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Chemical synthesis, inhibitory activity and
molecular mechanism of 1-deoxynojirimycin—
chrysin as a potent a-glucosidase inhibitory
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Hyperglycemia can be efficaciously regulated by inhibiting a-glucosidase activity and this is regarded as an
effective strategy to treat type 2 diabetes. 1-Deoxynojimycin, an a-glucosidase inhibitor, can penetrate cells
rapidly to potently inhibit a-glucosidase in a competitive manner. However, the application of 1-
deoxynojimycin is limited by its poor lipophilicity and low bioavailability. Herein, three 1-deoxynojimycin
derivatives 4—6 were designed and synthesized by linking 1-deoxynojimycin and chrysin to ameliorate
the limitations of 1-deoxynojimycin. Among them, compound 6, a conjugate of 1-deoxynojimycin and
chrysin linked by an undecane chain, could better bind to the a-glucosidase catalytic site, thereby
exhibiting excellent a-glucosidase inhibitory activity (ICso = 0.51 + 0.02 uM). Kinetics analyses revealed
that compound 6 inhibited the activity of a-glucosidase in a reversible and mixed competitive manner.
Fluorescence quenching and UV-Vis spectra showed that compound 6 changed the conformation of
the a-glucosidase via complex formation, which triggered a static fluorescence quenching of the

rsc.li/rsc-advances enzyme protein.

1. Introduction

Diabetes mellitus, one of the most common life-threatening
illnesses worldwide, is a metabolic disorder that is character-
ized by persistent hyperglycemia.® Owing to unhealthy lifestyles,
the number of people suffering from type 2 diabetes mellitus
(T2DM) has increased dramatically globally. In recent years,
various new and effective hypoglycemic drugs, such as a-
glucosidase inhibitors, were developed for the treatment of this
chronic disease. As known, a-glucosidase inhibitors can delay
the release of p-glucose from dietary complex carbohydrates and
retard glucose absorption in the small intestine by inhibiting o-
glucosidase activity, resulting in reduced postprandial plasma
glucose levels and suppression of postprandial hypergly-
cemia.>® Currently, the commercial a-glucosidase inhibitors,
such as voglibose* and acarbose,® play a significant role in
treating diabetes mellitus in clinics. However, these drugs are
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limited by some adverse effects, including flatulence, diarrhea,
vomiting, and abdominal pain.® Therefore, there is an urgent
need to develop novel potent a-glucosidase inhibitors with high
efficiency and safety for T2DM patients. Natural products
provide more effective choices for developing safe and efficient
a-glucosidase inhibitors for T2DM.”

1-Deoxynojirimycin, a characteristic natural compound of
mulberry leave, has various biological properties, including
antidiabetic, anti-lipidemic, antimicrobial, and anticancer.®® 1-
Deoxynojirimycin exerts its antidiabetic effects by inhibiting the
activity of a-glucosidase, decreasing serum insulin and glucose
and improving carbohydrate metabolism.'>'* However, there
are some drawbacks such as low bioavailability and poor lip-
ophilicity, making 1-deoxynojirimycin impossible to maintain
an efficient and lasting hypoglycemic effect.'> Therefore, various
derivatives of 1-deoxynojirimycin were synthesized to amelio-
rate lipophilicity and to improve bioavailability. For example, 1-
deoxynojirimycin-kaempferol exhibited excellent lipophilicity
and better a-glucosidase inhibitory activity than 1-deoxynojir-
imycin."”® Hybrid of 1-deoxynojirimycin and quinazoline was
regarded as a high active dual inhibitor of epidermal growth
factor receptor (EGFR) and a-glucosidase.**

