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Abstract: We report on the synthesis of an active component, 2-(4-hydroxyphenyl)ethyl
3,4,5-trihydroxybenzoate (HETB), from Rhodiola crenulata. Subsequent analysis revealed that HETB
exhibits α-glucosidase inhibitory activities on maltase and sucrase, with potency exceeding that of
the known α-glucosidase inhibitors (voglibose and acarbose). An inhibition kinetics study revealed
that HETB, acarbose, and voglibose bind to maltase and sucrase, and HETB was shown to be a strong
competitive inhibitor of maltase and sucrase. In a molecular docking study based on the crystal
structure of α-glucosidase from Saccharomyces cerevisiae, we revealed the HETB binding in the active
site of maltase via hydrogen-bond interactions with five amino acid residues: Ser 240, Asp 242,
Glu 277, Arg 315, and Asn 350. For HETB docked to the sucrase active site, seven hydrogen bonds
(with Asn 114, Glu 148, Gln 201, Asn 228, Gln 381, Ile 383, and Ser 412) were shown.
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1. Introduction

Changes in food habits and population aging have led to an expansion in the occurrence of
diabetes [1]. Defects in the regulation of insulin secretion manifest as endocrine and metabolic
dysregulation in the form of chronic hyperglycemia, dyslipidemia, and disorders of protein
metabolism [2]. The prolonged increment in blood glucose concentrations during the postprandial
period of diabetes mellitus can be countered by inhibiting α-glucosidases, thereby delaying starch
digestion and decreasing the rate of glucose absorption [3,4]. α-Glucosidase inhibitors, for example,
voglibose and acarbose, have been shown to limit diabetes progression [5]. The key enzyme catalyzing
the last stage of starch metabolism is α-glucosidase situated in the striated border surface layer of
intestinal small intestinal cells [6].

During digestion, α-glucosidases (EC 3.2.1.20) are involved in hydrolyzing terminal nonreducing
1-4-linked α-glucose residues, bringing about the arrival of glucose molecules. α-glucosidases can be
divided into four types of hydrolases: isomaltase (EC 3.2.1.10), sucrase (EC 3.2.1.48), glucoamylase
(EC 3.2.1.3), and maltase (EC 3.2.0.20). The four enzymes release glucose after reaction with disaccharide
or polysaccharide. Among them, sucrase and maltase can hydrolyze sucrose and maltose derived from
dietary starch, respectively [6]. Maltase is an enzyme that breaks down the disaccharide maltose, it can
hydrolyze the α-1,4-linkages of maltose, resulting in the release of glucose [7]. Furthermore, sucrase
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is an important disaccharidase, which can hydrolyze sucrose to glucose and fructose monomeric
units [8,9]. After a mixed carbohydrate diet, the inhibition of maltase and sucrase can decrease the
postprandial increment of blood glucose.

The current treatment strategy to control postprandial hyperglycemia is to inhibit α-glucosidase
(maltase and sucrase), resulting in digestive delay of carbohydrates and thus the absorption of
glucose [10]. Miglitol, acarbose, voglibose, and emiglitate are known α-glucosidase inhibitors capable
of hindering diabetes progression [5]. Voglibose and acarbose are the most widely used α-glucosidase
inhibitors for the treatment of diabetes, due in part to the fact that they are not consumed by the
gastrointestinal tract after oral administration and therefore pose a lower risk of hypoglycemia [11,12].
In the previous study, we purified and characterized HETB as an α-glucosidase inhibitor from Rhodiola
crenulata [13].

The use of potent sucrase and maltase inhibitors have been considered to treat diabetes mellitus [14].
The inhibitory properties of HETB on α-glucosidase have previously been reported. However,
the inhibitory effect of HETB on maltase and sucrase has not been examined. Following the synthesis
of HETB, we investigated the inhibitory properties of acarbose, voglibose, and HETB on maltase and
sucrase. The point of this investigation was to examine the inhibitory properties of HETB and its
intermediate compounds on sucrase and maltase.

