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I. Introduction

Diabetic mellitus (DM) is a chronic disease caused by abnormal metabolism of
fats, proteins and carbohydrates. Abnormal metabolism occurrs due to insulin
deficiency and resistance. DM occurs all over the world, and its occurrence is
significantly increasing in many countries (Parthasarathy et al, 2009). In 2013,
382 million adults aged 20-79 years in 174 countries had DM; this number is
expected to reach 592 million by 2035. Most of DM sufferers live in countries of
low- and middle-income and these will undergo considerable increase in case of
DM over the following 22 years (Guariguata et al, 2014). Thus, treatment and
prevention options for DM are necessary globally. The B-subunit of insulin
receptor (IRP) combined with insulin has intrinsic tyrosine kinase activity. Upon
binding of insulin to a-subunit of insulin receptor, IRB phosphorylates tyrosin
residues of IR and then IR also phosphorylates insulin receptor substrate (IRS).
Tyrosine-phosphorylated IRS also phosphorylates tyrosine residues of signaling
molecules that draw its downstream effects, including the phosphatidylinositol-
3-kinase (PI3K) and a serine-threonine kinase Akt. Activated Akt then
phosphorylates the glycogen synthase kinase-3 (GSK3), and lead to increasing

the number of GLUT4 transporters, and resulting in promotion of peripheral



glucose uptake (Qin et al, 2015). These pathways are in charge of metabolic
insulin action. On the other hand, tyrosine-phosphorylated IR is also linked to
Ras-mitogen-activated protein kinase (MAPK) pathway. This pathway is related
to the regulation of some genes expression and controlling the cell growth and
differentiation by cooperating with PI3K pathway (Patel et al, 2014). Insulin
resistance is the key pathological characteristic of metabolic syndrome, which
shows an unnatural insulin signaling pathway, including the IRB, IRS1/2 and
other downstream signal moledules involved in the malfunction of reversible
phosphorylation of protein tyrosine and decreased insulin sensitivity of
peripheral tissue (Ma et al, 2011). The protein-tyrosine phosphatases (PTPases)
comprise a widespread homologous enzyme family that regulates cellular signal
transduction and metabolism. The enzymes belonging to PTPase have been
divided into two types, intracellular (nonreceptor type) and transmembrane
(receptor type). Protein tyrosine phosphatase 1B (PTP1B) in involved in an
intracellular group which acts as a major negative regulators of the insulin
signaling containing IR and IRS by dephosphorylation of tyrosine-
phosphorylated proteins (Goldstein, 2002; Gonza’'lez-Rodriguez et al, 2010).
Regulation of the signal transduction of insulin by PTP1B has been observed in
both muscle and liver cell-lines. Insulin resistance is caused by disequilibrium in
IR autophosphorylation and tyrosine kinase activity. Thus, overexpression of

PTP1B has been detected in a state of insulin resistance. Moreover, PTP1B-
2



deficient mice exhibited not only lower serum insulin, triglyceride and blood
glucose levels, but also activations of IR and an increase of insulin sensitivity,
with no obvious disease phenotype and a normal fetal survival rate (Liu et al,
2015). Thus, PTP1B is expected to become a strong potential drug target for
insulin sensitivity and insulin resistance. On the other hand, a-glucosidase is
located in the intestinal brush-border surface membrane, which activates the
final step of the digestive process. This enzyme is an exo-type carbohydrase and
catalyzes the exohydrolysis of disaccharides including sucrose and maltose into
absorbable monosaccharides such as glucose (Choi et al., 2010). Therefore, a-
glucosidase inhibitors decrease the influx of glucose from the digestive tract to
the blood stream. Acarbose, voglibose, and miglitol are well known ao-
glucosidase inhibitors, but these drugs are associated with side effects, such as
adverse gastrointestinal symptoms, diarrhea and liver toxicity (Lordan et al.,
2013). Therfore, natural a-glucosidase inhibitors with no ill or unwanted

secondary effects are needed to treat DM.