Chrysin, a natural occurring flavonoid, is present in various
plants and is also abundant in honey and propolis.*® It has been
reported that chrysin exerts a wide range of physiological
effects, such as antidiabetic, anticancer, antioxidant, anti-
inflammatory, and antihypertensive properties.'>'” Due to its
excellent antioxidant effect and anti-dyslipidemia activities,
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chrysin has been regarded as an antidiabetic agent with cardiac
and hepatic protective effects.'® This antidiabetic action might
be associated with the suppression of 11 B-hydroxysteroid
dehydrogenase type I, lowering cortisol production and
enhancing insulin sensitivity." Additionally, chrysin and its
derivatives exhibit a-glucosidase inhibition activity and have
a high potential for the treatment of T2DM.?*** Nevertheless,
chrysin is seriously restricted in application owing to its poor
absorption in intestinal and the rapid metabolism of glycosyl-
ation.?” A common way for designing novel chrysin derivatives is
that small molecules are attached to the C-7-OH of chrysin via
alkane chain, offering an effective and practical strategy for
overcoming the above problem.>**

Therefore, three 1-deoxynojirimycin derivatives 4-6 were
designed and synthesized, in which the C-7-OH of chrysin was
linked to the amino group of 1-deoxynojirimycin by an alkyl
chain linker, aiming at improving the lipophilicity of 1-deoxy-
nojirimycin. Furthermore, because chrysin has an effect on
inhibiting the activity of a-glucosidase, we investigated whether
the introduction of chrysin would improve the inhibitory
activity of 1-deoxynojirimycin against a-glucosidase. Finally, the
molecular mechanism of 1-deoxynojirimycin-chrysin inhibi-
tion of a-glucosidase activity was studied.

2. Experimental section
2.1 Materials and methods

1-Deoxynojirimycin, 1,5-dibromopentane, 1,8-dibromooctane
and 1,11-dibromoundecane were acquired from Energy-
Chemical Co., Ltd (Shanghai, China). Chrysin was obtained
from Tianjin Heowns Biochem LLC. 4-Nitrophenyl-a-p-gluco-
pyranoside (pNPG), and a-glucosidase (Saccharomyces cer-
evisiae, EC 3.2.1.20) were purchased from Solarbio. All other
reagents were analytically pure unless otherwise specified. The
"H-NMR and *C-NMR of all intermediates and products were
recorded in Bruker spectrometer. The spectrum data were
anatomized by the MestReNova software. The Bruker SolanX 70
FT-MS instrument was used to determine the HR-MS of
compounds 4-6. The UV and fluorescence data were recorded
by Infinite F50 (TECAN UV-Vis spectrophotometer) and F-7000
FL fluorescence spectrophotometer (Hitachi Scientific Co.,
Japan), respectively.

2.2 General procedure for synthesis of 1-3

To the solution of chrysin (2.36 mmol) in acetone, K,CO; (4.72
mmol) and 1,5-dibromopentane or 1,8-dibromooctane or 1,11-
dibromoundecane (11.80 mmol) were then added. The mixture
was stirred at 60 °C overnight and monitored by thin layer
chromatography (TLC). After the completion of the reaction, the
crude compound was obtained by vacuum concentration. Then
the desired compounds 1-3 as a pale-yellow solid were obtain by
silica gel column chromatography.
7-((5-Bromooctyl)oxy)-5-hydroxy-2-phenyl-4H-chromen-4-one
(1). Yield: 89%. 'H NMR (400 MHz, DMSO-d,): 6 12.81 (s, 1H),
8.11 (d, ] = 6.80 Hz, 2H), 7.65-7.57 (m, 3H), 7.06 (s, 1H), 6.82 (d,
J = 2.00 Hz, 1H), 6.38 (d, J = 2.00 Hz, 1H), 4.11 (t, ] = 6.40 Hz,
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2H), 3.58 (t,J = 6.40 Hz, 2H), 1.92-1.85 (m, 2H), 1.81-1.74 (m,
2H), 1.58-1.51 (m, 2H). >C NMR (101 MHz, DMSO-d,): 6 182.05,
164.68, 163.38, 161.11, 157.34, 132.14, 130.56, 129.12, 126.42,
105.29, 104.83, 98.45, 93.18, 68.29, 35.06, 31.82, 27.46, 24.12.

