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Investigation of Anthocyanidins and Anthocyanins for Targeting
a-Glucosidase in Diabetes Mellitus
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ABSTRACT: Anthocyanidins are bioactive compounds found mostly in colored plants and fruits. Consumption of antho-
cyanidin-rich foods has been shown to reduce the risk of diabetes. However, limited information is available regarding the
inhibitory effect and interactions of anthocyanidins on a-glucosidase, the key enzyme that controls diabetes through de-
grading carbohydrate. Therefore, we used computational docking analysis to investigate the degree and type of inhibition
by a-glucosidase, and the structural interactions of enzyme-selected anthocyanidins. The results suggested that anthocyan-
idins exhibit half maximal inhibitory concentration of 4~55 uM; the strongest and weakest a-glucosidase inhibitors were
delphinidin and malvidin, respectively. Indeed, delphinidin inhibits a-glucosidase in a mixed type, close to non-competi-
tive manner with an inhibitory constant of 78 nM. Addition of a glycoside (glucoside or galactoside) at C3 on the C ring of
delphinidin significantly decreased inhibitory activity, and addition of glycosides at C3 on the C ring and C5 on the A ring
of delphinidin prevented all inhibitory activity. Molecular docking and free binding energy accurately confirmed the mode
of inhibition determined by enzyme kinetics. These data will inform the use of alternative sources of anthocyanidins in
functional foods and dietary supplements for prevention of diabetes. The results provide useful information for evaluating
possible molecular models using anthocyanins/anthocyanidins as templates and a-glucosidase as the key enzyme in man-

agement of diabetes.

Keywords: anthocyanidins, anthocyanins, anti-a-glucosidase activity, enzyme kinetics, molecular docking

INTRODUCTION

Type 1I diabetes mellitus (DM) is a metabolic disorder
correlated with high blood glucose levels (hyperglyce-
mia) due to insulin hormone resistance of f cells in the
pancreas (Shrivastava et al., 2013). Numerous treatment
options for type II DM are available, including non-phar-
macological therapy (e.g. appropriate diet, exercise, weight
loss, and lifestyle modification) and pharmacological in-
terventions. The latter focuses on inhibition of enzymes
that control carbohydrate degradation, a-amylase, and o-
glucosidase (Hui et al., 2009; Nyenwe et al., 2011). Inhib-
ition of these enzymes retards carbohydrate digestion and
glucose absorption, which, in turn, reduces the level of
postprandial hyperglycemia following a meal, and de-
creases triglyceride synthesis in adipose tissue, liver, and
intestinal walls (van de Laar, 2008; de la Garza et al.,
2013). Several medicinal treatments have been proposed
from a pharmacological perspective with an effective dose;
however, synthetic drugs are expensive, and often have

severe side effects with responses dependent on the indi-
vidual. Therefore, bioactive compounds with potential an-
tidiabetic properties from natural products have recently
attracted increasing interest.

Bioactive compounds derived from plants are generally
phenolics, and are defined as phenolic acids, coumarins,
flavonoids, and tannins. Among the phenolics, flavonoids
are effective anti-o-glucosidase agents with potentially
higher half maximal inhibitory concentration (ICs) than
phenolic acids, coumarins, and tannins (Tadera et al.,
2006; Mohamed Sham Shihabudeen et al., 2011; Yin et
al., 2014; Zhu et al., 2014). Many previous studies have
suggested that consumption of foods containing high
levels of flavonoids prevent diabetes through inhibiting
o-glucosidase (Bahadoran et al., 2013; Testa et al., 2016).
Therefore, flavonoid-rich foods have been predicted to
represent a potential new method for management of dia-
betes with reduced adverse effects and increased econom-
ical effectiveness compared with commercial synthetic
drugs. Interestingly, the inhibitory effectiveness of flavo-
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noids against a-glucosidase was higher than for o-amy-
lase, suggesting that the former enzyme may be a more
practical target for controlling diabetes (Tadera et al.,
2006; Mohamed Sham Shihabudeen et al., 2011; Yin et
al., 2014; Zhu et al., 2014).

