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hibitors from Chinese bayberry
(Morella rubra Sieb. et Zucc.) fruit: molecular
docking and interaction mechanism of flavonols
with different B-ring hydroxylations†

Yilong Liu,a Liuhuan Zhan,a Chang Xu,a Huamin Jiang,b Changqing Zhu,a Linxiao Sun,c

Chongde Suna and Xian Li *a

Inhibition of a-glucosidase alleviates postprandial high glycemic levels in diabetic or prediabetic population.

In Chinese bayberry fruit, myricetin, quercetin and kaempferol are main flavonols, which differ only in their

hydroxylation on the B-ring. Kaempferol (40-OH) showed high IC50 (65.36 � 0.27 mmol L�1) against a-

glucosidase, while quercetin (30,40-OH) exhibited stronger inhibition (46.91 � 0.54 mmol L�1) and

myricetin (30,40,50-OH) possessed the strongest inhibitory activity (33.20 � 0.43 mmol L�1). Molecular

docking analysis illustrated that these flavonols could insert to the active cavity of a-glucosidase.

Adjacent hydroxyl groups at B-ring of myricetin and quercetin positively contributed to form hydrogen

bonds that were important to the stability of flavonol–enzyme complex, while kaempferol had no

adjacent hydroxyl groups. Such observation was further validated by molecular dynamics simulations,

and in good consistency with in vitro kinetic analysis and fluorescence spectroscopy analysis. Among

three flavonols tested, myricetin possessed the strongest inhibition effects on a-glucosidase with the

lowest dissociation constant (Ki ¼ 15.56 mmol L�1) of myricetin-a-glucosidase, largest fluorescence

quenching constant (Ksv) of (14.26 � 0.03) � 104 L mol�1 and highest binding constant (Ka) of (1.38 �
0.03) � 105 L mol�1 at 298 K with the enzyme. Bio-Layer Interferometry (BLI) and circular dichroism (CD)

analysis further confirmed that myricetin had high affinity to a-glucosidase and induced conformational

changes of enzyme. Therefore, myricetin, quercetin and kaempferol are all excellent dietary a-

glucosidase inhibitors and their inhibitory activities are enhanced by increasing number of hydroxyl

groups on B-ring.
1. Introduction

Diabetes Mellitus (DM) is a chronic metabolic disease charac-
terized by hyperglycemia. With the increase of living conditions
and changes in lifestyle, incidence of DM and its complications
have increased signicantly in the past few decades. In 2017,
more than 451 million adults were diagnosed with diabetes
worldwide and this number was estimated to reach 693 million
by 2045.1 Type 2 Diabetes (T2D), known as non-insulin-
dependent DM, is the most prevalent diabetes accounting for
orticultural Plant Integrative Biology,

ngzhou, 310058, China. E-mail: xianli@

evelopment Co., Ltd., Hangzhou, 311123,

t of Severe Hepato-Pancreatic Diseases of

p Key Discipline in Surgery, Wenzhou

Wenzhou, 325000, China

tion (ESI) available. See DOI:

f Chemistry 2020
more than 90% of all DM and it is commonly associated with
overweight and obesity.2 Prevention and control programs are
urgently needed to inhibit the dramatic rising incidence of T2D.

Postprandial hyperglycemia is one predominated leading
factor for the onset and development of T2D. Carbohydrates are
enzymatically digested into monosaccharides such as glucose
by intestinal a-glucosidase (EC 3.2.1.20), resulting in rise of
glycemic level with the uptake of glucose.3 For T2D patients,
rapid postprandial glycemic rise occurs due to impaired blood
glucose regulation caused by insulin dysfunction.4

Inhibition of a-glucosidase is an effective way for treatment
of T2D by delaying the release of glucose and alleviating post-
prandial hyperglycemia.5 Drugs such as acarbose, miglitol, and
voglibose are clinically used as a-glucosidase inhibitors for
treatment of T2D. However, these drugs cause side effects such
as gastrointestinal adverse reaction including diarrhea, atu-
lence, abdominal pain and so on.6,7 Hence, new a-glucosidase
inhibitors with better effects and lower side effects are in great
demand to alleviate postprandial high glycemic level effectively.
RSC Adv., 2020, 10, 29347–29361 | 29347
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In recent decades, numerous studies have shown that berries
or berry extracts possessed signicant hypoglycemic effects.8,9

Chinese bayberry (Morella rubra Sieb. et Zucc.), a dark-red
colored berry native to China, is rich in bioactive nutrients
including anthocyanins and avonols.10,11 Series investigations
conducted by our group have shown that the anthocyanin
extracts from Chinese bayberry possesses signicant anti-
diabetic effects in vivo and in vitro.12–15 However, the avonol
fraction of Chinese bayberry fruit showed much higher inhibi-
tory activity against a-glucosidase than that of the anthocyanin
fraction,16 indicating the possible important role that avonols
might also play in antidiabetic effects of the fruit.

The avonol composition in pulp of 17 Chinese bayberry
cultivars was previously investigated by liquid chromatography
combined with electrospray ionization mass spectrometry (LC-
ESI-MS/MS) by our group.10 Seven avonols compounds, i.e.,
myricetin-3-O-rhamnoside, myricetin deoxyhexoside–gallate,
quercetin-3-O-galactoside, quercetin-3-O-glucoside, quercetin-
3-O-rhamnoside, kaempferol-3-O-galactoside and kaempferol-3-
O-glucoside were identied and characterized among the
cultivars.10 Therefore, myricetin, quercetin and kaempferol
were the major avonol aglycones in bayberry fruit. Our
preliminary study on a-glucosidase inhibition activity of
different avonol aglycones and avonol glycosides showed that
avonol aglycones exhibited at least ten times higher a-gluco-
sidase inhibition activity than their corresponding avonol
glycosides. Three avonol aglycones, i.e., myricetin, quercetin
and kaempferol, differ only in their hydroxylation on B-ring,
and they also showed different enzymatic inhibition activities
against a-glucosidase, the mechanism of which is not well
studied with the structure-activity point of view.