2. Materials and Methods

2.1. Synthesis of 2-(4-hydroxyphenethyl)enyl 3,4,5-trihydroxybenzoate (HETB)

2.1.1. Synthesis of 2-[4-(benzyloxy)phenyl]ethanol (3)

4-(2-Hydroxyethyl)phenol (compound 1, Sigma Chemical Co., St. Louis, MO, USA) (36.2 mmol,
5.0 g) was added into a mixture of benzyl bromide (compound 2, Sigma Chemical Co., St. Louis, MO,
USA) (36.2 mmol, 8.9 mL) and potassium carbonate (54.3 mmol, 7.5 g) in ethanol (25.0 mL). The reaction
mixture underwent stirring until the reactions were completed (12 h), as determined by thin-layer
chromatography (TLC) monitoring. Silica gel column chromatography was used to purify the residue,
which resulted in the formation of compound 3 as a white solid (6.2 g, yield: 75%). 1H-nuclear magnetic
resonance spectroscopy (1H-NMR) (400 MHz, CDCl3): δ 2.80 (2 H, t, J = 6.4, 6.6 Hz, H-7), 3.81 (2 H, t,
J = 6.4 Hz, H-8), 5.03 (2 H, s, H-7′), 6.91 (2 H, d, J = 8.4 Hz, H-3, 5), 7.13 (2 H, d, J = 8.8 Hz, H-2, 6),
7.36 (5 H, m, H-2′-6′) ppm; electrospray ionization mass spectrometry (ESIMS) m/z 228.1 [M]+.

2.1.2. Synthesis of methyl 3,4,5-tris(benzyloxy)benzoate (5)

A mixture of methyl 3,4,5-trihydroxybenzoate (compound 4, 2.0 g, 10.9 mmol), benzyl bromide
(compound 2, 8.5 mL, 34.8 mmol), and potassium carbonate (6.0 g, 43.4 mmol) in acetone (35 mL)
was heated to reflux for 5 h. The mixture was filtered, and the solvent was removed to give 5 as a white
solid (4.9 g, yield: 99%). 1H-NMR (600 MHz, CDCl3): δ 3.88 (3 H, s, H-8), 5.12 (2 H, s, H-7”), 5.13 (4 H, s,
H-7′, 7′′′), 7.34 (17 H, m, H-2, 6, 2′-6′, 2”-6”, 2′′′-6′′′) ppm; ESIMS m/z 476.75 [M + Na]+.

2.1.3. Synthesis of 3,4,5-tris(benzyloxy)benzoic acid (6)

Compound 5 (4.9 g, 10.8 mmol) and potassium hydroxide (0.9 g, 16.0 mmol) in tetrahydrofuran
(THF)/H2O (v:v = 1:1, 44 mL) were heated to reflux for 1 h. After cooling, the mixture was poured
into a mixture of ice and cold water, and 2 N aqueous HCl was added slowly until the mixture was at
pH = 1. Ethyl acetate was used to extract the aqueous phase, whereupon the combined organic material
underwent drying, filtering, and concentration under vacuum to produce compound 6 as a white solid
(4.5 g, yield: 95%). 1H-NMR (400 MHz, CDCl3): δ 5.12 (2 H, s, H-7”), 5.13 (4 H, s, H-7′, 7′′′), 7.34 (17 H,
m, H-2, 6, 2′-6′, 2”-6”, 2′′′-6′′′) ppm; ESIMS m/z 439.06 [M–H]−.
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2.1.4. Synthesis of 4-phenoxyphenethyl 3,4,5-triphenoxybenzoate (7)

