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A B S T R A C T

Noninsulin dependent diabetes mellitus is a serious global disease that is treated by inhibiting α-glucosidase to
reduce the glucose content in the blood. Several incompletely satisfactory therapeutic drugs are already on the
market. In this report, we showed that polyoxomolybdates based on Keggin-type architecture are promising
candidates. Kinetic studies indicate that H3PMo12O40, Na4PMo11VO40, Na6PMo11FeO40 and Na7PMo11CoO40
strongly inhibit α-glucosidase with IC50 values of 6.14 ± 0.38 μM, 52.33 ± 1.41 μM, 161.90 ± 7.68 μM and
103.10 ± 2.88 μM, respectively. Moreover, H3PMo12O40, Na4PMo11VO40, and Na7PMo11CoO40 are reversible,
competitive inhibitors with KI values of 0.018mM, 0.146mM and 0.121mM, respectively. Na6PMo11FeO40
inhibited α-glucosidase in a reversible noncompetitive manner with KI and KIS of 0.312mM and 0.412mM,
respectively. Molecular docking simulation suggested that H3PMo12O40 binds into the substrate binding site in
accordance with competitive inhibition behavior and offered, in addition, an initial insight into the polypeptide-
inhibitor interactions. This work presents a promising new perspective for designing effective α-glucosidase
inhibitors and further demonstrates the enormous potential of polyoxomolybdates as enzyme inhibitors.

1. Introduction

Type 2 diabetes, the main type of diabetes mellitus (DM), is cur-
rently recognized as a serious global health problem. Type 2 diabetes is
a type of noninsulin-dependent diabetes caused by insulin deficiency or
insulin resistance [1,2]. α-Glucosidase is a carbohydrate hydrolase, and
the inhibition of its activity may delay the digestion of carbohydrates
and thereby reduce the amount of glucose absorbed into the blood
[3,4]. Thus, α-glucosidase is considered to be an important target for
the treatment of noninsulin-dependent diabetes mellitus and for the
design of many α-glucosidase inhibitors [5]. At present, the research of
domestic and foreign scholars on α-glucosidase inhibitors mainly fo-
cuses on natural extracts and organic compounds. Jang et al. [6] re-
ported that scopoletin might contribute to relieving postprandial hy-
perglycemia through the inhibition of carbohydrate digestive enzymes.
Ding et al. [7] designed and synthesized a series of novel ox-
azolxanthones that showed good inhibition of α-glucosidase by studies
of enzyme kinetics and molecular docking. However, few inorganic
agents capable of inhibiting α-glucosidase have been reported. In ad-
dition, high efficiency, low cytotoxicity and low cost are the key factors
to be considered in the design of α-glucosidase inhibitors. Herein,
current therapeutic drugs (acarbose, voglibose and miglitol) have been

used clinically for many years, but the clinical application of these
compounds has always been limited by their high cost and side effects
[8]. Therefore, designing novel, safe and effective α-glucosidase in-
hibitors is an attractive goal in the field of medicinal chemistry.

Polyoxomolybdates (abbreviated as POMs), due to their incompar-
able structural diversity and novel functional properties, have been
widely studied in various fields (Table S1), such as catalysis [9–11],
medicine [12,13], material science [14,15], photoelectrochemistry
[16,17] and self-assembled nanozymes [13,18]. Especially in the field
of medicine, POMs are promising candidates for drug-carrier ap-
proaches on the path to the identification of new composite drugs be-
cause they have long been known for their multifaceted bioactivities
that encompass anticancer, anti-tumor, antiviral and antibacterial ef-
fects [19–23]. Furthermore, the inhibitory effect of POMs on various
enzyme activities has become a hotspot for research and the develop-
ment of safe, nontoxic and high-efficiency enzyme inhibitors for POM
properties has escalated in recent years. Many studies have demon-
strated that POMs possess significant inhibitory effects on the activities
of nucleotidases, phosphatases, kinases, sulfotransferases, sialyl-
transferases, acetylases, nucleases and proteases [24,25]. Gumerova
et al. [26] analyzed and compared the inhibitory effects of nine dif-
ferent polyoxotungstates (POTs) on two P-type ATPases, and the results
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reveal the high potential of some POTs to act as P-type ATPase in-
hibitors, with K9(C2H8N)5[H10Se2W29O103] showing high selectivity
towards Ca2+-ATPase. Lee et al. [27] evaluated the inhibitory potency
of a series of POMs as well as chalcogenide hexarhenium cluster com-
plexes against a broad range of ecto-nucleotidases, and the
[Co4(H2O)2(PW9O34)2]10−(5, PSB -POM 142) was discovered to be the
most potent inhibitor of human NTPDase1.