7-((8-Bromooctyl)oxy)-5-hydroxy-2-phenyl-4H-chromen-4-one
(2). Yield: 87%. "H NMR (400 MHz, DMSO-d): 6 12.81 (s, 1H),
8.11 (d,J = 6.80 Hz, 2H), 7.66-7.58 (m, 3H), 7.06 (s, 1H), 6.83 (d,
J = 2.00 Hz, 1H), 6.39 (d, J = 2.00 Hz, 1H), 4.11 (t, ] = 6.80 Hz,
2H), 3.53 (t, ] = 6.80 Hz, 2H), 1.84-1.71 (m, 4H), 1.41-1.23 (m,
8H). >C NMR (101 MHz, DMSO-d,): 6 182.06, 164.77, 163.41,
161.12, 157.37, 132.15, 130.58, 129.13, 126.44, 105.31, 104.83,
98.48, 93.18, 68.46, 35.22, 32.18, 28.48, 28.28, 28.00, 27.43,
25.24.

7-((11-Bromoundecyl)oxy)-5-hydroxy-2-phenyl-4H-chromen-
4-one (3). Yield: 89%. "H NMR (600 MHz, CDCl,): 6 12.72 (s, 1H),
7.90 (d,J = 7.20 Hz, 2H), 7.58-7.53 (m, 3H), 6.68 (s, 1H), 6.51 (d,
J = 1.80 Hz, 1H), 6.38 (d, J = 1.80 Hz, 1H), 4.05 (t, ] = 6.60 Hz,
2H), 3.43 (t, J = 7.20 Hz, 2H), 1.90-1.81 (m, 4H), 1.51-1.43 (m,
4H), 1.39-1.32 (m, 10H). *C NMR (150 MHz, CDCIl;): 6 182.46,
165.22, 163.91, 162.15, 157.81, 131.80, 131.40, 129.09, 126.28,
105.87, 105.59, 98.62, 93.11, 68.70, 34.06, 32.83, 29.49, 29.44,
29.41, 29.29, 28.95, 28.76, 28.17, 25.93.

2.3 General procedure for synthesis of 4-6

To a solution of 1 or 2 or 3 (0.74 mmol) in anhydrous dimethyl
formamide (DMF) were added K,CO; (1.49 mmol) and 1-deox-
ynojirimycin (0.68 mmol). The reaction was stirred at 80 °C
overnight. Then, the solvent was removed by vacuum filtration
and the crude compounds were purified by silica gel column
chromatography to obtain the desired compounds 4-6 as a pale-
yellow solid.
5-Hydroxy-2-phenyl-7-((5-((2R,3R,4R,55)-3,4,5-trihydroxy-2-
(hydroxymeth-yl)-piperidin-1-yl)pentyl)oxy)-4 H-chromen-4-one
(4). Yield: 37%. Purity: 97%. ‘H NMR (400 MHz, DMSO-d):
6 8.11 (d,J = 6.80 Hz, 1H), 7.73-7.67 (m, 2H), 7.64-7.58 (m, 2H),
7.06 (s, 1H), 6.83 (d, J = 2.00 Hz, 1H), 6.40 (d, J = 2.40 Hz, 1H),
4.15-4.13 (m, 2H), 4.12 (s, 1H), 4.02 (d, J = 6.40 Hz, 1H), 3.78 (s,
2H), 3.51-3.44 (m, 1H), 3.27 (t, / = 8.80 Hz, 1H), 3.11-3.04 (m,
2H), 1.78 (t,J = 7.60 Hz, 2H), 1.62 (t, ] = 6.00 Hz, 2H), 1.35 (t, ] =
7.60 Hz, 2H), 1.23 (s, 6H). *C NMR (101 MHz, DMSO-d,):
6 182.04, 166.95, 164.71, 161.13, 157.36, 132.15, 131.66, 131.57,
130.56, 129.13, 128.63, 126.42, 105.32, 104.84, 98.47, 93.16,
77.02, 72.69, 71.11, 68.31, 67.35, 28.32, 23.19, 22.37, 13.87,
10.76. HRMS (ESI): m/z calculated for C,H3;;NOg [M + H]":
486.2128, found 486.2129.
5-Hydroxy-2-phenyl-7-((8-((2R,3R,4R,55)-3,4,5-trihydroxy-2-
(hydroxymeth-yl)-piperidin-1-yljoctyl) oxy)-4H-chromen-4-one
(5). Yield: 36%. Purity: 97%. 'H NMR (600 MHz, DMSO-dj):
612.79 (s, 1H), 8.09 (d, J = 7.20 Hz, 2H), 7.63-7.57 (m, 3H), 7.02
(s, 1H), 6.80 (s, 1H), 6.37 (s, 1H), 4.71 (s, 2H), 4.34 (t, ] = 8.40 Hz,
1H), 4.22 (t, ] = 6.60 Hz, 1H), 4.11-4.07 (m, 2H), 3.72 (d, ] =
11.40 Hz, 1H), 3.59-3.62 (m, 1H), 3.48-3.45 (m, 1H), 3.11-3.04
(m, 3H), 2.93 (t, ] = 9.00 Hz, 1H), 2.83-2.81 (m, 1H), 2.66 (t, ] =
12.00 Hz, 1H), 1.96 (s, 2H), 1.73 (t,/ = 7.20 Hz, 1H), 1.64 (t, ] =
7.20 Hz, 1H), 1.40-1.35 (m, 6H), 1.31 (s, 2H), 1.22 (s, 2H). °C
NMR (150 MHz, DMSO-dg): 6 182.51, 165.26, 163.90, 161.63,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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157.85, 132.60, 131.08, 129.61, 126.91, 105.79, 105.32, 98.96,
93.62, 77.55, 73.21, 69.21, 68.98, 65.48, 57.49, 52.41, 45.19,
30.47, 28.75, 22.86, 19.11, 14.35, 14.01. HRMS (ESI): m/z calcu-
lated for C,oH3,NOg [M + H]': 528.2597, found 528.2593.