Molecular docking is one of the most frequently used
methods in structure-based drug discovery. It is able to visual-
ized the interaction of small molecule with macromolecules
with affinity and binding site prediction.17,18 Such prediction
can be validated by molecular dynamics simulation, which is
capable of monitoring and evaluating the conformational
behaviors of the atoms and molecules.19 Ligand–receptor
interaction can be further veried by multiple experimental
studies, such as kinetic analysis, uorescence spectroscopy and
circular dichroism (CD) spectra. These approaches have been
widely used to illustrate molecular interaction mechanisms
such as inhibition type, uorescence quenching, binding
constant, interaction force and conformation change.20–24

Additionally, as a newly label-free technology, bio-layer inter-
ferometry (BLI) has been developed rapidly in recent years for
molecular interaction studies.25 It can monitor whole process of
intermolecular binding in real time and calculate the affinity
between molecules.26

Therefore, the present study focused on the investigation of
a-glucosidase inhibitory activities of three avonol aglycones,
i.e., myricetin, quercetin and kaempferol, in Chinese bayberry
fruit. Their interaction mechanisms with a-glucosidase were
systematically explored by molecular docking and molecular
dynamics simulations in silico and experimental studies
including kinetic analysis, uorescence spectroscopy, BLI
coupled with CD spectra analysis. Such study may provide
29348 | RSC Adv., 2020, 10, 29347–29361
deeper understanding of inhibitory mechanism and structure-
activity difference of dietary avonols against a-glucosidase
and show further evidence about antidiabetic effect of Chinese
bayberry fruit.

2. Materials and methods
2.1. Chemicals

Saccharomyces cerevisiae a-glucosidase (23 U mg�1), acarbose,
dimethyl sulfoxide (DMSO) and p-nitrophenyl-a-D-glucopyr-
anoside (pNPG) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). a-Glucosidase was dissolved in 0.1 mol L�1 potas-
sium phosphate buffer (PPB, pH 6.8). The stock solutions of
acarbose and pNPG were freshly prepared just before every
experiment. Methanol and acetonitrile for high performance
liquid chromatography (HPLC) were of chromatographic grade,
and all the other solvents used in the experiment were of
analytical grade.

2.2. Flavonols extraction from Chinese bayberry

Three representative cultivars of Chinese bayberry (Morella
rubra Sieb. et Zucc.), ‘Biqi’, ‘Dongkui’ and ‘Shuijing’, were
harvest at commercial season in June 2018 from Xianju County,
Zhejiang Province, China. Fruits free of disease and mechanical
damage were selected and frozen in liquid nitrogen. Pulp was
freeze-dried (FM 25EL-85, VirTis, Gardiner, NY, USA) and
ground into powder. Flavonols was extracted according to our
previous report with minor modication.27 The lyophilized
powder of Chinese bayberry pulp (1 g) was dissolved in 10 mL of
80% aqueous methanol with sonication for 30 min, centrifuged
at room temperature (12 000 rpm, 15 min) and the residue was
extracted again as above. Supernatants were then combined and
evaporated under reduced pressure at 37 �C by a rotary evapo-
rator. Crude extract powder was totally redissolved in 80%
aqueous methanol and 140 mL of solution was transferred to
a new centrifuge tube. HCl (3 N, 60 mL) was added for acid
hydrolysis and incubated for 1 h at 70 �C. Aer centrifugation at
12 000 rpm for 15min, supernatant was used for HPLC analysis.

2.3. HPLC analysis of avonols

Flavonol analysis was performed according to Han et al.28 with
some modications. HPLC system (e2695 pump, 2998 PDA
detector, Waters, USA), coupled to an Sunre® C18 analytical
column (4.6 � 250 mm, 5 mm) was operated at room tempera-
ture, with a ow rate of 1 mL min�1 and injection volume of 10
mL. The mobile phase consisted of 0.1% (v/v) formic acid in
water (A) and acetonitrile: 0.1% formic acid (1 : 1, v/v) (B). The
elution gradient was as follows: 0–7 min, 10–50% of B, 7–
10 min, 50% of B, 10–15 min, 50–100% of B, 15–15.1 min, 100–
10% of B; 15.1–20 min, 10% B. Flavonols were detected at
370 nm and quantied by comparison of the peak area with
those of the standards.

2.4. Enzyme activity assay

a-Glucosidase inhibitory effects of avonols were evaluated as
previous report with slightly modication.16 In the reaction, 20
This journal is © The Royal Society of Chemistry 2020
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mL of a-glucosidase (0.2 U mL�1 in 0.1 mol L�1 PPB) and 112 mL
of 0.1 mol L�1 PPB (pH 6.8) were pre-incubated with 8 mL of test
sample at 37 �C for 15 min. Reaction started with adding 20 mL
of pNPG (2.5 � 10�3 mol L�1) and terminated with 80 mL of
Na2CO3 (0.1 mol L�1) aer incubation at 37 �C for 15 min.
Absorption at 405 nm was measured by a Microplate Reader
(Thermo Electron Co., Vantaa, Finland). Acarbose was used as
positive control and DMSO was used as negative control. Solu-
tion without substrate was used as blank control. The inhibition
rate of avonols against a-glucosidase was calculated as follows:

Inhibition rateð%Þ

¼
�
1� ODtest �ODblank

control ODtest � control ODblank

�
� 100 (1)

2.5. Molecular docking

Molecular docking analysis was performed in silico to predict
the interaction between avonols and a-glucosidase. Docking
homology modeling of enzyme was downloaded from the
Protein Data Bank (PDB ID: 3A4A).29 It was used as a proper
receptor model in docking simulation with avonols and acar-
bose by AutoDock Vina, an upgraded approach with signi-
cantly improved average accuracy of the binding mode
predictions compared to AutoDock 4.30 Receptor was prepared
by removing its small molecular ligand and water, add hydro-
gens and output pdbqt le by AutoDockTools.31 Grid box was set
as 60 �A � 60 �A � 60 �A to cover the whole receptor for blind
docking, and centered at X ¼ 22.255, Y ¼ �8.621, Z ¼ 23.472.
Flexible docking was used in the present study and it allows
molecule conformation to change freely during docking
process. Defaulted exhaustiveness parameter of 8 was changed
as 100 to cover sufficient number of conformation changes. 3D
structures of avonols and acarbose were constructed in Chem
3D 17.1. Intermolecular interactions were analyzed by Discovery
Studio and PyMOL (The PyMOL Molecular Graphics System,
Version 2.0.6 Schrödinger, LLC).

2.6. Molecular dynamics

Molecular dynamics simulations were conducted with Gromacs
(version 5.1.4). Force eld was selected as CHARMM36.32 Struc-
ture of a-glucosidase was downloaded from the Protein Data Bank
(PDB ID: 3A4A). Structures of myricetin, quercetin, kaempferol
and acarbose were the same as those used for molecular docking
analyses. System equilibration consisted of two steps: 100 ps NVT
(constant number of particles, volume and temperature) and 100
ps NPT (constant number of particles, pressure and temperature).
Molecular dynamic simulation was conducted for 10 ns, and time
step was set as 2 fs. Molecular dynamic simulation results were
analyzed with Xmgrace and PyMOL.

2.7. Kinetic analysis of inhibitory type

Inhibition kinetic analysis of avonols against a-glucosidase
was determined by the same method as enzyme assay. Analysis
of inhibition mode was based on the inhibitory effect of four
This journal is © The Royal Society of Chemistry 2020
different concentrations of avonol with ve different concen-
trations of substrate (pNPG) on kinetic parameters including
the maximal rate (Vmax) and Michaelis–Menten constant (Km) of
enzyme. These parameters can be ascertained by Lineweaver–
Burk plots, a double-reciprocal plot of enzyme reaction rate (n)
against the substrate concentration (pNPG), i.e., 1/n vs. 1/
[pNPG]. The mixed-type inhibition was expressed as eqn (2):

1

V
¼ Km

Vmax

�
1þ ½I�

Ki

�
1

½S� þ
1

Vmax

�
1þ ½I�

Kis

�
(2)

The secondary plots slope/Y-intercept against [avonol] was
plotted from:

Slope ¼ Km

Vmax

þ Km½I�
VmaxKi

(3)

and

Y -intercept ¼ 1

Vmax

þ ½I�
KisVmax

(4)

2.8. Fluorescence spectra measurements

Fluorescence spectra analysis was conducted on a spectrouo-
rometer (Jasco FP-8500, Tokyo, Japan). a-Glucosidase (0.8 mmol
L�1) was titrated successively with varying concentrations of
myricetin, quercetin and kaempferol from 0 to 19.96 mmol L�1

at three different temperatures (298, 304 and 310 K). The
mixtures were equilibrated for 5 min before measurement.
Fluorescence emission spectra were then obtained from 290 nm
to 500 nm with an excitation wavelength of 280 nm. The exci-
tation bandwidth was set at 1 nm and the emission bandwidth
was 2.5 nm. Fluorescence of PPB was subtracted in order to
correct the background uorescence.

2.9. BLI measurements

Binding kinetic analysis of myricetin to a-glucosidase was
determined by ForteBio Octet K2 system according to Xu et al.33

with minor modications. First, a-glucosidase was incubated
with biotin. Myricetin were diluted into different concentra-
tions (double dilution from a top concentration of 500 mmol
L�1). Then, the affinity constant (KD) and association rate
constant (Kon) values were calculated by the super streptavidin
(SSA) sensor (Fortebio).

2.10. CD spectroscopy

CD spectra in far-UV region (190–250 nm) were scanned by using
a CD spectrometer (J-1500-15ST, Jasco Corp, Tokyo, Japan). a-
Glucosidase concentration was xed on 2 mmol L�1, and molar
ratios of myricetin to a-glucosidase were set as 0 : 1, 40 : 1, and
80 : 1, respectively. CD spectra were averaged for three scans
under constant nitrogen ush and buffer signal was subtracted.

2.11. Statistical analysis

All data were expressed as means � standard deviation (SD)
with experiments performed in triplicate. Value of half maximal
RSC Adv., 2020, 10, 29347–29361 | 29349
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inhibitory concentration (IC50) was calculated using SPSS 19.0
(IBM, Armonk, NY, USA).
3. Results and discussion
3.1. Flavonols in Chinese bayberry pulp

All Chinese bayberry cultivars tested, i.e., dark-red-pulp cultivar
‘Biqi’, pink-pulp cultivar ‘Dongkui’, and white-pulp cultivar
‘Shuijing’, were rich in avonol glycosides. Their aglycones were
myricetin, quercetin and kaempferol, respectively. These three
avonols shared similar chemical structures with only differ-
ence in the number of hydroxyl groups on their B-ring (Fig. 1A).
Myricetin had three hydroxyl groups at the positions of 30, 40,
and 50 of B-ring, while quercetin had two hydroxyl groups (30,40-
OH) and kaempferol had only one hydroxyl (40-OH) on the B-
ring.