Pueraria lobata (Willd.) Ohwi (Kudzu) is a leguminous vine native to much of
eastern Asia, southeast Asia, and some Pacific islands, and it became known
throughout the United States in 1876 (Prasain et al., 2003). The root of P. lobata
is known as aka, kudzuvine, kudsu, nepalem, Japanese arrowroot, kuzu

(Japanese), kudzu comun (Spanish), kopoubohne (German) and vigne japonaise



(French). The root of P. lobata well-known as Gegen in traditional Chinese
(oriental) medicine has been used as a medicine, food ingredient, and fodder for
many thousands of years. Moreover, the root of P. lobata was utilized earlier
than other medicinal herbs in ancient China because it was used to treat wasting-
thirst, which occurs due to dryness-heat and causes symptoms of rapid digestion
with swift hunger and frequent urination (Cho et al, 2003). In addition, P. lobata
root has anti-inflammatory, antioxidant (Jin et al, 2012), and antihypertensive
activities and it is well known that efficacy of phytoestrogen and use in the
treatment of alcoholism (Zhou et al, 2014). The root of P. lobata is a source of
abundant polyphenolic compounds, including isoflavones such as puerarin,
daidzein and genistein, isoflavonoid glycosides, puerarols and terpenoids such as
lupenone and lupeol. Puerarin is the first compound isolated from the root of P.
lobata and the most rich secondary metabolite (Wong et al, 2011). In prior
studies, puerarin revealed potential preventative effect against coronary heart
disease and hypoglycemic and hypolipemic effects on streptozotocin-
diabetogenic mice by increasing insulin expression and preserving metabolic
homeostasis. Because of this, many researchers have give attention to the
amazing pharmacological activities of puerarin (Mun et al, 2015; Wu et al, 2013).
Moreover, advanced glycation end products (AGEs) inhibitory activities of P
lobata and its constituents (Kim et al., 2006) have been reported. However,

PTPIB and a-glucosidase inhibitory effects of the systematic extract as well as
4



the fractions and isolated compounds from the root of P. lobata and mechanisms
of inhibition of PTPIB and a-glucosidase through enzyme kinetics and
molecular docking simulation have not been reported. Thus, the aim of this study
is to identify a natural herbal medicine for type 2 diabetes from the root of P.
lobata via PTP1B and a-glucosidase inhibitions from the isolated compounds
with enzyme kinetics and molecular docking simulation between the enzymes

and active compounds.



I1. Materials and methods

1. Plant materials

The root of Pueraria lobata was collected from the southern area of Gangwon-
do Province, Korea, in March 2015 and authenticated by Professor Jae Sue Choi.

A voucher specimen 20150320 was deposited in the authorized laboratory.

2. General experimental procedures

'H-NMR and ""C-NMR spectra were measured by a JEOL JNM ECP-400
spectrometer (Tokyo, Japan) at 400 MHz for '"H-NMR and 100 MHz for "*C
NMR. UV lamp (Model ENF-240C, Spectroline, U.S.A.) with built in both of
365 nm and 245 nm UV light was used to search compounds on the TLC plates.
PTPIB and a-glucosidase inhibitory activities were conducted using a microplate

reader spectrophotometer (Molecular Devices, VERSA max, CA, USA).



3. Chemicals and reagents

Column packing meterials, silica (Si) gel 60 (70~230 mesh, Merck, Darmstadt,
Germany), Sephadex LH-20 (bead size 25~100 pum, Merck, Germany), RP-18
(LiChroprep® RP-18, 40~63 yum, Merck, Germany) and Diaion HP-20 (250~850
um, Sigma) were used for column chromatography. Thin layer chromatography
was carried out using Kieselgel 60 F,s4 plates (20 % 20 cm, 0.25 mm, Merck) and
RP-18 Fasss plates (5 x 10 cm, Merck) using 50 % H,SO,4 as a spray reagent.
Solvents used in extraction and column chromatography were of reagent grade,
and were purchased from Sigma-Aldrich Co. or other commercial sources. Yeast
a-glucosidase, acarbose, p-nitrophenyl phosphate (pNPP), p-nitrophenyl a-D-
glucopyranoside (pNGP), ethylenediamine tetra acetic acid (EDTA), and
dimethylsulfoxide (DMSO) were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). Protein tyrosine phosphatase 1B (PTP1B, human recombinant) and
dithiothreitol (DTT) were purchased from Biomol® International LP (Plymouth