5-Hydroxy-2-phenyl-7-((11-((2R,3R,4R,585)-3,4,5-trihydroxy-2-
(hydroxymethyl)-piperidin-1-yl)jundecyl)oxy)-4H-chromen-4-one
(6). Yield: 39%. Purity: 99%. "H NMR (600 MHz, DMSO-dq):
612.79 (s, 1H), 8.09 (d, J = 7.20 Hz, 2H), 7.64-7.57 (m, 3H), 7.03
(s, 1H), 6.79 (d,J = 2.40 Hz, 1H), 6.36 (d,J = 1.80 Hz, 1H), 4.70-
4.65 (m, 3H), 4.13 (s, 1H), 4.08 (d, J = 6.60 Hz, 2H), 3.71 (d, ] =
10.80 Hz, 1H), 3.54 (d, / = 11.40 Hz, 1H), 3.20 (t,/ = 9.00 Hz,
2H), 3.05-3.03 (m, 1H), 2.92 (t, ] = 8.40 Hz, 1H), 2.81-2.78 (m,
1H), 2.75-2.69 (m, 1H), 2.38-2.34 (m, 1H), 1.96-1.91 (m, 2H),
1.75-1.70 (m, 2H), 1.41-1.22 (m, 16H). *C NMR (150 MHz,
DMSO-dg): 6 182.51, 165.26, 163.89, 161.63, 157.86, 132.61,
131.07, 129.61, 126.90, 105.78, 105.31, 98.95, 93.63, 79.65,
71.21, 69.86, 68.97, 67.13, 59.50, 57.34, 52.55, 29.56, 29.50,
29.18, 28.84, 27.49, 25.84, 24.88. HRMS (ESI): m/z calculated for
C3,H,3NOg [M + H]™: 570.3067, found 570.3069.

2.4 Calculation and measurement of log P

The log P values of 1-deoxynojirimycin and its derivatives 4-6
were predicted and tested by Molinspiration software (http://
www.molinspiration.com/) and traditional octanol-water
shake-flask method, respectively. Firstly, 1-deoxynojirimycin
and its derivatives were dissolved in n-octanol and phosphate-
buffered saline (PBS) and the absorbance were measured by
UV spectrophotometer to establish a standard curve. Secondly,
n-octanol/water mutual saturation was prepared with a mild
mechanical stirring overnight, then separated. The compounds
were dissolved in PBS-saturated n-octanol, and its solution was
prepared to an equivalent volume of n-octanol-saturated PBS.
The two-phase mixtures were shaken for 3 h. After centrifuga-
tion and separation, the concentration of compounds in each
phase was determined by UV spectrometer. The concentrations
of the compounds in PBS (Cyw) and n-octanol (Cp) were obtained
from the standard curves. The log P values were calculated
according to the following formula: log P = log Co/Cy. All
experiments were repeated independently three times.