Moreover, in comparison to mononuclear complexes, POMs have
been markedly under-studied in the context of diabetes [23,28]. Ilyas
et al. [29] evaluated the inhibitory effects of different polytungstates on
glucosidases (α- and β) in vitro and in vivo, and the research showed
that Na20[P6W18O79]·37H2O (Na-P6W18) was the most potent inhibitor
of α-glucosidase (IC50= 1.33 ± 0.41 μM). Although some functiona-
lized POMs have been used as inhibitors of α-glucosidase, their mole-
cular mechanism of action is largely unknown. As a result of insightful
studies on POMs for α-glucosidase, compounds with improved phar-
macological properties might be developed for the treatment of dia-
betes. Furthermore, Keggin-type POMs and their derivatives exhibit
better biological activities and lower cytotoxicities [30–32] and may
become potentially effective enzyme inhibitors.

However, it is unclear whether the parent and transition metal
substitution in Keggin-type phosphomolybdic acid will reveal the best
effects on α-glucosidase. Therefore, the Keggin-type H3PMo12O40 (ab-
breviated as PMo12) and three transition metal-substituted POMs
(Na4PMo11VO40, Na6PMo11FeO40 and Na7PMo11CoO40, abbreviated as
PMo11V, PMo11Fe and PMo11Co) were synthesized and characterized.
The inhibitory effect of these four compounds on α-glucosidase was
studied by enzyme kinetics. In addition, to further study the binding
forms and interactions of α-glucosidase and Keggin-type phosphomo-
lybdic acid, the inhibitor PMo12 was used as a ligand for molecular
docking simulation in the following studies. This work provided an
enlightened strategy for expanding the applications of Keggin-type
phosphomolybdic acid and for designing new and effective α-glucosi-
dase inhibitors.

2. Materials and methods

2.1. Reagents

PMo12, PMo11V, PMo11Fe and PMo11Co were synthesized as pre-
viously described [33,34], with slight modifications. Briefly, 0.025mol
the reagent (NH4VO3, FeCl3 and CoCl2·6H2O), 1.72mL H3PO4 (85%)
and 0.29mol Na2MoO4·2H2O were dissolved in 400mL ultrapure
water. After 7 h of circumfluence heating, the solution was cooled to
room temperature, acidified with 75mL hydrochloric acid and ex-
tracted with ether. Next, the lower solution was collected, and the
powder was obtained by recrystallization several days later. The
structure of the powder was then characterized by IR (Jasco FT/IR-480)
and UV/Vis (Cary-50) spectroscopy. α-Glucosidase of S. cerevisiae (EC
3.2.1.20), p-nitrophenyl-α-D-glucopyranoside (pNPG), p-nitrophenol
(pNP) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Al-
drich Chemical Co. (USA). All other reagents were locally sourced and
of analytical grade, and ultra-pure water was used throughout.

2.2. Experimental procedures

2.2.1. Enzyme kinetics analysis
The α-glucosidase activity assay was performed as previously de-

scribed [35], with slight modifications. pNPG was used as a substrate to
generate a yellow product (pNP) with catalysis by α-glucosidase in this
experiment, and the OD value after the reaction of the system was
monitored by microplate reader (Synergy H1) at a wavelength of
405 nm. Briefly, the reaction system was sequentially supplemented
with 133 μL of 0.1M phosphate buffer (Na2HPO4-NaH2PO4 buffer,
pH 6.8), 7 μL of different concentrations of inhibitors completely dis-
solved in DMSO solution (the final concentration of DMSO in the test

solution was 5%), and 10 μL of α-glucosidase solution that was added
immediately. Next, the mixture was incubated at 37.0 °C for 10min,
and 20 μL of the substrate (pNPG) preheated at 37.0 °C for 10min was
added to the mixture. The reaction was carried out at 37.0 °C for
20min, and then the reaction was terminated by the addition of an
equal volume of Na2CO3 solution (1M). The OD value of the 200 μL
reaction solution was monitored in a 96-well plate by using the mi-
croplate reader at 405 nm.