Meeting, PA, USA) and Bio-Rad Laboratories (Hercules, CA, USA), respectively.



4. Experiment methods

4-1. Extraction and fractionation

The dried roots of P. lobata (3 kg) were extracted 5 times with 70% EtOH under
reflux. The total filtrate was then concentrated to dryness in vacuo at 40 °C to
give a 70% Ethanol (EtOH) extract (0.9 kg). For fractionation, 70% EtOH extract
was suspended in H>O and then successively partitioned three times with n-
hexane, dichloromethane (CH,Cl,), ethyl acetate (EtOAc) and n-butanol (n-
BuOH) in the ordered name to yield n-hexane fraction (27.5 g), CH,Cl, fraction

(4.3 g), EtOAc fraction (22.2 g), n-BuOH fraction (391 g) and H,O fraction (455

g).



Pueraria lobata roots (3 kg)
|70%EtOH(6L x 5)
70 % EtOH extract (900 g)

n-Hexane:H,0 (1:1, v/v)

n-Hexane fraction H,0 layer
CH,Cl, fraction H,O0 layer
439 EtOAc
EtOAc fraction H,0 layer
(22.2g) n-BuOH
n-BuOH fraction H,O fraction

391 ¢) 455¢)

Scheme 1. Extraction and fractionation of P. lobata roots.



4-2. Isolation of compounds

4-2-1. Isolation of compounds from the n-hexane fraction

n-Hexane fraction (27.5 g) was chromatographed on silica gel (Si) column
chromatography with n-hexane-EtOAc (30:1 to 2:1, gradient) solvent system to
give 15 subfractions (fraction 1~15). Fraction 1 was chromatographed on Si gel
column with n-hexane-EtOAc (100:1) to yield lupenone (234 mg). Successive
recrystallization of 2 fractions from 100% MeOH yielded 2 compounds, lupeol
(550 mg) from fraction 3 and [-sitosterol (350 mg) from fraction 5.
Recrystallization of fraction 9 from 100% MeOH yielded puerarol (280 mg),
tuberosin (10 mg) and coumesterol (20 mg). These compounds were isolated
according to the method described by Jin et al. (2012), and were identified by
spectroscopy including 'H and ""C-NMR, as well as by comparison with

published spectral data. The structures are shown in Fig. 1.
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n-Hexane fraction (27 g)

Si gel column chromatography
HE (30:1 - 2:1, gradient)

Fr.1 oo e o Fr.3 0o e oo Fr. S e oo o Fr. 8 ¢ oo Fr. 9 ¢ oo Fr 1§

Sigelc.c.
IIIIE:IBJ:I) Recrystalization Recrystalization Recrystalization
with MeOH with MeOH with MeOH
| \ Lupeol p-sitosterol Puerarol (280 mg)
R (350mg) Tuberosin (150 mg)
Coumestrol (20 mg)
Lupenone
(235 mg)

Scheme 2. Isolation of compounds from the n#-hexane fraction of P. lobata roots.
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Fig. 1. Chemical structures of the compounds isolated from the n-hexane fraction

of P. lobata roots.
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4-2-2. Isolation of compounds from the CH,Cl, fraction