2.5 Assay of a-glucosidase inhibitory activity

The inhibitory effects of inhibitors (1-deoxynojirimycin, and its
derivatives 4-6) on a-glucosidase were determined according to
the previous method*” using a TECAN UV-Vis spectrophotom-
eter. Briefly, inhibitors at various concentrations (50 pL) were
preincubated with a-glucosidase (0.02 mg mL ™", 100 pL) in pH
6.8,0.1 mol L™ PBS at 37 °C for 5 min, then pNPG (1 mM, 40 pL)
was added. The mixture was incubated at 37 °C for 30 min, and
terminated by addition Na,COj; (100 mM, 60 pL) to final volume
with 250 pL. Absorption at 405 nm was measured to evaluate the
inhibitory activity of the compounds to a-glucosidase. All
experiments were repeated independently three times and the
ICs, value of each compound was obtained by SPSS 16.0.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.6 Inhibitory kinetic analysis

The inhibitory mechanism of compound 6 against a-glucosi-
dase was implemented by changing the concentrations of a-
glucosidase using the same method as described above. The
inhibition type was then assayed by the Lineweaver-Burk plot,
and the inhibition constant was determined from the secondary
plot. To describe mixed inhibition mechanism, secondary plot
can be plotted according to the following equation:**

Slope = K/ Vinax + K1/ K; Vinax (1)
Y-Intercept = 1/Vilh = 1/Vinax + [V Kis Vinax (2)

where [I] and K, indicated the concentrations of inhibitor and
Michaelis-Menten constant, respectively. K; and K;; were the
dissociation constants of the inhibitor binding to the free
enzyme and enzyme-substrate complex, respectively.

2.7 Fluorescence spectra measurements

The fluorescence intensity of the interaction between
compound 6 and o-glucosidase were measure by F-7000 FL
fluorescence spectrophotometer (Hitachi scientific Co, Japan)
with an excitation wavelength at 280 nm, and fluorescence
emission spectrum was recorded at the wavelength from 300 to
500 nm. Briefly, compound 6 at different concentrations (0-8.0
x 107° mol L%, 10 uL) were added to a-glucosidase solution (1
UmL ', 2 mL), respectively. The mixture was incubated at 298 K
for 30 s before the test. And fluorescence quenching was
described by the following Stern-Volmer equation:*

Fo/lF =1+ K79[Q] = 1 + Kgv[Q] (3)

In the eqn (3), F, and F represent the fluorescence intensities in
the absence and presence of the quencher, respectively. K, and
Kgv are the quenching rate constants of the bimolecular and the
Stern-Volmer dynamic quenching constant, respectively. 1, is
the average life-time of the biomolecule without the quencher
(to = 6.2 ns)* and [Q] is the concentration of the quencher. In
addition, to further illuminate the internal driving force of
tannic acid against o-glucosidase, thermodynamic parameters
were calculated under different temperatures (273, 298, and 310
K) using the same method as described above.

2.8 UV-Vis absorption spectra

The absorption spectra of a-glucosidase (1.0 x 10~> mol L")
mixed with compound 6 (0-9.0 x 10~° mol L") were recorded
by Infinite F50 TECAN UV-visible spectrophotometer at wave-
lengths of 200-600 nm.

2.9 Molecular docking

Docking calculations were achieved using MOE on a a-gluco-
sidase model (http://www.rcsb.org/pdb/home/home.do). On
account of 85% similarity and 73% sequence identity between
a-glucosidase and isomaltase, the protein structure of a-gluco-
sidase (from Saccharomyces cerevisiae) was employed on the
basis of the X-ray crystal structure of the isomaltase from

RSC Adv, 2021, 11, 38703-38711 | 38705
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Saccharomyces cerevisiae (PDB ID: 3aj7).** When preparing the
structure of a-glucosidase, it is necessary to remove the water
molecules and the original ligand, and add polar hydrogen
atoms. The 3D structure of tannic acid was prepared by using
ChemBioDraw Ultra 14.0. The 3D interaction plots of a-gluco-
sidase and compounds are generated by Surflex-Dock in
SYBYL2.1.1.