Under the conditions of constant substrate concentration and en-
zyme concentration, the inhibitory effect of the inhibitor on α-gluco-
sidase was determined by changing the concentration of the inhibitor
added. In addition, the inhibition mechanism of the inhibitor on α-
glucosidase was determined, under conditions of constant substrate
concentration, by changing the concentration of the added enzyme and
the concentration of the inhibitor. Moreover, the inhibition type of the
inhibitor was assayed by the Lineweaver-Burk plot (double-reciprocal
plot), and the inhibition constants (KI or KIS) were obtained by the
second plots of the apparent Km/Vm or 1/Vm versus the concentration of
the inhibitor. DMSO without any inhibitor was used as a control [36].

2.2.2. Molecular docking study
To predict the binding mode of the synthesized PMo12 with α-glu-

cosidase, a molecular docking study was carried out using the MOE
(Molecular Operating Environment) software package. The three-di-
mensional structures of the synthesized PMo12 were generated via the
builder tool in the MOE. The generated compound was 3D protonated
and energy minimized using the default parameters of the MOE (gra-
dient: 0.05, Force Field: MMFF94X). The compound was then saved
into an .mdb file for further evaluation [37,38].

The α-glucosidase of S. cerevisiae has been widely used in the
screening of bioactive compounds targeting α-glucosidase, but the 3D
structure of the α-glucosidase of S. cerevisiae has not yet been solved.
The template structure and crystal structure of isomaltase from S. cer-
evisiae (PDB 3AJ7) share 82% homology with the S. cerevisiae α-glu-
cosidase, which is generally considered as an excellent value for the
selection of template [39]. Moreover, the primary sequence of S. cere-
visiae α-glucosidase was retrieved from UniProt (Accession code
P53341) [40]. Using the MAL32 target sequence and the crystal
structure of isomaltase from S. cerevisiae (PDB 3AJ7) as a template, we
constructed the α-glucosidase homology model in SWISS-MODEL, and
the stereochemical quality of the model was assessed using the Ra-
machandran plot. The evaluation of the backbone Psi and Phi dihedral

Fig. 1. Inhibitory effect of Keggin-type PMo12 and the three transition metal-
substituted polyoxomolybdates on the activity of α-glucosidase. Error bars in-
dicate ± s.d.
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angles for the α-glucosidase model revealed that 95% of the residues lie
in the favored region and that only one residue (0.3%) exhibited a
disallowed conformation (Phe303). The results of the Ramachandran
plot reflect the accuracy of our modeled structure used in the docking
protocol. Thus, we used our reported 3D homology model of isomaltase
of S. cerevisiae.

For molecular docking simulation, we used the Triangle Matcher
method to place small molecules, and the London dG function scored
the docking results. The concrete parameters of the MOE used were:
Placement: Triangle Matcher, Rescoring 1: London dG, Refinement:
Forcefield, Rescoring 2: London dG. For each ligand, 10 conformations
were allowed to be formed and the top ranked conformations were
selected on the basis of docking score for further analysis. Furthermore,
the docking score is the binding free energy calculated by the London
dG scoring function, which is the score of the last stage showing the
overall stability of the predicted complex. For all scoring functions,
lower scores indicate more favorable poses. The unit for all scoring
functions is kcal/mol [37].

2.2.3. Statistical analysis
The experimental data acquisitions were repeated five times under

parallel determination by using SPSS version 17.0 and GraphPad Prism
version 7.0 for analysis. Experimental drawings were completed using

Origin 8.0 professional software. Error bars indicate± s.d.