CH,Cl, fraction (4.3 g) was chromatographed on Si column chromatography
with n-hexane-EtOAc (10:1 to 2:1, gradient) solvent system to give 10
subfractions (fraction 1~10). Fraction 7 was chromatographed on RP-18 column
chromatography with 50% MeOH solvent system to give 2 compounds, puerarol
(100 mg) and tuberosin (50 mg). Fraction 8 was chromatographed on Si column
chromatography with CH,ClL,-MeOH (300:1) solvent system to give calycosin
(40 mg). These compounds were isolated according to the method described by
Jin et al. (2012), and were identified by spectroscopy including "H and *C-NMR,
as well as by comparison with published spectral data. The structures are shown

in Fig. 2.
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CH,(l, fraction (4 g)
Si gel column chromatography
HE (10:1 — 2:1, gradient)

Fr. 1 ° . ° o . . o . . o Fr. 7 . . . Fr. 8 L) L] . . Fr. 10

RP- 18 Si gel c.c.
50% MeOH CM (300:1)
Puerarol Calycosin
(100 mg) (40 mg)
Tuberosin
(50 mg)

Scheme 3. Isolation of compounds from the CH,Cl, fraction of P. lobata roots.
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[ TberoSln Calycosin

Fig. 2. Chemical structures of the compounds isolated from the CH,Cl, fraction

of P. lobata roots.
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4-2-3. Isolation of compounds from the EtOAc fraction

EtOAc fraction (22.2 g) was chromatographed on Si column chromatography
with CH,Cl,-MeOH (1:0 to 1:1, gradient) solvent system to give 14 subfractions
(fraction 1~14). Fraction 10 was recrystallized from 100% MeOH resulted in the
isolation of daidzein (1.2 g) and filtrate was chromatographed on Si column
chromatography with CH,ClL:MeOH (20:1, gradient), which resulted in the
isolation of genistein (1 g). Fraction 12 was chromatographed on Sephadex LH20
with MeOH to give 12 subfractions (Sub-Fr.E-12-1~12). The combined Sub-
Fr.E-12-8 and Sub-Fr.E-12-9 were chromatographed on Si column
chromatography with CH,Cl,:MeOH:H,O (5:1:0.1) resulted in the isolation of
puerarin (1.05 g). Sub-Fr.E-12-10 was chromatographed on Si column
chromatography with CH,ClL,:MeOH:H,0 (10:1:0.1) resulted in the isolation of
(+)-Puerarol B-2-O-glucoside (115 mg). These compounds were isolated
according to the method described by Jin et al. (2012), and were identified by
spectroscopy including 'H and ""C-NMR, as well as by comparison with

published spectral data. The structures are shown in Fig. 3.
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EtOAc fraction (22 g)

Si gel column chromatography
CH,Cl, = CH,Cl,:MeOH (1:1, gradient)

Fr. 1 ¢ ¢« Fr. 3 ¢« ¢« o« Fr. 10 ¢ o o o Fr, 12 ¢ ¢ ¢ « Fr. 14

Recrystalization Sephadex LH20
with MeOH (MeOH)
ppt filtrate 1o¢8+9 3g) 10 (19 ¢g) 12
Si gel c.c.
CH,Cl,:MeOH Si gel c.c. Si gel c.c.
Daidzein (20:1, gradient) CMW (5:1:0.1) |CMW (10:1:0.1)
(12g) Genistein Puerarin = (+)-Puerarol B-2-0-
(g (1.05g) glucoside (115 mg)

Scheme 4. Isolation of compounds from the EtOAc fraction of P. lobata roots.
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Fig. 3. Chemical structures of the compounds isolated from the EtOAc fraction

of P. lobata roots.
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4-2-4. Isolation of compounds from the n-BuOH fraction