3. Results and discussion

3.1 Synthesis and structural characterization of compounds
1-6

Three 1-deoxynojirimycin derivatives 4-6 (Fig. 1) were synthe-
sized in accordance with the reported procedures,**> and the
synthetic routes were summarized in Scheme 1. Briefly, chrysin
analogues (compounds 1-3) were obtained by stirring the
mixture of chrysin and 1,5-dibromopentane or 1,8-dibro-
mooctane or 1,11-dibromoundecane at 60 °C in the presence of
K,CO;. Then, the finally compounds 4-6 were synthesized by
treating 1-3 with 1-deoxynojirimycin in dry DMF for 12 h and
purified by column chromatography. Their structures were
characterized by nuclear magnetic resonance (NMR) and high-
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resolution mass spectrometry (HR-MS). The purity over 95%
was analysed by high-performance liquid chromatography
(HPLC) (all data are presented in Fig. S1-S187).

3.2 Lipophilicity of compound 6 contributed to inhibiting o-
glucosidase activity

Lipid-water partition coefficient (log P), a physicochemical
parameter of quantitative structure-activity relationship, has an
impact on the pharmacokinetics characteristic of compounds.**
Therefore, the theoretical log P values of 1-deoxynojirimycin
and 4-6 were obtained by Molinspiration (Milog P), and the
actual log P values (clog P) were measured by the traditional
shake flask method. log P values between 0.5 and 3.0 have
contributed to the absorption and distribution for a drug
candidate.*® As shown in Table 1, compound 6 exhibited the
best lipophilicity with an experimental log P of 2.61 + 0.06
among compounds 4-6, which might be related to the presence
of chrysin and undecane chain.

Besides, it has been reported that 1-deoxynojirimycin and
chrysin exhibit an a-glucosidase inhibition activity.**** There-
fore, the inhibition activity of compound 4-6 against o-

. 1(n=2)

h
chrysin 2(n=5)
3(n=8)

4(n=2)
5(n=5)
6 (n=8)

Condition and reagents: (a) 1,5-dibromopentane or 1,8-dibromooctane or 1,11-dibromoundecane, K,COs, 60°C,

overnight; (b) 1-deoxynojirimycin, K,CO3, DMF, 80°C, overnight

Scheme 1 Synthetic route for compounds 1-6.
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Table 1 Calculated and experimental log P values, and the a-gluco-
sidase inhibitory ICsq of 1-deoxynojirimycin compounds

a-Glucosidase

Compound Milog P clog P inhibitory ICs, (uM)
1-Deoxynojirimycin =~ —2.40 —0.72 £ 0.03  8.15 + 0.12

4 2.06 0.28 £0.05 >100

5 3.57 1.35 +£0.07 5.56 £ 0.24

6 5.09 2.61 £0.06 0.51 £ 0.02

glucosidase was assessed by using 1-deoxynojirimycin as
a control. As shown in Table 1, all tasted compounds had
a potent inhibitory effect on a-glucosidase, among which two 1-
deoxynojirimycin derivative 5 and 6 had superior inhibition
effects compared to 1-deoxynojirimycin. Especially, the o-
glucosidase inhibitory activity of 6 with ICs, values of 0.51 +
0.02 pM was up to 16-fold higher than that of 1-deoxynojir-
imycin with ICs, of 8.15 + 0.12 pM, revealing that the intro-
duction of chrysin could improve the inhibitory activity of 1-
deoxynojirimycin against a-glucosidase. The result suggested
that the lipophilicity of compound 6 contributed to enhancing
its absorption and subsequent binding to the catalytic site of a-
glucosidase, thereby exerting excellent a-glucosidase inhibitory
activity.
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3.3 Docking simulation between compound 4-6 and a-
glucosidase