3. Results and discussion

3.1. Spectroscopic characterization

Table S2 lists the IR spectra data of compounds PMo12, PMo11V,
PMo11Fe and PMo11Co. As shown in Table S2, all four compounds ex-
hibit the characteristic bands of the Keggin-type structure, and there are
four characteristic peaks (P-Oa anti-symmetric stretching vibration
peak, Mo-Od anti-symmetric stretching vibration peak, Mo-Ob-Mo anti-
symmetric stretching vibration peak and Mo-Oc-Mo anti-symmetric
stretching vibration peak) in the range of 700–1100 cm−1. These results
were consistent with data from the literature [33,34] and indicated that
the synthesized compound was a Keggin-type compound.

Table S3 lists the UV/Vis spectra data of the compounds PMo12,
PMo11V, PMo11Fe and PMo11Co. As shown in Table S3, the four com-
pounds exhibit characteristic absorption bands approximately 200 nm
and 260 nm, which correspond to the charge transfer transitions of Od-
Mo and Ob/Oc-Mo, respectively. The above results suggested that the
synthesized compounds all possess a Keggin-type heteropoly acid
structure, which is consistent with the results of reference [34]. The
peak positions of the compounds in the table are shifted, which may be

Fig. 2. Inhibitory mechanism of Keggin-type PMo12 and the three transition metal-substituted polyoxomolybdates (PMo11V, PMo11Fe and PMo11Co) on the activity
of α-glucosidase. The concentrations of PMo12 for curves 0–4 of Fig. 2A were 0, 0.01, 0.02, 0.025 and 0.03mmol L−1, respectively. The concentrations of PMo11V for
curves 0–4 of Fig. 2B were 0, 0.02, 0.03, 0.05 and 0.08mmol L−1, respectively. The concentrations of PMo11Fe for curves 0–4 of Fig. 2C were 0, 0.05, 0.1, 0.15 and
0.2mmol L−1, respectively. The concentrations of PMo11Co for curves 0–4 of Fig. 2D were 0, 0.025, 0.05, 0.13 and 0.2mmol L−1, respectively. Error bars in-
dicate± s.d.
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due to the substitution of transition metals.

3.2. The inhibitory effects of compounds against α-glucosidase

Inhibition studies on α-glucosidase with the compounds PMo12,
PMo11V, PMo11Fe and PMo11Co (Fig. S1), applying pNPG as substrate,
revealed a significant decrease in the enzymatic activity with increased
Keggin-type POMs concentrations (Fig. 1). The concentrations of
PMo12, PMo11V, PMo11Fe, and PMo11Co when the α-glucosidase ac-
tivity was decreased by 50% (IC50) were 6.41 ± 0.38 μM,
52.33 ± 1.41 μM, 161.90 ± 7.68 μM and 103.10 ± 2.88 μM, respec-
tively. Comparing the IC50 of each inhibitor, the above results suggested
that the phosphomolybdic acid parent compound (PMo12) exerts a
better inhibitory effect on α-glucosidase than does the transition metal-
substituted phosphomolybdic acid, in which the transition metal sub-
stitution may weaken the inhibition of α-glucosidase. In addition, the
results also indicated that PMo11V exerts a better inhibitory effect on α-
glucosidase than those of PMo11Fe and PMo11Co. At the same time,
compared with the IC50 of standard commercial acarbose
(IC50= 750 ± 1.5 μM) [41], the inhibition potency of the parent
PMo12 was approximately 117 times higher than that of standard
acarbose; therefore, the compounds synthesized in our laboratory de-
monstrate more significant inhibitory effects on α-glucosidase.

Furthermore, with different concentrations of PMo12, PMo11V,
PMo11Fe and PMo11Co as inhibitors, 5 mM PNPG solution was used as
substrate to study the inhibitory mechanism of the inhibitors on α-
glucosidase activity. The results are shown in Fig. 2. In the reaction

system, the plots of the remaining enzyme activity versus the con-
centrations of the enzyme produced several adjacent straight lines,
which all passed through the origin. Next, a linear decrease with in-
creasing concentrations of inhibitors indicated that the inhibition me-
chanisms of these four inhibitors on α-glucosidase were reversible [42].
Thus, these four inhibitors reversibly combined with the enzyme in the
form of noncovalent bonds, which resulted in decreased enzyme ac-
tivity.