Among the three cultivars, ‘Biqi’ showed the highest total
avonol content (194.06 mg g�1 fresh weight, FW), followed by
‘Shuijing’ (49.08 mg g�1 FW) and ‘Dongkui’ (38.57 mg g�1 FW)
(Fig. 1B). In ‘Biqi’ pulp, quercetin was the most predominated
avonol with the content of 133.28 mg g�1 FW, while ‘Dongkui’
or ‘Shuijing’ pulp showed the largest proportion of myricetin in
its avonol composition as 29.88 and 39.54 mg g�1 FW,
respectively (Fig. 1B). Kaempferol content was relative low in
Chinese bayberry pulp (Fig. 1B). In bilberry and blueberry fruits,
myricetin content were shown as 17 and 31 mg g�1 FW,
respectively.34 In addition, it was reported that the bark or leaf of
Chinese bayberry also contained these avonols.35,36 Hence,
Fig. 1 (A) Chemical structures of main flavonols in Chinese bayberry fruit
Chinese bayberry pulp. Flavonol contents were analyzed by high perform

29350 | RSC Adv., 2020, 10, 29347–29361
Chinese bayberry fruit was a good source for dietary avonol
supplements.

3.2. a-Glucosidase inhibitory effects of avonols

Flavonol glycosides will be hydrolyzed into their respective
aglycones in lumen of the small intestine before absorption.37

Hence, the present study focused on investigation of the a-
glucosidase inhibitory activity of three avonol aglycones in
Chinese bayberry. Inhibitory activities of myricetin, quercetin
and kaempferol from Chinese bayberry fruit on a-glucosidase
were shown in Fig. 2. These three avonols all exhibited
signicant inhibition effects against a-glucosidase in a dose-
dependent manner. At the concentration of 125 mmol L�1,
myricetin or quercetin caused approximately 75% inhibition of
the activity of a-glucosidase, while kaempferol caused approxi-
mately 60% inhibition of a-glucosidase activity. Among them,
myricetin possessed the lowest IC50 value (33.20 � 0.43 mmol
L�1), followed by quercetin (46.91 � 0.54 mmol L�1) and
kaempferol (65.36� 0.27 mmol L�1) (Fig. 2). Such values were in
agreement with that of the previous reports as 11.63 mmol L�1

for myricetin,38 40.89 mmol L�1 for quercetin39 and 56.70 mmol
L�1 for kaempferol,40 respectively. Besides, IC50 values of these
three avonols were all much lower than that of the positive
control acarbose (381.27 � 1.07 mmol L�1) (Fig. 2), the value of
which was consistent to the previous reports.41,42 Therefore,
myricetin (30,40,50-OH on the B-ring) showed the most potent
inhibitory activity against a-glucosidase, followed by quercetin
(30,40-OH on the B-ring) and kaempferol (40-OH on the B-ring),
. (B) Pi chart representation of flavonol composition in three cultivars of
ance liquid chromatography.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Inhibitory effects of flavonols from Chinese bayberry on a-glucosidase (acarbose was tested as the positive control).
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indicating that the increased number of hydroxyl groups on its
B-ring enhanced inhibitory activity on a-glucosidase.
3.3. Molecular docking analysis

Molecular docking is widely applied to bioactivity screening and
structure-activity study in the eld of drug discovery.43,44 As
a computational analogue technique, it is recommended as an
alternative way for experimental pre-screening and has shown
signicant success rate in drug discovery process.38,45,46 In the
present study, docking analysis was performed to predict the
interaction of avonols and acarbose with a-glucosidase. Each
docking calculation was executed with a high exhaustiveness
and eventually twenty predicted modes were generated for every
small molecule. The one with low binding energy and small
dist. from the best mode was selected to visually illustrate
receptor–ligand binding and analyze interaction mechanism.

Results showed avonols or acarbose all deeply inserted to
active cavity of a-glucosidase (Fig. 3A). Related interaction
residues as well as forces were shown in Fig. 3B and C.
Competitive inhibitor acarbose was surrounded by amino acid
residues in the catalytically active cavity of a-glucosidase with
binding energy of �8.7 kcal mol�1 (Fig. 3C, Table 1). These
residues were reported to play vital roles in the catalytic
This journal is © The Royal Society of Chemistry 2020
process.47,48 Thus, residues displayed as stick style in Fig. 3C
were the ones that also involved in binding of avonols to a-
glucosidase, demonstrating the binding site of avonols was
close to that of acarbose.