Anthocyanidins are a subclass of flavonoids. The most
commonly consumed anthocyanidins are cyanidin, del-
phinidin, malvidin, pelargonidin, peonidin, and petuni-
din, found in foods such as berries and red fruits (Miguel,
2011). Compared with other flavonoids, cyanidin is an
effective anti-a-glucosidase agent (Tadera et al., 2006).
Glycosylation of anthocyanidins forms anthocyanins. An-
thocyanins with 3-glucosides, such as cyanidin-3-gluco-
sides, are the main anthocyanins found in berries (Chaves
et al., 2018). However, the ability of anthocyanins to in-
hibit a-glucosidase is decreased by glycosylation, and by
substitution of different types of sugar (Wang et al., 2010;
Xu et al., 2018). Previous studies indicated that a high
intake of anthocyanidins and anthocyanin-rich fruits (e.g.
berries, grapes, blackcurrants, apples, and cowpeas) was
associated with lower risk of type II DM (Jenkins et al.,
2011; Wedick et al., 2012). Results from animal models
also suggested that plant extracts rich in anthocyanidins
reduce high blood glucose levels and decrease hemoglo-
bin Alc by enhancing insulin secretion and improving in-
sulin resistance (Zang et al., 2016). Specifically, cyanidin-
3-glucoside was reported to reduce diabetes-associated
hyperlipidemia in mouse fibroblast 3T3-L1 cells by sup-
pressing hexosamine biosynthesis, FoxO1 and adipose
triglyceride pathways (Guo et al., 2012). In addition, del-
phinidin was shown to decrease glucose absorption via
the free fatty acid receptor-1 dependent pathway in hu-
man intestinal cell lines (Hidalgo et al., 2017). Thus, an-
thocyanins and anthocyanidins have potential to be used
as nutritional bioactive compounds with therapeutic an-
tidiabetic properties.

Limited information is available on the inhibitory ac-
tivity of anthocyanidins on a-glucosidase, and on the in-
hibitory modes of anthocyanidins and their glycoside
forms (anthocyanins). Thus, we investigated the inhibito-
ry effects of anthocyanidins and their glycosides on a-glu-
cosidase, including ICs, inhibitory constant (K;), mode of
inhibition, and structural interactions (molecular dock-
ing). Since high anthocyanidin contents are present in
berries, strawberries, cherries, grapes, raspberries, red
wine, tea, and fruit peel with dark pigments, the results
of this research will be useful for development of func-
tional foods with high anthocyanidin contents. Moreo-
ver, through using enzyme-inhibitor structural analysis,
we described the molecular interactions between antho-
cyanidins as the templates and o-glucosidase as the key
enzyme in type II DM prevention and treatment.

MATERIALS AND METHODS

Chemicals and reagents

The enzyme [Saccharomyces cerevisiae (S. cerevisiae) a-glu-
cosidase (type 1, =10 unit/mg)] and substrate [p-nitro-
phenyl-o-D-glucopyranoside (pNPG)] were sourced from
Sigma-Aldrich Co. (St. Louis, MO, USA). Standards, in-
cluding cyanidin chloride (=95%), malvidin chloride (=
95%), pelargonidin chloride (=98%), peonidin chloride
(=95%), delphinidin chloride (=95%), and petunidin
chloride (=98%), were purchased from Sigma-Aldrich
Co.. Delphin chloride (=97%), delphinidin-3-galactoside
chloride (=95%), and delphinidin-3-glucoside chloride
(=95%) were purchased from Extrasynthese (Genay,
Lyon, France).

Enzyme assays for a-glucosidase inhibitory activity
Inhibition of o-glucosidase was assessed in assays con-
taining 5 pL of anthocyanins/anthocyanidins (various
concentrations), 10 uL of S. cerevisiae a-glucosidase (0.01
U/mL), 25 pL of pNPG (1.25 mM) in 160 pL of 50 mM
KPB (pH 6). The reaction was monitored at a wavelength
of 405 nm at 37°C for 30 min using a Synergy'" HT
96-well UV-visible microplate reader with a Gen5 data
analysis software program (BioTek Instruments, Inc.,
Winooski, VT, USA). Result was calculated as a percent-
age of inhibitory activity using the following equation:

VoB — Vob

Vor—Vor x100

Inhibition (%)=1—

where Vo4 is the initial velocity of the control reaction
with enzyme (control), V,, is the initial velocity of the
control reaction without enzyme (control blank), Vs is
the initial velocity of the enzyme reaction with sample,
and Vy, is the initial velocity of the reaction with sample
but without enzyme (sample blank).