In addition, in the phosphate buffer reaction system with a fixed
enzyme concentration of 5 U/mL, the inhibition type of the inhibitor on
the α-glucosidase activity was determined using the Lineweaver-Burk
(double-reciprocal) plots of the reciprocal of the reaction rate versus the
reciprocal of the substrate concentration. The inhibitory constant (KI or
KIS) of the inhibitors was further calculated through secondary map-
ping, and the results are shown in Fig. 3. As shown in Fig. 3(ABD), the
graph of 1/v versus 1/[s] represented a set of straight lines which all
intersected at or extremely close to the Y-axis. Next, the linear slope
increased gradually as the concentrations of the PMo12, PMo11V and
PMo11Co inhibitors increased, while the vertical axis intercept re-
mained unchanged, which suggested that the inhibitory types of these
three inhibitors were competitive [42]. As shown in Fig. 3(C), the graph
of 1/v versus 1/[s] was a set of straight lines which all intersected at the
X-axis. The change in the PMo11Fe concentration resulted in changes in
the linear slope and the vertical intercept, which suggested that the
inhibition type of PMo11Fe was noncompetitive [42]. Moreover, the
inhibitory constants KI of the inhibitors (PMo12, PMo11V, PMo11Fe and
PMo11Co) were calculated by further plotting the linear slopes versus

Fig. 3. Inhibitory type of Keggin-type PMo12 and the three transition metal-substituted polyoxomolybdates (PMo11V, PMo11Fe and PMo11Co) on the activity of α-
glucosidase. The inset of Fig. 3ABD represents the secondary plot of the slope versus the concentrations of PMo12, PMo11V and PMo11Co in order to determine the
inhibition constant (KI). The inset of Fig. 3C represents the secondary plot of the slope and intercept, respectively, versus the concentrations of PMo11Fe to determine
the inhibition constants (KI and KIS). The concentrations of PMo12 for curves 0–4 of Fig. 3A were 0, 0.004, 0.006, 0.008 and 0.01mmol L−1, respectively. The
concentrations of PMo11V for curves 0–4 of Fig. 3B were 0, 0.02, 0.03, 0.05 and 0.06mmol L−1, respectively. The concentrations of PMo11Fe for curves 0–4 of Fig. 3C
were 0, 0.05, 0.1, 0.15 and 0.2mmol L−1, respectively. The concentrations of PMo11Co for curves 0–4 of Fig. 3D were 0, 0.1, 0.15, 0.2 and 0.3mmol L−1, re-
spectively. Error bars indicate ± s.d.
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the inhibitor concentrations of 0.018mM, 0.146mM, 0.312mM and
0.121mM, respectively. By further plotting the vertical intercept
against the concentration of the inhibitor, the inhibition constant KIS of
PMo11Fe was calculated to be 0.412mM.

3.3. Analysis of molecular docking results

Because the 3D structure of α-glucosidase of S. cerevisiae has not yet
been solved, we used our reported 3D homology model of isomaltase of
S. cerevisiae (PDB 3AJ7) as a molecular docking model, as shown in
Fig. 4(A). To study the interactions of the synthesized compounds in the
active site of α-glucosidase and their related inhibitory activities,
docking studies were performed using the most potent compound
PMo12 as a ligand. The molecular binding model by molecular docking
is shown in Fig. 4(BCD). The conformation of the ligand is the lowest
conformation of free energy docking with α-glucosidase. Next, the
compound PMo12 in the active site of α-glucosidase is shown in
Fig. 4(B). In addition, Fig. 4(C) shows the hydrogen bonding interaction
and the van der Waals interactions generated by the MOE between the
surrounding important amino acid residues and the ligand small mo-
lecules. As shown in Fig. 4(C), the amino acid residues surrounding the
compound are represented by pink and green circles. PMo12 accurately
fits into the deep pocket of the active site and is largely surrounded by
the polypeptide. After docking scoring, the docking score is determined
as −14.7951 kcal/mol. The smaller the numerical value is, the better is
the ability of the compound to bind to the biomacromolecule. In gen-
eral, an inhibitor of approximately −7 kcal/mol is effective, and this
compound reaches −14.7951 kcal/mol, indicating that the compound
has a considerable inhibitory effect on α-glucosidase [4].