n-BuOH fraction (391 g) was chromatographed on Diaion HP-20 with H,O-
MeOH solvent system to give H>O (90 g), 40% MeOH (270 g), 60% MeOH (15 g)
and MeOH (16 g) fractions. H,O fraction was chromatographed on a Sephadex
LH-20 with H,O to give 11 fractions (Sub-Fr.B-1-1~11). Sub-Fr.B-1-3 was
recrystallized with 100% MeOH, yielding allantoin (170 mg). Sub-Fr.B-1-4 was
chromatographed on Si column chromatography with CH,Cl,:MeOH:H,O
(26:14:4) , followed by a RP-18 column with 10% MeOH resulted in the isolation
of 3’-hydroxypuerarin (10 mg). The combined sub-Fr.B-1-5 and sub-Fr.B-1-6
were chromatographed on a Si column chromatography with CH,Cl,:MeOH:H,0O
(26:14:4) resulted in the isolation of two compounds, daidzein-8-C-apiosyl-(1—6)
glucoside (800 mg) and puerarin (12 g). Sub-Fr.B-1-11 was chromatographed on
a Si column chromatography with CH,ClL:MeOH:H,O (26:14:4) resulted in the
isolation of genistin (80 mg). 40% MeOH fraction was chromatographed on Si
column chromatography with CH,CL:MeOH:H,O (26:14:4) resulted in the
isolation of 3’-methoxypuerarin (125 mg) and daidzin (3 g). 60% MeOH fraction
was chromatographed on Si column chromatography with CH,Cl,:MeOH:H,O
(26:14:4) resulted in the isolation of daidzin (3 g). These compounds were
isolated according to the method described by Jin et al. (2012), and were

identified by spectroscopy including 'H and *C-NMR, as well as by comparison
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with published spectral data. The structures are shown in Fig. 4.
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n-BuOH fraction (391 g)

Diaion HP-20
(H,0 = MeOH, gradient)

H,0 90 g 40 % MeOH (270 g) 60 % MeOH (15 g) MeOH (16 g)
Si gel c.c. Si gel c.c.
CMW (26:14:4) CMW (26:14:4)
3’-Methoxypuerarin (125mg)  Daidzin (3 g)
Daidzin (3 g)
Sephadex LH20
(H,0)
1 308 ¢ 439 546 (15g) o o o 11Q2g
e ; . Si gel c.c.
o R'ecrysizt;lgatlon %ﬁi}lvcéﬁ - gn nﬁi}v c{§6:14:4) CMW (26:14:4)
antoin (170 mg) RP18 (10 % MeOH) Genistin (80 mg)

3 Jiydrozypueraringgll xig) Daidzein 8-C-apyosyl-(1—6)-glucoside (800 mg)

Puerarin (12 g)

Scheme 5. Isolation of compounds from the #n-BuOH fraction of P. lobata roots.
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4-3. Anti-diabetic experiments

4-3-1. Protein tyrosine phosphatase inhibitory assay

The human recombinant PTP1B inhibitory activities of the root of P. lobata and
its constinuents were measured using reagent pNPP as substrate (Cui et al., 2006).
To each well of a 96-well plate (final volume 100 pL), PTP1B enzyme diluted
with PTP1B reaction buffer containing 50 mM citrate (pH 6.0), 0.1 M NacCl, 1
mM EDTA, and 1 mM DTT was added with or without a test sample. The plate
was pre-incubated at 37 °C for 10 min, and then 50 pL of 2 mM pNPP in PTP1B
reaction buffer was added. After incubation at 37 °C for 20min in the dark, the
reaction was terminated by the addition of 10 M NaOH. The amount of p-
nitrophenyl produced by enzymatic dephosphorylation of pNPP was estimated by
measuring the absorbance at 405 nm using a microplate spectrophotometer
(Molecular Devices, Sunnyvale, CA, USA). Non-enzymatic dephosphorylation of
2 mM pNPP was corrected by measuring the increase in absorbance at 405 nm in
the absence of PTP1B enzyme. Ursolic acid was used as a positive control. The
inhibition (%) was calculated by the following equation and the half maximal
inhibitory concentration, ICsp is expressed as the mean + S.E.M. of triplicate

experiments.
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Inhibition (%) = {1-(Asample — Asample-c)/Acontrot} % 100

Asample : The absorbance with sample.