Flavonols occupied the entrance to active center of a-gluco-
sidase. Their B-ring were more deeply penetrated to interact
with catalytic residues (Fig. 3A). Myricetin formed four
hydrogen bonds with three amino acids residues in the active
pocket of a-glucosidase, including Glu 277, Arg 315 and Asp 352
(Fig. 3B). Its binding energy to a-glucosidase was predicted as
�9.2 kcal mol�1 (Table 1), which is lower than that of acarbose,
suggesting the greater stability of myricetin-a-glucosidase
complex. In addition, hydrophobic was generated in the inter-
action as Pi–Pi stacked with Tyr 158, and Pi-alkyl with Arg 315.
Main residues involved in the interaction between quercetin
and a-glucosidase were Asp215, His 280, Phe 303, Asp 307, Asp
352 and Arg 442. Kaempferol was surrounded by Tyr 158, Phe
178, Val 216, Asp 352, Glu 411 and Arg 442. Predicted affinity of
both compounds binding to a-glucosidase were calculated as
�9.0 kcal mol�1 and �8.8 kcal mol�1, respectively (Table 1).
Such values were similar as previous reports with the energy of
�10.0 kcal mol�1 for quercetin or �9.3 kcal mol�1 for kaemp-
ferol binding to a-glucosidase.49 Hydrogen bonds and Pi inter-
actions were also formed between their interactions with the
RSC Adv., 2020, 10, 29347–29361 | 29351
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Fig. 3 (A) Predicted binding poses of myricetin, quercetin, kaempferol and acarbose docked into a-glucosidase. (B) Schematic 2D diagram of
myricetin, quercetin and kaempferol interacted with key residues within the active pocket of a-glucosidase. (C) Acarbose interacted with amino
acid residues located in the active cavity of a-glucosidase.
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enzyme (Fig. 3B). Pi-effects have an important contribution to
protein–ligand recognition since they provide a signicant
amount of binding enthalpy.50 Compared with the interaction
29352 | RSC Adv., 2020, 10, 29347–29361
forces between acarbose and a-glucosidase, stronger Pi-
interactions were shown in avonols possessing more
aromatic rings (Fig. 3B, C). It might be one reason that avonols
This journal is © The Royal Society of Chemistry 2020
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Table 1 Predicted affinity and kinetic analysis of myricetin, quercetin, kaempferol and acarbose binding to a-glucosidase

Inhibitors Affinitya (kcal mol�1) Ki
b (mmol L�1) Kis

c (mmol L�1) Inhibitory type

Myricetin �9.2 15.56 31.64 Mixed-type
Quercetin �9.0 16.83 37.13 Mixed-type
Kaempferol �8.8 18.75 33.67 Mixed-type
Acarbose �8.7 109.95 — Competitive

a Affinity is predicted by molecular docking in silico. b Ki represents the dissociation constant for inhibitors binding to free enzyme. c Kis represents
the dissociation constant for inhibitors binding to enzyme–substrate complex.
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showed stronger inhibitory effects on a-glucosidase compared
with acarbose. To summarize, hydrogen bonding and hydro-
phobic forces might be predominant interaction forces between
avonols and a-glucosidase.

Interestingly, myricetin (30,40,50-OH) and quercetin (30,40-OH)
had adjacent hydroxyl groups on B-ring where powerful
hydrogen bonds were formed with distances up to 2.60 �A
(Fig. 3B). For kaempferol (40-OH), it lacks of adjacent hydroxyl
groups, and hydrogen bonds were formed between single
hydroxyl group on its A or C ring and a-glucosidase, with
a smaller distance about 1.90 �A (Fig. 3B). These might be the
main reason why myricetin, quercetin and kaempferol showed
quite similar structures but different inhibitory effects on a-
glucosidase. Adjacent hydroxyl groups on B ring of avonols
might increase its electron cloud density, which was benecial
for hydrogen atoms donation to form hydrogen bonds easier
with active-center residues of a-glucosidase. It was reported that
Fig. 4 RMSD and conformation analyses of molecular dynamics simulati
simulation is colored in cyan, conformation of a-glucosidase after mole
before molecular dynamics simulation is colored in purple, conformation
RMSD of myricetin. (B) RMSD of quercetin. (C) RMSD of kaempferol.
Conformation analyses of quercetin. (G) Conformation analyses of kaem

This journal is © The Royal Society of Chemistry 2020
hydrogen bonds formation could help to increase the stability
of complex,51,52 so the inhibitor bound more tightly to enzyme
and enhanced its inhibition activity. Therefore, it was proposed
that a-glucosidase inhibitory effects of these avonols were
enhanced with increase number of hydroxyl groups at their B-
ring, which was consistent with the results of in vitro enzyme
activity test.
3.4. Molecular dynamics simulations

With purpose of validating the reliability of molecular docking
results, molecular dynamics simulations were conducted on
myricetin, quercetin, kaempferol and acarbose interaction with
a-glucosidase. As shown in Fig. 4A–D, RMSD values of molec-
ular dynamics simulation results of myricetin, quercetin,
kaempferol and acarbose reached 0.16 nm, 0.30 nm, 0.75 nm
and 0.26 nm aer 10 ns of simulation, which indicated that the
molecular docking results were reliable. As shown in Fig. 4E–H
on results. Conformation of a-glucosidase before molecular dynamics
cular dynamics simulation is colored in wheat, conformation of ligand
of ligand after molecular dynamics simulation is colored in green. (A)
(D) RMSD of acarbose. (E) Conformation analyses of myricetin. (F)
pferol. (H) Conformation analyses of acarbose.

RSC Adv., 2020, 10, 29347–29361 | 29353
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and ESI Movie 1–4,† binding patterns of myricetin, quercetin,
kaempferol and acarbose remained unchanged, but their
binding conformations were changed slightly. For a-glucosi-
dase, conformations of a-helixes and b-sheets showed minor
changes, while coils were changed in relatively large extents.
These results indicated that conformations of a-glucosidase
were changed when these four ligands bound to the enzyme. To
conrm the structure-activity difference, interaction mecha-
nism of these avonols and a-glucosidase were further explored
by kinetic analysis and uorescence spectrum study.