To vividly represent the binding forms and interactions of α-glu-
cosidase and the compound PMo12, a visual three-dimensional simu-
lation map was created using Pymol software, which is shown in
Fig. 4(D). These two visualization software packages complement each
other to show a more comprehensive view of interactions between the
binding site amino acid residues and ligand small molecule in the
system.

Furthermore, as shown in Fig. 4(CD), the compound PMo12 initiated
7 hydrogen bonding interactions with the amino acid residues (Tyr158,
Ser240, Asp242, His280, Ser311 and Arg315) in the active region.
Among them, the five O atoms in the PMo12 skeleton can form seven
hydrogen bonds with the H atoms in the amino acid residues. Hydrogen
bonding is a common form of bonding between drug molecules and
receptor biomacromolecules which can increase the activity of drugs.
Moreover, binding to the enzyme in the form of hydrogen bonds, the
compound also forms van der Waals interactions with the amino acid
residues (Lys156, Ser157, Leu246, Gln279, Asp307, Thr310, Pro312,
Leu313 and Phe314) around the active region. More van der Waals
interactions may cause higher activity of the compound (increased
hydrophobicity will be beneficial to increase the inhibition activity of
the compound). According to the above results, the compound does not
bind to the enzyme active groups in a relatively firm covalent bond, but
in the form of hydrogen bonding and van der Waals interactions.
Therefore, the catalytic group of the enzyme is generally not destroyed,
and the enzyme is not inactivated, which proves that the compound is a
reversible inhibitor.

In addition, in the analysis of docking interaction residues, there are
11 polar amino acid residues (Lys156, Ser157, Tyr158, Ser240, Asp242,
Gln279, His280, Asp307, Thr310, Ser311 and Arg315) around the

Fig. 4. Docking conformations of compound PMo12 in α-glucosidase enzyme. (A) 3D crystal structure of S. cerevisiae isomaltase (PDB 3AJ7). (B) Compound PMo12 in
the active site of α-glucosidase. (C) Two-dimensional ligand interaction map of compound PMo12 docked into the binding site of α-glucosidase. (D) Three-dimen-
sional complex interaction of α-glucosidase and the PMo12 compound.
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active binding site of the enzyme. It can be found that the polar prop-
erties of the small molecules are important for enzyme interactions. In
general, when a ligand binds to the active site of the receptor, the active
site of the ligand forms a hydrogen bond with the polar amino acid
residue in the active site of the receptor, and the hydrophobic portion of
the ligand can produce a hydrophobic effect with the nonpolar amino
acid residues within the active site of the receptor.

4. Conclusions

In summary, PMo12 and three transition metal-substituted Keggin-
type phosphomolybdic acids (PMo11V, PMo11Fe and PMo11Co) could
effectively inhibit α-glucosidase activity by enzyme kinetics, and the
inhibitory effect of PMo12 was approximately 117 times higher than
that of standard acarbose [41]. Moreover, combining the inhibition
mechanism and the type of inhibition, we found that the inhibitors
PMo12, PMo11V and PMo11Co showed reversible competitive inhibition
of α-glucosidase, while PMo11Fe showed reversible noncompetitive
inhibition of α-glucosidase. In addition, molecular modeling experi-
ments showed that the inhibitor PMo12 mainly binds to the amino acid
molecules of the active site in the α-glucosidase molecule through hy-
drogen bonding and van der Waals interaction. Therefore, the enzyme
is not inactivated and the inhibition mechanism is reversible. According
to the obtained experimental results above, we further demonstrated
the results of enzyme kinetic experiments and further expound upon the
mechanisms of action at the molecular level. This work provided an
ideal strategy for designing α-glucosidase inhibitors with high effi-
ciency, low cytotoxicity [32,43] and low cost. Due to the complex
mechanisms of action of Keggin-type POMs with respect to α-glucosi-
dase, the need for further research is emphasized. Through future ex-
periments, we will determine the active site and substrate-binding
mode of α-glucosidase by using site-directed mutagenesis and com-
parative modeling methods, and we will expand our investigation by
analogous inhibition studies with the human α-glucosidase and the
model enzyme isomaltase. In a sense, our work advances our under-
standing of the design and synthesis of Keggin-type phosphomolybdic
acids as multifunctional therapeutic agents against type 2 diabetes.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jinorgbio.2019.02.001.
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