The efficiency of anthocyanins and anthocyanidins for
inhibiting a-glucosidase was determined by the ICso, an-
alyzed using a dose-response plot of anthocyanins/antho-
cyanidins versus percentage of inhibition using a Graph-
Pad Prism (version 5.00) for Windows (GraphPad Soft-
ware, San Diego, CA, USA, www.graphpad.com).

Enzyme kinetics of a-glucosidase inhibitory activity

The K; and mode of inhibition for inhibition of S. cerevisiae
a-glucosidase (0.01 U/mL) by anthocyanins/anthocyani-
dins were determined using with 10 different concentra-
tions of pNPG (0.1~1.2 mM) in 50 mM KPB (pH 6). As-
says were performed using the 96-well microplate reader
as mentioned previously. Investigation of the kinetic be-
haviours of anthocyanins/anthocyanidins on a-glucosi-
dase was performed using the Michaelis-Menten equation
with a least squares fit parameter using the GraphPad
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Prism (version 5.00) for Windows (GraphPad Software).
The Michaelis-Menten equation presents a relationship
between substrate concentrations and reaction velocity
and is expressed as:

e VoulS]

Kn + [ST
where V is the initial velocity of the reaction, Viux is the
maximum velocity of reaction rate obtained with excess
substrate and saturated enzyme, K, is the Michaelis-
Menten constant indicating a binding affinity of enzyme
and substrate at 50% of the reaction rate, and S is the
concentration of substrate.

The Lineweaver-Burk plot was generated using Graph-
Pad Prism (version 5.00) for Windows by plotting the
inverse of substrate concentration and reaction velocity
to determine Vi and K. The intercept on the y-axis re-
presents 1/Vma, the intercept on the X-axis indicates
—1/Ky, and the slope is Kiy/Vix. The Lineweaver-Burk
plot is expressed as:

1 _ 1, Ke 1
B Vinax [S]

Conversely, a Lineweaver-Burk double reciprocal plot
was transformed from the Michaelis-Menten equation to
determine the mode of inhibition. K; was determined by
the slope of the Lineweaver-Burk double reciprocal plot
and the concentrations of anthocyanins and anthocyani-
dins.

Molecular docking
The X-ray crystallographic structure of a-glucosidase was
retrieved from the Protein Data Bank (http://www.rcsb.
org/pdb). Several human a-glucosidases, including the
intestinal N-terminal maltase glucoamylase (PDB ID:
2QM)), the C-terminal maltase glucoamylase (PDB ID:
3TOP), and the N-terminal sucrose isomaltase (PDB ID:
3LPP), have been submitted to and are available on the
protein database. These proteins have been used for pre-
dicting binding interactions using molecular docking anal-
ysis in previous studies (Shang et al., 2013; Priscilla et al.,
2014; Flores-Bocanegra et al., 2015; Zhang et al., 2016).
The results showed that the N-terminal maltase gluco-
amylase shared high structural similarity with the C-ter-
minal maltase glucoamylase and the N-terminal sucrose
isomaltase. Interestingly, the N-terminal maltase gluco-
amylase was the most selective molecular model for stud-
ying a-glucosidase inhibition (Naumov, 2007; Quezada-
Calvillo et al., 2007). Thus, the human intestinal N-ter-
minal maltase glucoamylase was chosen as the template
in this study.