A mixture of 2-[4-(benzyloxy)phenyl]ethanol 3 (6.2 g, 27.2 mmol), 3,4,5-tris(benzyloxy)benzoic
acid 6 (4.5 g, 10.2 mmol), 4-dimethylaminopyridine (0.5 g, 4.1 mmol), N,N’-dicyclohexylcarbodiimide
(5.58 g, 27.0 mmol), and Et3N (11.4 mL) in THF (270 mL) was stirred for 3 days, when reaction was
complete, as judged by TLC. The residue was purified by silica gel column chromatography to give
7 as a white solid (9.3 g, yield: 54%). 1H-NMR (600 MHz, CDCl3): δ 2.98 (2 H, t, J = 6.9, 7.2 Hz,
HB-7), 4.44 (2 H, t, J = 6.6, 6.9 Hz, HB-8), 5.10 (2 H, s, HA-7”), 5.10 (4 H, s, HA-7′, 7′′′), 6.92 (2 H, d,
J = 8.4 Hz, HB-3, 5), 7.17 (2 H, d, J = 8.4 Hz, HB-2, 6), 7.31 (22 H, m, HA-2, 6, 2′-6′, 2”-6”, 2′′′-6′′′;
HB-2′-6′) ppm; ESIMS m/z 672.96 [M + Na]+.

2.1.5. Synthesis of 2-(4-hydroxyphenethyl)enyl 3,4,5-triphenoxybenzoate (HETB)

4-Phenoxyphenethyl 3,4,5-triphenoxybenzoate 7 (9.3 g, 14.3 mmol) was added into a mixture of
palladium on carbon (0.46 g) in methanol (143 mL). The solution was stirred for 3 days in hydrogen gas.
The reaction mixture was filtered, and the solid was washed with methanol to give HETB as a white
solid (3.2 g, yield: 78%). 1H-NMR (500 MHz, CD3OD): δ 2.92 (2 H, t, J = 7.0 Hz, H-7), 4.35 (2 H, t,
J = 7.0 Hz, H-8), 6.72 (2 H, d, J = 8.4 Hz, H-3, 5), 7.03 (2 H, s, H-2′, 6′), 7.10 (2 H, d, J = 8.4 Hz, H-2, 6);
13C nuclear magnetic resonance (13C-NMR) (500 MHz, CD3OD): δ 35.6 (C-7), 67.0 (C-8), 110.3 (C-2′,6′),
δ 116.5 (C-3, 5), δ 121.8 (C-1′), δ 130.4 (C-1), 131.2 (C-2, 6), 139.8 (C-4′), 146.7 (C-3′,5′), 157.3 (C-4),
168.7 (C-7′). TLC Rf = 0.7 (EtOAc:Hexanes = 1:1) ppm; ESIMS m/z 289.13 [M + H]−. The spectra
and physical properties of the synthetic HETB were consistent with the same compound isolated
from Rhodiola crenulata. The final compound (HETB) has a purity of at least 95%, as determined by
high-performance liquid chromatographic (HPLC) analysis.

2.2. Maltase Activity Assay

Maltase derived from Saccharomyces cerevisiae and maltose were obtained from Sigma Chemical
Co. (St. Louis, MO, USA). Maltase activity was analyzed utilizing the method described by Li et al. [15].
The reaction mixture comprised 50 µL of phosphate buffer (100 mM, pH 7.0), 20 µL of maltase
(0.33 units/mL), and 30 µL of 86.3 mM maltose. Following incubation at 37 ◦C for 10 min, samples
were heated to 100 ◦C for 10 min. The released glucose was then measured using a glucose assay kit
(Sigma Chemical Co., St. Louis, MO, USA).

2.3. Maltase Inhibitory Activity of HETB and the Intermediate Compounds

In this study, we focused on HETB and its intermediate compounds. Inhibitory activity of maltase
was assayed by directly dissolving the samples in phosphate buffer (100 mM, pH 7.0). The acarbose
and voglibose were used as positive controls. The samples (0–50 µM) were assayed for the maltase
inhibitory activity, and the half-maximal inhibitory concentration (IC50) values of samples were
calculated as follows:

[(Awithout sample − Awith sample)] × 100%/Awithout sample = percent inhibition (%)

2.4. Sucrase Activity Assay

Sucrase derived from Leuconostoc mesenteroides and sucrose were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). Sucrase activity was analyzed utilizing the method described by Li et al. [15].
The reaction mixture comprised 50 µL of phosphate buffer (100 mM, pH 7.0), 40 µL of 480 mM sucrose,
and 10 µL of sucrase (0.33 units/mL). Following incubation at 37 ◦C for 60 min, the samples were heated
to 100 ◦C for 10 min. The concentrations of glucose were then measured using a glucose assay kit
(Sigma Chemical Co., St. Louis, MO, USA) according to a protocol recommended by the manufacturer.
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2.5. Sucrase Inhibitory Activity of HETB and the Intermediate Compounds