3.5. Kinetic type of inhibition on a-glucosidase

Lineweaver–Burk plots were conducted to analyze inhibitory
type of myricetin, quercetin, and kaempferol on a-glucosidase.
According to double-reciprocal plot of v against different
concentrations of substrate [pNPG], all lines were linear and
intersected in the second quadrant (Fig. 5A–C). Furthermore,
vertical intercept (1/Vmax) and horizontal intercept (1/Km)
changed simultaneously, as the Vmax value decreased with Km

increased. These results suggested that myricetin, quercetin
and kaempferol were all mixed-type inhibitors, and they could
bind to free enzyme as well as enzyme–substrate complex. It was
in good agreement with those reported by Phan et al.53 Acarbose
Fig. 5 Lineweaver–Burk plots for kinetic analysis of a-glucosidase inhi
control acarbose (D). c(a-glucosidase) ¼ 0.83 � 10�7 mol L�1. The seco

29354 | RSC Adv., 2020, 10, 29347–29361
induced a competitive type of inhibition on a-glucosidase since
its Vmax value did not change but its Km value gradually
increased with the rising concentration of acarbose (Fig. 5D),
which was consistent with the previous reports.54,55

In addition, the secondary plots (inset of Fig. 5A–C) of slope
and Y-intercept against avonols concentrations were linearly
tted, indicating that they bound in a single inhibition site or
a single class of inhibition sites on a-glucosidase.56 According to
eqn (3) and (4), values of Ki and Kis in the presence of myricetin
were calculated as 15.56 mmol L�1 and 31.64 mmol L�1,
respectively, where Ki value was obviously much lower than Kis

(Table 1). The two values represented the dissociation constants
for inhibitor binding to free enzyme and enzyme–substrate
complex, respectively.57 The smaller value of the constant sug-
gested the stronger binding and more potent inhibition of
avonol on enzyme. Therefore, such results indicated that
myricetin was more rmly bound to free a-glucosidase than to
a-glucosidase–substrate complex, and so did quercetin and
kaempferol. Furthermore, dissociation constant for myricetin-
a-glucosidase Ki was the minimum, followed by quercetin,
meaning myricetin (30,40,50-OH) had stronger affinity to free
enzyme than that of quercetin (30,40-OH) or kaempferol (40-OH).
bition by myricetin (A), quercetin (B), kaempferol (C) and the positive
ndary plots of slope and Y-intercept vs. [flavonols] were in the inset.

This journal is © The Royal Society of Chemistry 2020
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In clinical, commonly used antidiabetic drugs, such as
acarbose, miglitol and voglibose all belong to competitive
inhibitors.3 They compete with substrate for the active site of a-
glucosidase, prevent ligand–substrate binding and catalysis of
substrate, and thus inhibit the activity of enzyme. While they
cannot bind to a-glucosidase–substrate complex. Plenty of
natural a-glucosidase inhibitors, e.g., luteolin, genistein, morin
and galangin, were all reported to work in a mixed-type
manner.5,41,58 Such dietary avonoids could form enzyme–
inhibitor complexes as well as enzyme–substrate–inhibitor
complexes to interrupt enzyme–substrate intermediate.58
3.6. Fluorescence quenching studies and binding
parameters

Interaction between avonols and a-glucosidase were investi-
gated by uorescence spectroscopy. Fluorescence intensity of a-
glucosidase, along with treatment of gradually increasing
concentrations of myricetin (Fig. 6A), quercetin (Fig. 6B) or
kaempferol (Fig. 6C) were scanned from 290 nm to 500 nm.
Excitation wavelength was set as 280 nm and detections were at
Fig. 6 Synchronous fluorescence spectra of a-glucosidase in the abs
different temperatures 298 K, 304 K and 310 K. c(a-glucosidase) ¼ 0.8 �
17.97, 19.96) � 10�6 mol L�1 for curves a/k, respectively. Plots of F0/F

This journal is © The Royal Society of Chemistry 2020
three different temperatures of 298 K, 304 K and 310 K. Results
showed that a-glucosidase had a strong uorescence intensity
at around 336 nm, while avonols did not display uorescence
under the same conditions. It meant that avonol itself had no
intrinsic uorescence and such spectra was a proper way to
explore effects of avonols on endogenous uorescence of a-
glucosidase. As shown in Fig. 6, with increase concentrations of
avonols, intrinsic uorescence intensity of a-glucosidase
successively decreased but the maximum peak wavelength did
not shi. It indicated that avonols could interact with a-
glucosidase and quench its intrinsic uorescence. Related
uorescence quenching mechanisms of a-glucosidase by
avonols were investigated by the following Stern–Volmer
equation:59

F0

F
¼ 1þ Ksv½Q� ¼ 1þ Kqs0½Q� (5)

where F0 and F represented uorescence intensities of a-
glucosidase before and aer addition of avonols, respectively.
[Q] was the concentration of avonols. s0 meant uorophore
lifetime without avonol and was about 10�8 s for a-
ence and presence of myricetin (A), quercetin (B), kaempferol (C) at
10�6 mol L�1. c(flavonols) ¼ (0, 2, 4, 6, 7.99, 9.99, 11.99, 13.98, 15.97,

vs. [Q] were in the inset.
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Table 2 Quenching constants Ksv, binding constants Ka and relative thermodynamic parameters of the interaction of myricetin, quercetin,
kaempferol with a-glucosidase at different temperatures of 298 K, 301 K and 310 Ka

T (K) Ksv (�104 L mol�1) Rab Ka (�105 L mol�1) n Rbc DH� (kJ mol�1) DS� (J mol�1 K�1) DG� (kJ mol�1)

Myricetin
298 14.26 � 0.03 0.9963 1.38 � 0.03 0.99 � 0.01 0.9970 �16.16 � 0.57 44.22 � 1.17 �29.34 � 0.05
304 13.81 � 0.04 0.9953 1.23 � 0.03 1.04 � 0.01 0.9949 �29.60 � 0.04
310 13.05 � 0.03 0.9967 1.07 � 0.01 1.06 � 0.01 0.9983 �29.87 � 0.04