The affinity between 1-deoxynojirimycin derivatives 4-6 and o-
glucosidase might offer more explanation for the above results
of the a-glucosidase inhibitory activity. As we all known, 1-
deoxynojirimycin needs to bind with the catalytic site of a-
glucosidase, thereby exerting a-glucosidase inhibitory activity
and lowering the blood glucose level.”> Therefore, molecular
docking was performed via Molecular Operating Environment
(MOE) and SYBYL2.1.1 software to evaluate the binding ability
of compounds 4-6 with a-glucosidase, respectively. Based on
the crystal structure of a-glucosidase (PDB ID: 3aj7), we con-
structed the three-dimensional (3D) model of a-glucosidase by
the SWISS-MODEL. 1-Deoxynojirimycin interacted with amino
acid residues on a-glucosidase in the main way of hydrogen
bonds. As shown in Fig. 2, docking results demonstrated that 1-
deoxynojirimycin and its derivatives 4-6 could bind well to a-
glucosidase. The docked conformations of 1-deoxynojirimycin
its derivatives were shown by 2D interaction graph (Fig. 3).
Compound 4 can form three hydrogen bonds, one m-H with
some amino acid residues such as Asn241, Glu304 and Arg439,
and compound 5 form three hydrogen bonds with Asn241,
Glu304 and GIn360, but compound 6 form one hydrophobic
bond with Ser308. In addition, compound 5 also interacts with
Phe311 and Arg439, and compound 6 interacts with Phe311,

Fig.2 3D interactions of 1-deoxynojirimycin, and 4—-6 with a-glucosidase. (a) 3D image of 1-deoxynojirimycin, (b) 3D image of compound 4, (c)

3D image of compound 5, and (d) 3D image of compound 6.
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Fig.3 2D images of the docked conformations of 1-deoxynojirimycin, 4—6 with a-glucosidase. (a) 2D image of 1-deoxynojirimycin, (b) 2D image
of compound 4, (c) 2D image of compound 5, and (d) 2D image of compound 6.

His348, Arg439 and Glu304. 1-Deoxynojirimycin binds with a-
glucosidase with these residues, suggesting that these residues
play significant roles in the interaction between 4-6 and o-
glucosidase. Furthermore, the docking score of compounds 4-6
is 6.9072, 8.4506 and 9.3964, further suggesting that compound
6 could be better to bind to the a-glucosidase catalytic site and
exert the best a-glucosidase inhibitory activity. Therefore,
compound 6 was selected as a representative to further inves-
tigate its inhibitory mechanism on a-glucosidase.

3.4 Compound 6 exerted a reversible and mixed-type
inhibitory effect on a-glucosidase

It has been reported that 1-deoxynojirimycin could reversibly
inhibit the activity of a-glucosidase.*® In order to explore the
inhibitory mode of compound 6 on a-glucosidase, enzyme
reaction kinetics method was performed. As shown in Fig. 4a,
three straight lines (with 0.0, 0.5, and 1.0 uM of compound 6)
passed through the origin. Therefore, the inhibition mecha-
nism of the compound 6 on a-glucosidase was reversible.*®
Moreover, with increasing concentration of compound 6, the
slope of the curves decreases, indicating that the presence of
compound 6 did not reduce the content of a-glucosidase, but
only led to a decrease in the activity of enzyme. The inhibition
type was then assayed by the Lineweaver-Burk plot, and the

38708 | RSC Adv, 2021, 11, 38703-38711

inhibition constant was determined from the secondary plot. As
shown in Fig. 4b, a series of lines with different slopes and
intersected in the second quadrant, indicating that compound 6
was a mixed-type inhibitor. In other words, compound 6
inhibited a-glucosidase activity not only by binding to free
enzyme directly, but also by interfering with the formation of
the a-glucosidase-PNPG intermediate through producing an o-
glucosidase-PNPG-inhibitor complex in a non-competitive
manner. According to eqn (1) and (2), the inhibition constants
of compound 6 binding with the free enzyme (K;) and with the
enzyme-substrate complex (K;s) were determined to be 0.21 uM
and 0.76 pM, respectively (Fig. 4c and d). The value of K; was
lower than that of Kis, suggesting that the affinity of compound
6 with free enzyme was stronger than that of the enzyme-
substrate complex.*”