All water molecules and miscellaneous molecules were

removed from the receptor model using the Discovery
Studio Client (version 2.5) program from Dassault Sys-
temes BIOVIA (San Diego, CA, USA) (Mikulic-Petkovsek
et al., 2017) to avoid an unclear binding pocket and dis-
torted structural model. Hydrogen atoms and Gasteiger-
Huckel charges were then added to the model to gener-
ate a stabilized chemical structure. The 3D structures of
all flavonoids were downloaded from PubChem (https://
pubchem.ncbi.nlm.nih.gov) and computed using Sybyl
Molecular Modeling Package (Tripos, Inc., St. Louis, MO,
USA) (Vujovi¢ et al., 2017). Binding energy was calcu-
lated using AutoDockTools (version 4.2, AutoDock, La
Jolla, CA, USA) from The Scripps Research Institute
(TSRI) (LaJolla, CA, USA) (Morris et al., 2009) to pre-
dict the interaction between the a-glucosidase model and
anthocyanins/anthocyanidins. The grid box size was 84 X
83x81 A in the x, y, and z dimensions, respectively, with
a spacing of 0.375 A. During this procedure, the genetic
algorithm (GA) was set at 30 runs, and the Lamarckian
GA was chosen for docking calculations. Analyses were
performed using the data collection tool Cygwin Termi-
nal (version 2.8.0) from CygwinTM API library (https://
cygwin.com) (Racine, 2000). Text on molecular docking
was edited using a text editor program, EditPlus (version
4.3, ES-Computing, Jinju, Korea, https://www.editplus.
com). Structural molecular analyses and molecular im-
ages were visualized using the UCSF Chimera package
(version 1.11.2) from the Resource for Biocomputing, Vis-
ualization and Informatics, University of California, San
Francisco (supported by NIH P41 RR-01081) (Pettersen
et al., 2004), and the PyMOL Molecular Graphics System
(version 1.8) from Schrédinger, LLC. (New York, NY,
USA) (https://www.pymol.org) (Salam et al., 2014). The
optimal docked model was selected based on the lowest
binding free energy being the most favorable binding on
o-glucosidase.

Statistical analysis

All experiments were carried out in triplicate with data
expressed as mean=standard deviation (SD). All statis-
tical analyses were evaluated using SPSS version 19 from
IBM Corp. (New York, NY, USA). Unpaired sample t-test
was performed to determine the significant differences
between ICsg values of anthocyanins/anthocyanidins and
that of acarbose. Significant differences was defined at P
<0.05.