In this study, we focused on HETB and its intermediate compounds. Inhibition of sucrase activity
was assayed by directly dissolving the samples in phosphate buffer (100 mM, pH 7.0). The acarbose
and voglibose were used as positive controls. The samples (0–160 µM) were assayed for the sucrase
inhibitory activity, and the IC50 of samples were calculated as follows:

[(Awithout sample − Awith sample)] × 100%/Awithout sample = percent inhibition (%)

2.6. Dixon Plots and Lineweaver-Burk Plots

Lineweaver-Burk plots analysis were performed using the methods proposed by Li et al. [15].
The objective of this analysis was to identify the inhibition modes of HETB, acarbose, and voglibose on
maltase and sucrase. Dixon plots were used to determine the inhibition constants.

2.7. Docking Experiments

For maltase, the three-dimensional (3D)-structural model of the Saccharomyces cerevisiae maltase
(S. cerevisiae, α-glucosidase, Protein Data Bank (PDB) code: 3A4A) was used in docking experiments.
The model of compound HETB was docked into the active site of maltase based on the binding
mode of maltose in S. cerevisiae maltase [16]. The Crystallographic Object-Oriented Toolkit (COOT)
was used to generate an initial binding pose for the manual docking of HETB within the active site,
based on the structure of maltase. Discovery Studio software was used to optimize (i.e., minimize and
equilibrate) the model of the S. cerevisiae maltase-HETB complex via energy minimization based on the
standard dynamic cascade approach. For sucrase, the 3D-structural model of the Saccharomyces sucrase
(invertase, PDB code: 4EQV) was used in docking experiments [17]. The model of compound HETB
was manually docked into the active site of the monomer of sucrase to generate an initial binding
pose by the program Coot. The initial binding model of HETB was then transferred to the oligomer of
sucrase. Discovery Studio software was used to optimize the system via energy minimization. Figures
showing the structure of the system were generated using PyMOL (Schrödinger, New York, NY, USA).

3. Results and Discussion

3.1. Synthesis of HETB

Figure 1 illustrates the strategy used to synthesize HETB molecules with a structural scaffold
comprising hydroxyl-functionalized phenyl ethylbenzoate. Initially, the hydroxyl protection reaction
was performed respectively using 4-(2-hydroxyethyl)phenol 1 and methyl 3,4,5-trihydroxybenzoate 4,
with benzyl bromide 2 in the presence of potassium carbonate to obtain protected compounds 3
(Figure S1, Supplementary Materials) and 5 (Figure S2) in good to excellent yields. A subsequent
saponification reaction of compound 5 was performed using potassium hydroxide to produce acid 6
(Figure S3). The coupling reaction combining acid 6 with compound 3 led to the formation of ester 7
(Figure S4) in a moderate yield of 54%. Finally, a deprotection reaction was conducted using 10% Pd/C
in the presence of hydrogen to gefnerate the desired HETB (Figure S5) in a good yield (78%).



Processes 2020, 8, 1603 5 of 13

Processes 2020, 8, x FOR PEER REVIEW 5 of 14 

 

 
Figure 1. Chemical synthesis of 2-(4-hydroxyphenyl)ethyl 3,4,5-trihydroxybenzoate (HETB). 