Asample - ¢ The absorbance with sample in the absence of PTP1B enzyme
Acontrol : The absorbance without sample
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Fig. 5. Enzymetic dephosphorylation of p-nitrophenylphosphate by PTP1B.
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4-3-2. a-Glucosidase inhibitory assay

The a-glucosidase inhibition study was carried out spectrophotometically in a
96-well microplate reader according to the modified method of Li et al. (2005). A
total of 60 pL of a reaction mixture containing 20 pL of 100mM phosphate buffer
(pH 6.8), 20 pL of 2.5 mM pNP,G and 20 pL of the test sample dissolved in 10 %
DMSO were added to each well. After incubation at 37 °C for 5 min in the dark,
20 pL of a-glucosidase (0.2 U/mL ) in 10 mM phosphate buffer (pH 6.8) was
added. The plate was again incubated at 37 °C for 15 min in the dark, and then 80
pL of 0.2 M sodium carbonate solution was added to terminate the reaction.
Immediately, the absorbance was read at 405 nm using a microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). The control
contained the same reaction mixture except that the equivalent volume of 100
mM phosphate buffer was added in place of test sample solution. Acarbose was
used as a positive control. The inhibition (%) was calculated by the following
formula and 50 % inhibition concentration, ICs is expressed as the mean + S.E.M.

of triplicate experiments.
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Inhibition (%) = {1' (ASample —ASample-C)/ACOntrol} x 100

Asample : The absorbance with sample.
Asample-c: The absorbance with sample in the absence of pNPG substrate

Acontrol : The absorbance without sample
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Fig. 6. Enzymatic dephosphorylation of p-nitrophenyl a-D-glucopyranoside by
the a-glucosidase.
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4-4. Enzyme Kinetic analysis

4-4-1. Enzyme Kinetic analysis with and PTP1B

In order to determine the inhibition mechanism, two kinetic methods using
Lineweaver-Burk and Dixon plots were complementarily used (Lineweaver and
Burk, 1934; Cornish-Bowden, 1974; Dixon, 1953). Each enzymatic inhibition at
various concentrations of test samples was evaluated by monitoring the effect of
different concentration of the substrate in Dixon plots (single reciprocal plot).
Dixon plots for inhibition of PTP1B were obtained in the presence of different
concentrations of pNPP substrate. Using Lineweaver-Burk double reciprocal plots,
the PTP1B inhibition mode was determined at various concentration of pNPP
substrate in the absence or presence of different test compounds concentration.
The enzymatic procedures consisted of the same aforementioned PTP1B assay
methods. The types of inhibition were determined by both methods, whereas
inhibition constants (Kj) were determined by interpreting the Dixon plots, in

which the value of the x-axis represents K;.
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4-4-2. Enzyme Kinetic analysis with a-glucosidase

In order to determine the inhibition mechanism, two kinetic methods using
Lineweaver-Burk and Dixon plots were complementarily used (Lineweaver and
Burk, 1934; Cornish-Bowden, 1974; Dixon, 1953). Each enzymatic inhibition at
various concentrations of test samples was evaluated by monitoring the effect of
different concentration of the substrate in Dixon plots (single reciprocal plot).
Dixon plots for inhibition of a-glucosidase were obtained in the presence of
different concentrations of pNPG substrate: 0.625 mM, 1.25 mM and 2.5 mM.
Using Lineweaver-Burk double reciprocal plots, the a-glucosidase inhibition
mode was determined at various concentration of pNPG in the absence or
presence of different test compounds concentration. The enzymatic procedures
consisted of the same aforementioned a-glucosidase assay methods. The types of
inhibition were determined by both methods, whereas inhibition constants (Kj)
were determined by interpreting the Dixon plots, in which the value of the x-axis

represents K.
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4-5. Molecular docking simulation