3.5 Fluorescence quenching mechanism of compound 6

To obtain further investigation of the interaction between
compound 6 and a-glucosidase, fluorescence quenching
experiments were performed. The emission spectra of a-gluco-
sidase in the presence of 6 was recorded in the wavelength
range 300-500 nm, by exciting the wavelength at 280 nm. As
shown in Fig. 5a, a-glucosidase exhibited a maximum emission
wavelength at approximately 337 nm, associated with the Trp

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Inhibitory mechanism of compound 6 on a-glucosidase. (b) Lineweaver—Burk plot for kinetic analysis of a-glucosidase inhibition by
compound 6. (c) Inhibition constant (K;) of compound 6 on a-glucosidase. (d) Inhibition (Ki) constant of compound 6 on a-glucosidase—

substrate complex.
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Fig. 5 (a) Fluorescence emission spectra of a-glucosidase in the presence of various concentrations of compound 6. The concentration of
compound 6 increases from (a) to () (0, 1, 2, 3,4, 5, 6, 7, 8 x 107> mol L™Y). (b) Simple Stern—Volmer plot of the quenching of a-glucosidase
fluorescence by compound 6 at different temperatures (273 K, 298 K, and 310 K). (c) UV-Vis absorption spectra of a.-glucosidase in the presence
of various concentrations of compound 6. The concentration of compound 6 increases from (a) to () (0,1, 2, 3,4, 5, 6,7, 8,9 x 107> mol LY.
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residues of a-glucosidase. However, with the addition of
compound 6 to a-glucosidase solution, the fluorescence inten-
sity of the enzyme reduced progressively, indicating that
compound 6 can bind to a-glucosidase effectively, which was
consistent with the results of molecular docking.

In addition, fluorescence quenching could occur by two
mechanisms: dynamic quenching and static quenching. To
shed light on the interaction mechanism, the Stern-Volmer
equation (eqn (3)) was used to analyze the fluorescence data.
From Fig. 5a, the quenching rate constant K, of 6 was 3.70 x
10" L mol ' s, which was much higher than the maximum
value possible for diffusion controlled quenching (2.0 x 10*° L
mol ™" s7').*® The result suggested that there is a specific
interaction between compound 6 and a-glucosidase, and
quenching mechanism may be not caused by dynamic
quenching but by a static one. Furthermore, with the increasing
of temperature, the values of K, decrease dramatically for o-
glucosidase, suggesting that the quenching process was not
conducive at elevated temperature and the quenching process
of a-glucosidase was an exothermic reaction (Fig. 5b).

3.6 UV-Vis absorption spectrum analysis of compound 6

UV absorption measurement is a very simple but effective
method to exploring the structural change and understanding
the complex formation. As we all known that for static
quenching, the changes in the UV-Vis absorption spectrum are
attributed to the formation of the complex.*** Therefore, the
UV-Vis absorption spectra of a-glucosidase in the presence and
absence of compound 6 at 298 K were recorded. As shown in
Fig. 5c, the absorption intensity of a-glucosidase at 278 nm
increased with the increasing concentrations of compound 6,
indicating that the fluorescence quenching of a-glucosidase is
mainly caused by complex formation between o-glucosidase
and compound 6. The results further confirmed that the static
quenching exists in the interaction of a-glucosidase and
compound 6.

4. Conclusions

In summary, three novel compounds 4-6, derived from 1-
deoxynojirimycin and chrysin, were designed and synthesized.
Among them, compound 6 was the most efficient a-glucosidase
inhibitor with ICs, value of 0.51 pM. Molecular docking analysis
manifested that compound 6 had the best binding conforma-
tion with a-glucosidase. Enzyme kinetic analysis indicated that
compound 6 inhibited the activity of a-glucosidase in a revers-
ible and mixed competition type. In addition, fluorescence
quenching and UV-Vis spectra experiment confirmed that
a complex formed from compound 6 and a-glucosidase, further
triggering a static fluorescence quenching of the enzyme
protein. Overall, this research provides a novel strategy for the
development of potential a-glucosidase inhibitors. Further
studies of its molecular mechanism in cell are currently
underway.
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