RESULTS AND DISCUSSION

Inhibition of a-glucosidase

Anthocyanidins found in nature include cyanidin, del-
phinidin, malvidin, pelargonidin, peonidin, and petunidin
(Miguel, 2011). These anthocyanidins exhibited ICsq val-
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ues against a-glucosidase ranging from 4.11 to 54.69 uM,
which are higher than the diabetic drug, acarbose (ICso
of 0.53+0.06 uM) (Table 1). The inhibitory actions of
the anthocyanidins were in the following order of mag-
nitude: delphinidin> cyanidin> petunidin> peonidin>
pelargonidin> malvidin. The chemical structure of del-
phinidin (three hydroxyl moieties on the B ring) caused
delphinidin (ICso of 4.11%0.49 puM) to exhibit greater
inhibitory activity than cyanidin and petunidin (ICso of
17.01+1.35 and 30.78=1.17 uM, respectively). Cyanidin
and petunidin both have two hydroxyl moieties, which
suggests that the presence of more hydroxyl moieties at
C-3’, C-4’, and C-5’ of the B ring promotes inhibitory ac-
tivity (Table 1 and Fig. 1). The hydroxyl moieties at C-3’
and C-4’ of the B ring of cyanidin exhibited higher inhib-
itory activity than hydroxyl moieties at the C-4’ and C-5’
of the B ring of petunidin (Table 1 and Fig. 1), suggesting
a more significant role of hydroxyl moieties at C-3’ than
at C-5’ of the B ring. The significance of hydroxyl moie-
ties was also revealed in the chemical structures of peo-
nidin and petunidin (ICso of 36.11%2.72 and 30.78+1.17
uM, respectively). Petunidin (hydroxyl moiety at C-5" of
the B ring) exhibited higher inhibitory activity than peo-
nidin (no hydroxyl moiety at this position) (Table 1 and
Fig. 1). Replacement of hydroxyl moieties with meth-
oxyl groups decreased inhibitory activity, as observed in
malvidin (ICsp of 54.69+2.14 uM) (Table 1). Malvidin is
composed of two methoxyl moieties at C-3’ and C-5’ of
the B ring, and exhibited lower inhibitory activity than
petunidin and peonidin (methoxyl moiety at C-3’) (Table
1 and Fig. 1). Pelargonidin, which only has one hydroxyl
moiety at C-4’ of the B ring, exhibited lower inhibitory
activity than delphinidin, cyaniding, and petunidin, which
all have two or three hydroxyl moieties in the B ring (Ta-
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ble 1 and Fig. 1). However, peonidin (methoxyl moiety at
C-3’) exhibited higher inhibitory activity than pelargoni-
din (ICso of 50.35=4.00 uM) with hydrogen at C-3’. How-
ever, compared with malvidin (two methoxyl moieties at
C-3’ and C-5’), pelargonidin exhibited greater inhibitory
activity, suggesting that the presence of a methoxyl moi-
ety at C-5’ decreased the inhibitory activity to a greater
extent than when the methoxyl moiety is at the C-3’ po-
sition. The presence of methoxylation and hydroxylation
also increased the inhibition of a-glucosidase. Previous
studies have indicated that hydroxylation of the B ring of
the flavonoid structure increases the inhibitory potential
(ICs0) on a-glucosidase (Kim et al., 2006; Xiao and Hog-
ger, 2015). Indeed, the presence of more hydroxyl groups
enhanced inhibition of a-glucosidase (Gao and Kawabata,
2004). However, the presence of methoxyl groups re-
duced inhibition of a-glucosidase (Xiao et al., 2013).
Since delphinidin exhibited the highest inhibitory activ-
ity with the lowest ICso value, we further investigated its
glycosides. Results suggested that all the glycosides (del-
phinidin-3-glucoside, delphinidin-3-galactoside, and del-
phin) were poorer inhibitors of a-glucosidase than del-
phinidin (Table 1). Substitution of sugar moieties (glu-
cose and galactose) at C3 on the C ring of delphinidin
weakened the inhibitory effect on o-glucosidase. This was
indicated by increased ICso values (delphinidin-3-gluco-
side, 364.32+15.19 uM; delphinidin-3-galactoside, 368.87
+13.81 uM). Furthermore, delphinidin-3,5-diglucoside
(delphin) was the weakest inhibitor of a-glucosidase
since no inhibitory action was observed (Table 1). These
results imply that replacement of the hydroxyl group at
C3 of the C ring by either glucose or galactose moieties
lowered its potential for a-glucosidase inhibition. More-
over, addition of glucose at C3 of the C ring and C5 of the

Table 1. Effect of anthocyanidins, anthocyanins and acarbose on Saccharomyces cerevisiae a—glucosidase half maximal inhibitory
concentrations (ICsg), inhibition constants (A), and modes of inhibition

Compounds ICso (uM) Ai (uM) Mode of inhibition
Anthocyanidins
Pelargonidin 50.35%+4.00 31.36 Mixed type, close to non-competitive
Cyanidin 17.01£1.35 243 Mixed type, close to non-competitive
Peonidin 36.11+2.72 1.23 Non-competitive
Delphinidin 4.11+£0.49 0.078 Mixed type, close to non-competitive
Petunidin 30.78+1.17 1.52 Competitive
Malvidin 54.69+2.14 35.89 Mixed type, close to non-competitive
Anthocyanins
Delphinidin-3-glucoside 364.32+£15.19 59.83 Mixed type, close to non-competitive
Delphinidin-3-galactoside 368.87+£13.81 98.69 Mixed type, close to non-competitive
Delphin ND - -
Synthetic drug
Acarbose 0.53+0.06 0.069 Competitive

Values are presented as meantSD of three replications (n=3).

Significant differences between the ICs values of anthocyanins/anthocyanidins and that of acarbose were reported using unpaired

sample #test (P<0.05).
ND, not detected.
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Anthocyanidins R1 R2
Pelargonidin H H
Cyanidin OH H
Peonidin OCH, H
Delphinidin OH OH
Petunidin OCH, OH
Malvidin OCH, OCH,

OH OH OH OH

Delphinidin-3-glucoside Delphinidin-3-galactoside

A ring of the delphinidin skeleton drastically decreased
the inhibition of a-glucosidase, suggesting that steric hin-
drance of bulky structures negatively effects binding in-
teractions between delphinidin glycosides and o-gluco-
sidase.