Quercetin
298 11.42 � 0.06 0.9978 1.25 � 0.01 0.97 � 0.01 0.9988 �12.23 � 0.98 56.51 � 3.27 �29.07 � 0.03
304 11.20 � 0.06 0.9990 1.13 � 0.03 0.99 � 0.01 0.9991 �29.40 � 0.03
310 10.76 � 0.09 0.9986 1.03 � 0.03 1.01 � 0.01 0.9977 �29.74 � 0.04

Kaempferol
298 9.91 � 0.08 0.9995 1.23 � 0.01 0.87 � 0.01 0.9995 �9.71 � 0.99 64.84 � 3.25 �29.03 � 0.03
304 8.81 � 0.05 0.9993 1.12 � 0.03 0.93 � 0.01 0.9998 �29.42 � 0.01
310 8.04 � 0.02 0.9998 1.05 � 0.01 0.98 � 0.01 0.9997 �29.80 � 0.02

a Values are presentedmeans� standard deviation (SD). b Ra is the correlation coefficient for the Ksv values.
c Rb is the correlation coefficient for the

Ka values.
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glucosidase. Ksv and Kq displayed Stern–Volmer quenching
constant and biomolecule quenching rate constant,
respectively.

According to eqn (5), plots of F0/F vs. [Q] were plotted to
calculate values of Ksv and Kq at different temperatures of 298,
304 and 310 K. All lines were linearly tted and the slope equal
to the Ksv value (inset of Fig. 6). As shown in Table 2, the Ksv

values for myricetin were (14.26 � 0.03) � 104, (13.81 � 0.04) �
104, and (13.05 � 0.03) � 104 L mol�1 at 298, 304 and 310 K,
respectively. Such values gradually decreased along with
increasing temperatures. Moreover, Ksv values for myricetin at
298 K was much larger than that of quercetin [(11.42 � 0.06) �
104 L mol�1] and kaempferol [(9.91 � 0.08) � 104 L mol�1],
indicatingmyricetin (30,40,50-OH) showed the strongest ability to
quench intrinsic uorescence of a-glucosidase, followed by
quercetin (30,40-OH) and kaempferol (40-OH). In addition, as Kq

¼ Ksv/s0 (s0¼ 10�8 s), corresponding Kq values were about 10
12 L

mol�1 s�1, which were much greater than the maximum
quenching constant of diffusion collision (2 � 1010 L mol�1

s�1). These results demonstrated that static quenching is the
main quenching process of avonols on the intrinsic uores-
cence of a-glucosidase.
Fig. 7 van't Hoff’ plots of myricetin (A), quercetin (B), kaempferol (C) an

29356 | RSC Adv., 2020, 10, 29347–29361
As for static quenching process, it was assumed that avo-
nols had an independent binding site n on a-glucosidase and
related binding parameters could be calculated by the equation
below:60

log

�
F0 � F

F

�
¼ log Ka þ n log½Q� (6)

where F0, F and [Q] denoted the same as eqn (5). Ka represented
binding constant of avonol and a-glucosidase. n was the
number of binding sites per protein molecule.

By plotting log[(F0 � F)/F] vs. log[Q], binding constant (Ka)
and the number of binding sites (n) at 298, 304 and 310 K were
calculated from intercept (log Ka) and slope (n) of correspond-
ing linearly tted plots, respectively. Such data were all listed in
Table 2. Since correlation coefficients (Rb) were all above 0.99,
assumption underlying the derivation of eqn (6) was
reasonable.61

Since values of n were all approximately equal to 1 (Table 2),
there was just one binding site on a-glucosidase in the presence
of each avonol. It was consistent with the results obtained
from Lineweaver–Burk plot analysis. Ka values of each avonol
at different temperatures were in the order of 105 Lmol�1 (Table
d a-glucosidase.

This journal is © The Royal Society of Chemistry 2020
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2), indicating a high affinity existing between the three avonols
and a-glucosidase. Thus, Ka values tended to decrease with
increase of temperature, which was accord with the variations
of Ksv values, suggesting that stability of myricetin-a-glucosi-
dase complex would decrease at higher temperature, as well as
quercetin-a-glucosidase and kaempferol-a-glucosidase
complexes. At the temperature of 298 K, Ka value of myricetin-a-
glucosidase system was much larger than that of quercetin/
kaempferol-a-glucosidase system [(1.25 � 0.01) � 105 L mol�1,
(1.23 � 0.01) � 105 L mol�1, respectively]. It indicated that
myricetin (30,40,50-OH) showed stronger affinity on a-glucosi-
dase, which was in consistent with the results that myricetin
showed the strongest a-glucosidase inhibitory effects and next
is quercetin (30,40-OH) and kaempferol (40-OH).
3.7. Thermodynamic analysis

Interaction forces between avonols and a-glucosidase were
evaluated by the van't Hoff equation:
Fig. 8 (A) Plots of v vs. [a-glucosidase]. c(pNPG)¼ 3.13� 10�4 mol L�1. M
curves a/e, respectively. (B) Binding kinetic analysis for the interactio
c(myricetin)¼ (0.16, 0.31, 0.63, 1.25, 2.50, 5.00) � 10�4 mol L�1 for curve
compound from the sensor surface. (C) Circular Dichroism (CD) spectra
c(a-glucosidase) ¼ 2.01 � 10�6 mol L�1, the molar ratios of myricetin to

This journal is © The Royal Society of Chemistry 2020
ln Ka ¼ � 1

T

�
DH�

R

�
þ DS�

R
(7)

where Ka (L mol�1) was the binding constant at the temperature of
T (K). R (8.314 J mol�1 K�1) was the gas constant. DH� and DS�

represented enthalpy change (kJ mol�1) and entropy change (J
mol�1 K�1), respectively. Values of DH� and DS� were determined
by the slope and intercept of the linear tted line of ln Ka vs. 1/T
(Fig. 7) and summarized in Table 2. Free energy change DG� (kJ
mol�1) was further calculated by the following equation:62