3.2. Maltase and Sucrase Inhibitory Activity of Compounds 1–7 and HETB 

Carbohydrate digestion and the transport of monosaccharides into enterocytes can be 
attenuated by inhibiting sucrase and maltase activity [18]. Inhibition of maltase and sucrase retards 
the arrival of D-glucose from starch, which results in reduced postprandial plasma glucose 
concentrations [6]. Therefore, the inhibition of sucrase and maltase by the compounds 1–7 and HETB 
was investigated. As shown in Figure 2, HETB exhibited significantly higher inhibitory activity on 
maltase in comparison with compounds 1–7. The addition of 50 μM of inhibitory compounds had the 
following effects on the inhibition of maltase activity: HETB (71.0%) and compounds 1–7 (8.8%, 10.6%, 
18.5%, 24.3%, 26.4%, 19.8%, and 12.7%, respectively) (Figure 2A). Clearly, HETB had the most 
pronounced inhibitory effects. In a previous study, HETB was shown to have significant inhibitory 
effects on tyrosinase (IC50 = 14.50 μM) and α-glucosidase (IC50 = 4.77 μM) activities [13,19]. Since 
sucrase is involved in intestinal digestion, it is important for the control of blood glucose 
concentrations and suppression of postprandial hyperglycemia [8]. HETB and compounds 1–7 were 
also shown to have similar effects on sucrase. The addition of 40 μM of inhibitory compounds had 
the following effects on the inhibition of sucrase activity: HETB (83.7%) and compounds 1–7 (6.4%, 
14.8%, 18.9%, 20.6%, 27.7%, 30.3%, and 20.7%, respectively) (Figure 2B). Again, HETB had the most 
pronounced inhibitory effects on sucrase. This is a clear demonstration that HETB could be used as a 
maltase and/or sucrase inhibitor. 

Figure 1. Chemical synthesis of 2-(4-hydroxyphenyl)ethyl 3,4,5-trihydroxybenzoate (HETB).

3.2. Maltase and Sucrase Inhibitory Activity of Compounds 1–7 and HETB

Carbohydrate digestion and the transport of monosaccharides into enterocytes can be attenuated
by inhibiting sucrase and maltase activity [18]. Inhibition of maltase and sucrase retards the arrival
of D-glucose from starch, which results in reduced postprandial plasma glucose concentrations [6].
Therefore, the inhibition of sucrase and maltase by the compounds 1–7 and HETB was investigated.
As shown in Figure 2, HETB exhibited significantly higher inhibitory activity on maltase in comparison
with compounds 1–7. The addition of 50 µM of inhibitory compounds had the following effects on
the inhibition of maltase activity: HETB (71.0%) and compounds 1–7 (8.8%, 10.6%, 18.5%, 24.3%,
26.4%, 19.8%, and 12.7%, respectively) (Figure 2A). Clearly, HETB had the most pronounced inhibitory
effects. In a previous study, HETB was shown to have significant inhibitory effects on tyrosinase
(IC50 = 14.50 µM) and α-glucosidase (IC50 = 4.77 µM) activities [13,19]. Since sucrase is involved in
intestinal digestion, it is important for the control of blood glucose concentrations and suppression of
postprandial hyperglycemia [8]. HETB and compounds 1–7 were also shown to have similar effects on
sucrase. The addition of 40 µM of inhibitory compounds had the following effects on the inhibition
of sucrase activity: HETB (83.7%) and compounds 1–7 (6.4%, 14.8%, 18.9%, 20.6%, 27.7%, 30.3%,
and 20.7%, respectively) (Figure 2B). Again, HETB had the most pronounced inhibitory effects on
sucrase. This is a clear demonstration that HETB could be used as a maltase and/or sucrase inhibitor.
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Figure 2. Inhibition of maltase (A) and sucrase (B) by compounds 1–7 and HETB at concentrations:
50 µM for maltase inhibition and 40 µM for sucrase inhibition. Data are presented as means of three
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3.3. Maltase and Sucrase Inhibitory Activity of Acarbose, Voglibose, and HETB

Acarbose and voglibose have the greatest known inhibitory activity of sucrase and maltase,
and HETB showed remarkable inhibitory effects on both sucrase and maltase [20,21]. Therefore,
the sucrase and maltase inhibitory activities of HETB were compared with acarbose and voglibose.
As shown in Figure 3A, the inhibition of maltase activity increased significantly with the addition of
acarbose, voglibose, and HETB. The inhibition levels of maltase by acarbose, voglibose, and HETB at
40 µM were 17.8%, 28.2%, and 64.9%, respectively. The IC50 of acarbose, voglibose, and HETB were
133.22 ± 1.67, 77.50 ± 0.44, and 29.96 ± 3.06 µM, respectively. According to the above results, the IC50

of three inhibitors displayed the following order: HETB < voglibose < acarbose. In the previous
study, the voglibose inhibitory activity on α-glucosidase was stronger than acarbose [22]. These results
indicate that HETB showed higher inhibitory activity on maltase than voglibose and acarbose.