A previous study showed that glycosylation of the fla-
vonoid skeleton decreased inhibition of a-glucosidase
(Wang et al., 2010). The inhibitory activity was decreased
to a greater extent with a larger number of glycoside
substitutions on flavonoids (i.e. polyglycoside vs. mono-
glycoside residues) (Kim et al., 2000). The increase in
bulkiness and polarity of the chemical structure causes a
steric effect, which tends to possess a non-planar struc-
ture, thus reducing the favorable binding interactions
between the flavonoids and o-glucosidase (Xiao et al.,
2010). Other studies have indicated that the inhibitory
activity of flavonoid glycosylation on o-glucosidase de-
pended on the type, position, molecular size, and polarity
of the sugar moiety, which is consistent with the results
of our present study on anthocyanins and anthocyani-
dins (Kawabata et al., 2003; Shibano et al., 2008; Fan et
al., 2010; Xiao et al., 2013).

Enzyme kinetics and mode of inhibition

Enzyme kinetics (Table 1) revealed that acarbose and
petunidin behaved as competitive inhibitors of o-gluco-
sidase, suggesting that the inhibitors competed with the
substrate for the active site of the enzyme. Therefore, the
inhibitor blocked the substrate from reaching the active
site, thereby interfering with enzymatic activity. This
finding was consistent with a previous report that indi-
cated that acarbose inhibits in a competitive manner
(Hansawasdi and Kawabata, 2006). However, peonidin
inhibited a-glucosidase in a non-competitive manner (Ta-

OH

Fig. 1. Chemical structures of an-
thocyanins and anthocyanidins used
in this experiment.

OH OH

Delphin

ble 1), indicating binding to either the free enzyme or en-
zyme-substrate complex. Interactions occurring outside
of the active site alter the structure of the enzyme and
prevent the substrate from entering the active site. The
other anthocyanidins and anthocyanins (with the excep-
tion of delphin) inhibited a-glucosidase in mixed-type,
close to non-competitive inhibitors manner, suggesting
that these compounds bind the free enzymes and en-
zyme-substrate complexes (Table 1). The type of inhibi-
tion could not be determined for delphin (two molecules
of glucose attached to C3 of the C ring and C5 of the A
ring) due to low inhibitory activity.

The determination of K; for the inhibition of a-glucosi-
dase showed that anthocyanidins and anthocyanins had
K; value of the following order of magnitude: delphini-
din< peonidin< petunidin< cyanidin< pelargonidin<
malvidin< delphinidin-3-glucoside< delphinidin-3-gal-
actoside (Table 1). A smaller K; implies stronger inhibi-
tion or a higher affinity for binding a-glucosidase (tight
binding). The K; value also indicates the effectiveness of
ligand binding to the enzyme. Based on these data, del-
phinidin had the strongest binding to a-glucosidase,
whereas delphinidin-3-galactoside had the poorest (K; of
0.078 uM and 98.69 uM, respectively). This finding was
in good agreement with the ICso values (delphinidin had
the lowest ICsy, whereas delphinidin-3-galactoside had
the highest ICso). Interestingly, delphinidin exhibited a
similar K; value as acarbose (K;=0.069 pM), suggesting
delphinidin is an effective anti-a-glucosidase agent.

Molecular docking

To understand the interactions between anthocyanidins,
especially delphinidin, and o-glucosidase, a molecular
docking technique was used to investigate docking of en-
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zyme-anthocyanidin interactions, both on the centered
macromolecule and the enzyme active site. We used the
X-ray crystallographic structure of human intestinal N-
terminal maltase glucoamylase as the macromolecule re-
ceptor to determine an optimally conformational position
of anthocyanidins on a-glucosidase. Molecular docking
was predicted by the scores of the lowest binding free
energy to indicate potential interactions between antho-
cyanidins and a-glucosidase.