DG� ¼ DH� � TDS� ¼ �RT ln Ka (8)

Negative values of DG� meant that binding process of avo-
nols and a-glucosidase was spontaneous. As shown in Table 2,
DH� were calculated as negative values. It indicated that inter-
action between each avonol and a-glucosidase was an
exothermic process and decrease of temperature would be
yricetin concentrations were 0, 0.78, 1.56, 3.13, 6.25� 10�5 mol L�1 for
n of myricetin with a-glucosidase by bio-layer interferometry (BLI).
s a/f. The red vertical line at 60 s marks the start of dissociation of the
of a-glucosidase in the presence of increasing amounts of myricetin.
a-glucosidase were 0 : 1 (a), 40 : 1 (b), 80 : 1 (c), respectively.
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benecial for the binding. According to the theory of Ross and
Subramanian,63 DH� < 0, DS� > 0 implied that hydrophobic
forces and hydrogen bonding might be the predominant
interaction forces between avonols and a-glucosidase, which
validated the results from molecular docking.
3.8. Further investigation on the strongest a-glucosidase
inhibitor myricetin

As the results shown above, myricetin had the strongest a-
glucosidase inhibitory activity in our assay. It worked as
a mixed-type inhibitor, and showed high affinity to a-glucosi-
dase. Their binding induced conformational changes of enzyme
by forming myricetin-a-glucosidase complex and thus resulted
in the inhibition activity on enzyme. As the most potent a-
glucosidase inhibitor, myricetin was selected as a representative
avonol to further investigate the above results by reversibility,
CD spectra and BLI analysis.

3.8.1. Reversibility. According to plots of v vs. [a-glucosi-
dase] at various concentrations (Fig. 8A), all lines passed
through the origin and showed high linearity, and slopes of
lines reduced with the increase of myricetin concentrations. It
indicated that myricetin just reduced catalytic rate rather than
inactive the enzyme completely. For irreversible inhibitor, it
may inactive the enzyme by covalent binding to form a stable
complex.64 Therefore, such result conrmed that myricetin was
a reversible inhibitor. It helped to understand that myricetin
showed a-glucosidase inhibitory effect in a mixed-type manner,
which belongs to reversible inhibition.

3.8.2. BLI analysis. Kinetic analysis of myricetin binding to
a-glucosidase was carried out by BLI technology. As shown in
Fig. 8B, the association responses improved with increase of
myricetin concentrations. Affinity constant of KD was 6.19 �
10�4 mol L�1 and association rate constant of Kon was 2.59 �
103 mol�1 L�1 S�1. Such results conrmed that myricetin binds
to a-glucosidase in a high affinity manner.

3.8.3. CD spectra analysis. CD spectra was used to study the
secondary structure changes of a-glucosidase induced by myr-
icetin. As shown in Fig. 8C, far-UV (190–250 nm) CD spectra of
a-glucosidase were characterized by two negative bands at
210 nm and 222 nm. These negative peaks were reported as
characteristics of a-helical structure and generated from elec-
tron transfer of n/p* and p/p* for peptide bonds of a-
helix.65 Aer addition of 80 mmol L�1 or 160 mmol L�1 of myr-
icetin to a-glucosidase, CD intensities at both bands were
regularly decreased (Fig. 8C), suggesting conformational
changes of a-glucosidase due to its interaction with myricetin.

For free a-glucosidase, percentages of a-helix, b-sheet, b-turn
and random coil was 21.3%, 42.6%, 8.8% and 27.2%, respec-
tively. With the increase molar ratios of myricetin to a-glucosi-
dase (from 40 : 1 to 80 : 1), contents of a-helix and b-turn
tended to decrease from 17.6% to 15.5% and from 8.7% to
6.4%, respectively. While proportions of b-sheet increased from
45.7% to 49.9%, random coil percentages were slightly
enhanced from 28.0% to 28.2% (Fig. 8C). Such secondary
structure changes demonstrated that binding of myricetin to a-
glucosidase might induce an unfolding of protein structure,
29358 | RSC Adv., 2020, 10, 29347–29361
and thus result in enzyme activity inhibition. It helped explain
the results deduced from molecular docking, kinetic analysis
and uorescence spectrum that myricetin induced conforma-
tional changes of a-glucosidase by inhibitor–enzyme complex
formation. Whereby myricetin prevented substrate from
binding to enzyme and inhibited a-glucosidase activity.
4. Conclusions

The present study demonstrated potent inhibitory effects and
substrate–enzyme interaction mechanism of myricetin, quer-
cetin and kaempferol from Chinese bayberry fruit on a-gluco-
sidase. Three avonols tested all exhibited strong inhibitory
effects on a-glucosidase, and such activities were enhanced with
increase of hydroxyl groups attached to ring B. Molecular
docking combined with molecular dynamics simulation illus-
trated that adjacent hydroxyl groups at B-ring of avonols could
positively contribute to form hydrogen bonds that are more
powerful. It helped to increase the stability of avonol–enzyme
complexes, and different B-ring hydroxylations might be the
main reason for their activity difference on a-glucosidase. Such
in silico results were further validated by kinetic analysis, uo-
rescence spectroscopy, CD spectra and BLI analysis. These
ndings indicated that avonols in Chinese bayberry fruit were
excellent a-glucosidase inhibitors and fruit rich in avonols
might be promising nutritional supplements for prevention and
treatment of T2D.
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