Furthermore, the inhibition of sucrase activity increased significantly with the addition of acarbose,
voglibose, and HETB. The inhibition levels of sucrase by acarbose, voglibose, and HETB at 30 µM
were 17.9%, 18.5%, and 56.7%, respectively (Figure 3B). The IC50 of acarbose, voglibose, and HETB
were 114.32 ± 3.76, 108.54 ± 2.63, and 26.75 ± 2.54 µM, respectively. According to the above results,
the IC50 of these inhibitors displayed the following order: HETB < voglibose < acarbose. In a report by
Dabhi et al. [23], voglibose was shown to outperform acarbose in inhibitingα-glucosidase activity. In the
current study, HETB was shown to outperform voglibose and acarbose in inhibiting sucrase activity.
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3.4. Kinetics of Maltase Inhibition by Acarbose, Voglibose, and HETB

The kinetics of inhibition of maltase by acarbose, voglibose, and HETB were evaluated. The Km
of maltase was 1.01 mM in this investigation. Rolfsmeier and Blump reported that the Km value
of maltase activity was 0.91 mM [24]. As shown in Figure 4, Lineweaver-Burk plots of acarbose,
voglibose, and HETB were generated. The straight lines intersecting the Y-axis in the Lineweaver-Burk
plots (Figure 4A–C) indicate that acarbose, voglibose, and HETB are competitive inhibitors. Several
competitive maltase inhibitors have been reported. It appears that quercetin-3-O-glucoside derived
from rutin is a competitive inhibitor against maltase, with an inhibition constant (Ki) of 142 µM [25].
In the previous study, both acarbose and voglibose were competitive inhibitors of maltase [26,27],
and the results are consistent with ours. Dixon plots of acarbose, voglibose, and HETB on maltase were
also evaluated. The Dixon plot also indicated that acarbose, voglibose, and HETB were competitive
inhibitors of maltase, and the Ki values were 96.90 ± 0.48, 45.53 ± 0.69, and 37.74 ± 0.28 µM, respectively
(Figure 4D–F). The term Ki refers to the equilibrium constant of a reversible combination of an enzyme
with a competitive inhibitor. The value of Ki is usually calculated for a competitive system using the
Michaelis equation. The Ki values were as follows: HETB < voglibose < acarbose. From our results
above, either the IC50 or Ki values, HETB has better inhibition activity and binding affinities to maltase
than voglibose and acarbose. The values of Ki’ and Ki are the equilibrium constant for the binding
of the inhibitor to the maltose-maltase complex and maltase, respectively. In this case, voglibose,
acarbose, and HETB are competitive inhibitors, such that there is no intersection in the Dixon plot
(i.e., the lines are parallel). As a result, it is not possible to obtain the Ki’ values for acarbose, voglibose,
or HETB using the Dixon plot (Figure 4D–F). Maltose could be hydrolyzed to glucose by maltase,
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while HETB prevents maltase activity. The value Ki is the dissociation constant of the maltase-inhibitor
complex. Our results indicate that HETB (Ki = 37.74 ± 0.28 µM) is a competitive inhibitor of maltase,
which competes with maltose for the active site of maltase to form a maltase-HETB complex. Finally,
HETB displayed a strong inhibitory effect on maltase.

Processes 2020, 8, x FOR PEER REVIEW 8 of 14 

 

of the maltase-inhibitor complex. Our results indicate that HETB (Ki = 37.74 ± 0.28 μM) is a 
competitive inhibitor of maltase, which competes with maltose for the active site of maltase to form 
a maltase-HETB complex. Finally, HETB displayed a strong inhibitory effect on maltase. 