The docking results indicated that enzyme-anthocyani-
dins interactions throughout the macromolecule were
not the same as interactions at the active site. A previ-
ous report suggested that docking analysis of the com-
petitive inhibitor, acarbose, on the N-terminal subunit
of maltase glucoamylase occurred between the catalytic
triad (Asp327, Asp443, and Asp542) and active site resi-
dues (Thr205 and Arg526) (Sim et al., 2008). Similar re-
sults were observed in our experiment (Table 2). How-
ever, the interaction between acarbose and the enzyme
active site differed from that between acarbose and the
entire enzyme, during which acarbose preferred forming
hydrogen bonds with GIn272, GIn275, Asp649, His657,
Glu658, Asp697, and Arg730 of the enzyme. Conside-
ring the chemical structure of acarbose on human o-glu-
cosidase, the interaction mostly occurred through the hy-
droxyl moieties of acarbose (Xiao et al., 2013; Proenca et
al., 2017). The mode of inhibition of acarbose, the com-
petitive inhibitor, corresponded with the free binding
energy. Indeed, the free binding energy of docking to the
whole enzyme (—0.91 kcal/mol) was higher than that of
docking into the enzyme active site (—2.98 kcal/mol)

(Table 2). Therefore, acarbose likely accessed the cata-
lytic pocket of a-glucosidase and formed interactions with
the active-site residues rather than interacting away from
the active site.

Structural prediction of molecular docking in the cen-
tered macromolecule of the enzyme to create a flexible
binding mode indicated free binding energy scores rang-
ing from —9.00 kcal/mol to —6.02 kcal/mol (Table 2).
Molecular docking analysis showed that delphinidin ex-
hibited the lowest estimated free binding energy (—9.00
kcal/mol), suggesting that this anthocyanidin has poten-
tial to form strong interactions with o-glucosidase. The
results from our molecular docking analysis, especially
the estimated free binding energy, correspond with re-
sults from enzyme kinetics, suggesting delphinidin with
the lowest K; and ICso values is a strong a-glucosidase in-
hibitor. Our structural predictions indicated that delphi-
nidin forms six hydrogen bonds with enzyme residues
located outside of the active site (Fig. 2). Indeed, the hy-
drogen atom on the hydroxyl moiety at C-3’ of the B ring
interacts with oxygen atoms of the backbone carboxyl
moiety of Phe535, while the oxygen atom at the C-4” hy-
droxyl moiety directly interacts with hydrogen atoms on
the backbone amine moiety of Ile523. In addition, the
hydrogen atom of the C-5" hydroxyl moiety of the B ring
interacts with oxygen atoms of the backbone carboxyl
moieties of Arg520 and Ser521, while oxygen atoms on
the hydroxyl moieties at C-5 and C-7 of the A ring inter-
act with hydrogen atoms of the backbone amine moie-
ties of Asp777 and Thr778, respectively.

Structural prediction of molecular docking into the

Table 2. Structural interactions between different anthocyanidins/anthocyanins and Saccharomyces cerevisiae o-glucosidase

Interactions centered on macromolecules

Interactions centered on active sites

Compounds EFBE . . EFBE ; ;
(kcal/mol) Interactions with enzyme (kcal/mol) Interactions with enzyme
Anthocyanidins
Pelargonidin —7.14 Phe535, Asp777, Thr778, Val779 —4.69 Asp327, Asp366, Asp542
Cyanidin —8.60 His645, Val779 —-8.18 Aspdd3, Aspb42, Tyr605
Peonidin —6.02 1le523, Asp777, Thr778 —6.40 Asp203, Asp327, Serd48
Delphinidin —9.00 Arg520, Ser521, I1le523, —8.38 Aspd43, Arg526, Asp542,
Pheb35, Asp777, Thr778 GIn603, Tyr605
Petunidin —8.12 Lys513, Arg520, Lys534, Phe535 —7.98 Asp327, Aspdd3, Asp542, Tyr605
Malvidin —6.53 Ser288, 11e523, Lys776, Asp777 —3.97 Arg202, Asp203, Arg526
Anthocyanins
Delphinidin-3-glucoside —4.71 Pro17, GIn19, Ser40, —5.91 Asp203, Asp327, Aspdd43,
Vald1, Argd71 Argb26, Asp542, GIné03
Delphinidin-3-galactoside = —4.35 Pro17, GIn19, Ser40, —532 Asp203, Asp327, Aspdds,
Vald1, Argd71 Aspb42, Tyr605
Delphin —-3.75 Ser40, Vald1, Thr196, —2.60 Asp203, Thr205, Asp327,
Arg254, Arg471 Aspb42, GIné03
Synthetic drug
Acarbose —-0.91 GIn272, GIn275, Aspé49, Hisb57, —2.98 Thr205, Asp327, Aspd43,

