trp410, Trp412 as well as
residues Tyrl69 and Tyr298, respectively.
Moreover, the receptor-bound ligand 9
shields the active site residues Glul67 and
Glu856 and may restrict accessibility of
substrate molecules, which hold promise of
the high inhibitory potency for this com-
pound.

The binding mode of flavonol 7 towards
BglB enzyme was found to be similar in
many aspects to that of ligand 9. Figure 7
summarizes the binding interaction of fla-
vonol 7 with BglB protein. As in the case of
ligand 9, flavonol 7 also inserts deeply into
the hydrophobic cavity of BglB, which
agrees with the strong "turn-on” effect ob-
served in the fluorescence titration experi-
ments (Fig. 3).

Raucaffricine B-glucosidase. In Raucaf-
fricine B-glucosidase enzyme, the two cata-
lytic glutamate residues are Glul86 and
Glu420, respectively (Fig. 8b). The enzyme
X-ray 3D structure has been resolved at the
high resolution of 2.5 A (PDB 4A3Y) and,
therefore, it has become a good target for
molecular docking calculations [563—-56]. Our
docking study revealed that both flavonols 7
and 9 bind deeply inside the protein cavity.
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Table 2. Molecular docking binding affinity of the synthetic and natural flavonols towards
B-glucosidases from various sources

Flanonol Binding affinity, kecal/mol
Human cytosolic - Paenibacillus polymyxa B- Raucaffricine [-
glucosidase (PDB:2JFE) glucosidase (PDB:209R) glucosidase (PDB:4A3Y)
1 -8.90 —-8.20 -8.70
2 -8.70 —-8.30 —-8.87
3 —8.60 —8.60 —-8.83
4 -9.43 -9.07 -9.20
5 -9.03 —-8.40 —-8.50
6 -9.63 -8.90 -9.20
7 -9.37 -9.30 -9.20
8 -9.50 -9.00 —-8.87
9 -9.00 —-8.50 -9.10
10 -9.07 —-8.40 —-8.60
11 —-8.80 —-8.20 —-8.50
12 —-8.50 -7.93 —-8.50
13 —10.40 -8.97 -9.20
14 -11.73 -11.00 -9.60
Combretol —7.77 -8.13 —7.43
Morin —8.60 —8.63 -8.90
Myricetin -8.77 -8.87 -9.10
Ombuin -8.13 -8.47 —-8.80
Quercetin -8.97 -8.90 -9.00
Retusin -7.97 -8.20 -7.93

Paenibacillus polymyxa B-glucosidase B (BgIB)

0

Trp123

Cys170

Glul67 \
Q

Fig. 6. The best docking pose of flavonol 9 at Paenibacillus polymyxa P-glucosidase B (BglB) (PDB
code 209R). The enzyme is shown as a ribbon model at side (a) and (b) top views and ligand 9 is
represented as a licorice model. The B-glucosidase active site residues Glul67 and Glu356 of are
shown as blue and red sticks. An insert outlines ligand?protein interactions of flavonol 9 with the
neighboring enzyme residues.
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Paenibacillus polymyxa B-glucosidase B (BgIB)

Trpl123 {

Glul67

\Glu356
sn223 ~

\A
Tyr169 \Cysl70 //
\\)\ 7 (

%Trp402
“U

o 4

y,

Glu225

r 4

\

Tyr298

(c)

Fig. 7. The best docking pose of flavonol 7 at Paenibacillus polymyxa P-glucosidase B (BglB) (PDB
code 209R). The enzyme is shown as a ribbon model at side (a) and (b) top views and ligand 7 is
represented as a licorice model. The B-glucosidase active site residues Glul67 and Glu356 of are
shown as blue and red sticks. An insert outlines ligand?protein interactions of flavonol 7 with the

neighboring enzyme residues.

Human cytosolic PB-glucosidase (hCBGQG).
As other studied B-glucosidases, hCBG con-
tains a deep hydrophobic protein pocket
(Fig. 4c) with the two catalytic glutamates
Glul65 and Glu373 located deep within this
active site [40]. The hCBG 3D structure
(PDB 2JFE) is well-resolved and used as a
target for the molecular docking calculation
[57]. Our molecular docking calculations
suggest that all studied synthetic and natu-
ral flavonols bind strongly with the hCBG
protein, so that the ligand molecule pene-
trate deeply inside the protein pocket. The
binding energy and insertion mode reveal

weak dependence on the flavonol structure
(Table 2).

4. Summary and perspectives

In summary, we report the example of
flavonol-based probes for fluorescence sens-
ing of [B-glucosidase in physiological solu-
tion. We observed that 4¢‘-fluoro- and 4°-
carboxyflavonols enhance their fluorescence
upon the increase in the B-glucosidase con-

260

centration. The fluorescence intensity in-
crease is up to 72-fold, which is indicative
of the strong protein-induced "turn-on” ef-
fect. These data suggest that the studied
flavonols favor binding to the protein, leav-
ing polar aqueous solution and penetrating
deep inside the nonpolar hydrophobic pro-
tein pocket of PB-glucosidase enzyme. To
identify favorable binding modes and the
binding affinity of the synthetic flavonols
towards P-glucosidases, we supplemented
our fluorescence studied by molecular dock-
ing calculations. Molecular docking of a se-
ries of the synthesized flavonols and well-
known natural analogs towards the high-
resolution 8D structures of B-glucosidase
enzyme taken from various sources revealed
the high binding affinity varied from -
8.2 keal/mol up to —11.7 kcal/mol, respec-
tively. All studied flavonols favor binding
deeply inside the active pocket of the en-
zyme. The binding affinities are the same
order of magnitude as for the well-known
natural flavonols, which hold promise for
the high inhibitory activity of the synthe-

Functional materials, 29, 2, 2022



0.0.Demidov et al. / Synthetic and natural flavonols ...

Fig. 8. The best docking pose of flavonol 9 (Panel a) and 7 (Panel a) bound to Raucaffricine
B-glucosidase (PDB code 4A3Y). The enzyme is shown as a ribbon model and the ligands are
represented as a licorice model. The active site residues Glul86 and Glu420 of B-glucosidase are

shown as blue and red sticks.

sized flavonols against the enzymes from
the glucosidase family. Moreover, our study
suggest that the flavonol dyes can be a
promising scaffold for the development of
novel flavonol glycosides as easy-to-use
“"turn-on/off” fluorescent indicators of f-
glucosidase activity in solution.

Acknowledgments. E.S.G., A V.K.,
A.D.R. acknowledge Grant 2020.02/0016
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for fluorescent determination of P-glucosi-
dase activity” from the National Research
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