 

Figure 4. Lineweaver-Burk (A–C) and Dixon plots (D–F) of inhibitory effect of maltase inhibitors on 
maltase. (A) Acarbose, (B) Voglibose, (C) HETB, and (D) Acarbose, (E) Voglibose, (F) HETB. Each 
sample was analyzed in triplicate. 

  

Figure 4. Lineweaver-Burk (A–C) and Dixon plots (D–F) of inhibitory effect of maltase inhibitors
on maltase. (A) Acarbose, (B) Voglibose, (C) HETB, and (D) Acarbose, (E) Voglibose, (F) HETB.
Each sample was analyzed in triplicate.

3.5. Kinetics of Sucrase Inhibition by Acarbose, Voglibose, and HETB

The inhibition kinetics of inhibition of sucrase by acarbose, voglibose and HETB [28] were also
evaluated. The Michaelis constant (Km) of sucrase was 100.4 mM in this investigation. Houck et al. [29]
reported that the Km value of maltase activity was 93.0 mM. Lineweaver-Burk plots of acarbose,
voglibose, and HETB were generated (Figure 5). Acarbose, voglibose, and HETB have a similar
inhibition mode on maltase. As shown in Figure 5A–C, the Lineweaver-Burk plots of acarbose,
voglibose, and HETB produced straight lines intersecting the Y-axis. This is a clear indication that
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these compounds were competitive inhibitors. As previously mentioned, acarbose and voglibose were
competitive inhibitors of sucrase [30,31]. Several competitive sucrase inhibitors have been reported.
It appears that valienamine is a competitive inhibitor of sucrase activity, with an inhibition constant Ki
of 770 µM [8]. Dixon plots of acarbose, voglibose, and HETB on sucrase were also evaluated. Dixon
plots also indicated that acarbose, voglibose, and HETB were competitive inhibitors of sucrase, and the
Ki values were 93.20 ± 0.90, 84.49 ± 0.44, and 29.00 ± 0.97 µM, respectively (Figure 5D–F). The Ki values
were as follows: HETB < voglibose < acarbose. According to our results above, either the IC50 or
Ki values, HETB has better inhibitory activity and binding affinities to sucrase than acarbose and
voglibose. Sucrase inhibitors prevent the sucrase activity, while the sucrase could hydrolyze sucrose to
glucose. Ki is the dissociation constant of the inhibitor-sucrase complex. Our results indicate that HETB
(Ki = 29.00 ± 0.97 µM) acts as a competitive inhibitor of sucrase activity by competing with sucrose
for the active site of sucrase to form a sucrase-HETB complex. Finally, HETB exhibited significant
inhibitory activity on sucrase.Processes 2020, 8, x FOR PEER REVIEW 10 of 14 

 

 
Figure 5. Lineweaver-Burk (A–C) and Dixon plots (D–F) of inhibitory effect of sucrase inhibitors on 
sucrase. (A) Acarbose, (B) Voglibose, (C) HETB, and (D) Acarbose, (E) Voglibose, (F) HETB. Each 
sample was analyzed in triplicate. 

3.6. Molecular Docking of HETB with Maltase and Sucrase 

Molecular modeling of HETB and maltase was conducted. As shown in Figure 6, the docking 
experiments were based on the maltose binding model of S. cerevisiae maltase. The active site of 
maltase includes three catalytic acidic residues: Asp 215, Asp 352, and Glu 277. Our binding model 
of HETB revealed that Glu 277 is indeed involved in the interactions between maltase and HETB. The 
proposed structural model of maltase-HETB complex is shown in Figure 6A, which is the 3D-
structural model of maltase bound to HETB. The maltase, HETB, and oxygen atoms are respectively 
indicated in green, light blue, and red. Figure 6B presents a close-up view of the maltase-HETB 

Figure 5. Lineweaver-Burk (A–C) and Dixon plots (D–F) of inhibitory effect of sucrase inhibitors on
sucrase. (A) Acarbose, (B) Voglibose, (C) HETB, and (D) Acarbose, (E) Voglibose, (F) HETB. Each sample
was analyzed in triplicate.
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3.6. Molecular Docking of HETB with Maltase and Sucrase