Glué58, Asp697, Arg730

Aspb42, Argh26

Estimated free binding energy (EFBE) and interactions with enzyme ligands are presented for interactions centered on whole

macromolecules and the enzyme active sites.
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Fig. 2. Schematic diagram of delphinidin docking to the centered macromolecule of human intestinal N-terminal maltase glucoamy-
lase (PDB: 2QMJ). Potential interactions with enzyme residues are shown with dashed lines.

Fig. 3. Schematic diagram of delphinidin docking into the catalytic pocket of human intestinal N-terminal maltase glucoamylase
(PDB: 2QMJ). Potential interactions with enzyme residues are shown with dashed lines.

catalytic pocket of the enzyme indicated free binding en-
ergy scores ranging from —8.38 kcal/mol to —3.97 kcal
/mol (Table 2). Again, delphinidin had the lowest esti-
mated free binding energy, and was predicted to form
hydrogen bonds with enzyme residues inside the active
site via Asp443, Arg526, Asp542, Gln603, and Tyr605
(Fig. 3). Two catalytic residues from the catalytic triad of
human intestinal N-terminal maltase glucoamylase were
present as Asp443 and Asp542, whereas one catalytic res-
idue, Asp327, was missing from the structural interac-
tions. The distance of this ligand from delphinidin was
greater than 3 A, thus we predicted no interaction was
formed. This result indicates that the hydrogen atom of
C-3’ hydroxyl moiety of the B ring directly interacts with
the side chain carbonyl of GIn603, while hydrogen atoms
of the C-4’ and C-5’ hydroxyl moieties interact with the
n-hydroxyl side chain of Tyr605. The hydrogen atom of
the C-3 hydroxyl moiety of the C ring interacts with the
oxygen atom on the y-acidic side chain of Asp542. More-
over, the hydrogen atom of the C-5 hydroxyl moiety of
the A ring interacts with the y-acidic side chain of
Asp443, whereas its oxygen atom interacts with the side
chain n'-amine of Arg526.

Through determining the free binding energy of del-
phinidin docking into the centered macromolecule and

the catalytic pocket of the enzyme, we showed that del-
phinidin preferred to bind at a site far away from the ac-
tive site of a-glucosidase (—9.00 kcal/mol) rather than
within the active site (—8.38 kcal/mol). Interestingly, the
free binding energy was in agreement with our kinetic
results that indicated delphinidin is a mixed-type, close to
non-competitive a-glucosidase inhibitor. Based on these
results, we concluded that delphinidin prefers to interact
with either the free enzyme or the enzyme-substrate
complex, thus interfering with the enzyme-substrate in-
termediate. In addition, molecular docking analysis con-
firmed that delphinidin acts as a mixed-type inhibition
as it interacts with enzyme residues in the region of the
enzyme located far away from the active sites. The struc-
ture-activity relationship suggests that 3’, 4’, and 5’ tri-
hydroxyl moieties on the B ring play important roles in
the inhibitory activity of delphinidin as these trihydroxyl
moieties form hydrogen bonds with a-glucosidase. More-
over, the presence of the hydroxyl group may be essential
to maintain interactions between delphinidin and o-glu-
cosidase, which retard the entrance of substrates into the
enzyme active site.

These data suggest that delphinidin is a potent a-glu-
cosidase mixed-type, close to non-competitive inhibitor.
Therefore, delphinidin shows potential as an effective an-
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ti-a-glucosidase agent and future diabetic drug. However,
its bioaccessibility, toxicity and ability to inhibit a-gluco-
sidase activity in vitro and in vivo are currently unknown.
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