Molecular modeling of HETB and maltase was conducted. As shown in Figure 6, the docking
experiments were based on the maltose binding model of S. cerevisiae maltase. The active site of maltase
includes three catalytic acidic residues: Asp 215, Asp 352, and Glu 277. Our binding model of HETB
revealed that Glu 277 is indeed involved in the interactions between maltase and HETB. The proposed
structural model of maltase-HETB complex is shown in Figure 6A, which is the 3D-structural model of
maltase bound to HETB. The maltase, HETB, and oxygen atoms are respectively indicated in green,
light blue, and red. Figure 6B presents a close-up view of the maltase-HETB complex. The stick model
in the figure indicates the residues that may be involved in the interactions of compound binding
and the dashed lines (magenta) indicate the hydrogen-bond interactions. For HETB, there are five
residues (Ser 240, Asp 242, Glu 277, Arg 315, and Asn 350) that form five hydrogen bonds with the
compound. Among these residues, Glu 277 is the catalytic acidic residue in the active site of maltase
that is involved in the binding of HETB.
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Molecular modeling of HETB and sucrase was also conducted. As shown in Figure 7, docking
experiments were based on the sucrose binding model of Saccharomyces sucrase. The binding model of
HETB showed that seven residues (Asn 114, Glu 148, Gln 201, Asn 228, Gln 381, Ile 383, and Ser 412)
formed seven hydrogen bonds with the compound. The proposed structural model of sucrase-HETB
complex is shown in Figure 7A, which is the 3D-structural model of HETB bound to the oligomeric
form of Saccharomyces sucrase. The monomers of sucrase are shown in different colors. As shown
in Figure 7B, two monomers of sucrase are shown in green (monomer 1) and light blue (monomer
2), while the HETB is shown in orange. The sucrase-HETB complex is formed between HETB and
monomer 1. Monomer 1 of sucrase and HETB are shown in green and orange, respectively (Figure 7C).
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Figure 7D presents a close-up view of the sucrase-HETB complex. The stick model in the figure
indicates the residues that may be involved in compound binding and the dashed lines (magenta)
indicate the hydrogen-bonding interactions. Hydrogen atoms, nitrogen atoms, and oxygen atoms
are respectively indicated in white, blue, and red. Two monomers of sucrase are presented in green
(monomer 1) and light blue (monomer 2). HETB is shown in orange. For HETB, there are seven
residues (Asn 114, Glu 148, Gln 201, Asn 228, Gln 381, Ile 383, and Ser 412) that formed seven hydrogen
bonds with the compound.Processes 2020, 8, x FOR PEER REVIEW 12 of 14 
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4. Conclusions 

Acarbose, voglibose, and HETB are competitive inhibitors of sucrase and maltase activities. The 
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assessment in in vivo studies. 
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Figure 7. Proposed structural model of sucrase-HETB complex. (A) Oligomeric form of Saccharomyces
sucrase. (B) Two monomers of sucrase are shown in green (monomer 1) and light blue (monomer 2).
HETB is shown in orange. (C) Monomer 1 is shown in green and HETB is shown in orange.
(D) Two monomers of sucrase are shown in green (monomer 1) and light blue (monomer 2). HETB is
shown in orange.

4. Conclusions

Acarbose, voglibose, and HETB are competitive inhibitors of sucrase and maltase activities.
The IC50 of three inhibitors displayed the following order: HETB < voglibose < acarbose.
HETB was a competitive inhibitor of maltase and sucrase, and the Ki values were as follows:
HETB < voglibose < acarbose. In a molecular docking study, we revealed the HETB binding in active
sites of sucrase and maltase by means of hydrogen interactions. This is a clear indication of the
potential of HETB in preventing hyperglycemia due to the inhibition of maltase and sucrase activities.
Our results suggest that HETB is a good candidate for the treatment of diabetes mellitus and is worthy
of further assessment in in vivo studies.
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