4-5-1. Molecular docking simulation in PTP1B inhibition

X-ray crystallographic structures of PTP1B, with its potent and selective
inhibitor compound 23 (PDB ID: INNY) were obtained from the RCSB Protein
Data Bank (Bernstein et al., 1977, Berman et al., 2002) website at resolution of
2.40A (Szczepankiewicz et al., 2003). This protein structure was regulated using
the X-ray diffraction method. The reported heteroatom compound 23 and water
molecules were removed from the protein structure for the docking simulation
using Accelrys Discovery Studio 4.1 (http://www.accelrys.com; Accelrys, Inc.
San Diego, CA, USA). The binding area of compound 23 of protein was
considered to be the most convenient region for ligand binding in the docking
simulation. The 3D structures of lupenone and lupeol were obtained from the
Pubchem Compound (NCBI), with compound CIDs of 92158, 259846,
respectively. Automated docking simulation was performed using Autodock tools
(ADT) to assess the appropriate binding orientations and conformations of the
ligand molecules with different protein inhibitors. A Lamarkian genetic algorithm
method implemented in Autodock 4.2 was employed. For docking calculations,
Gasteiger charges were added by default, the rotatable bonds were set by the
Autodock tools, and all torsions were allowed to rotate. The grid maps were

generated by the Autogrid program where the grid box size of 126 x 126 x 126
29



had a default spacing of 0.375 A. The X, Y, Z center was 37.303, 30.97 and
33.501. The docking protocol for rigid and flexible ligand docking consisted of
10 independent Genetic Algorithms (GA), while other parameters were used as
defaults of the ADTs. The binding aspect of PTPI1B residues and their
corresponding binding affinity score were regarded as the best molecular
interaction. The results were analyzed using UCSF Chimera (Pettersen et al.,
2004), while the hydrogen bond interacting residues and Van der Waals

interacting residues were visualized by Ligplot.
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4-5-2. Molecular docking simulation in a-glucosidase inhibition

The crystal structures of a-glucosidase used in biological assays from
Saccharomyces cerevisiae yeast (PDB ID: 3A4A), with its known competitive
inhibitor a-D-glucose were obtained from the RCSB Protein Data Bank website
at resolution of 1.60A (Yan et al, 2014). This protein structure was regulated
using the X-ray diffraction method. The reported inhibitor a-D-glucose and water
molecules were removed from the protein structure for the docking simulation
using Accelrys Discovery Studio 4.1 (http://www.accelrys.com; Accelrys, Inc.
San Diego, CA, USA). The binding area of a-D-glucose of protein was
considered to be the most convenient region for ligand binding in the docking
simulation. The 3D structures of daidzein, genistein, and calycosin were obtained
from the Pubchem Compound (NCBI), with compound CIDs of 5281708,
5280961 and 5280448, respectively. Automated docking simulation was
performed using Autodock tools (ADT) to assess the appropriate binding
orientations and conformations of the ligand molecules with different protein
inhibitors. A Lamarkian genetic algorithm method implemented in Autodock 4.2
was employed. For docking calculations, Gasteiger charges were added by default,
the rotatable bonds were set by the Autodock tools and all torsions were allowed
to rotate. The grid maps were generated by the Autogrid program where the grid

box size of 126 x 126 x 126 points with a default spacing of 0.375 A. The X, Y, Z
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center was 21.272, -0.751 and 18.633, respectively. The docking protocol for
rigid and flexible ligand docking consisted of 10 independent Genetic Algorithms
(GA), while other parameters were used as defaults of the ADTs. The binding
aspect of the o-glucosidase residues and their corresponding binding affinity
score were regarded as the best molecular interaction. The results were analyzed
using UCSF Chimera (http://www.cgl.ucsf.edu/chimera/, Pettersen et al., 2004),
while the hydrogen bond interacting residues and Van der Waals interacting

residues were visualized by Ligplot.

5. Statistics

Data are presented as the mean + standard error of the mean (SEM) of at least
four independent experiments. Statistical comparison between groups was

performed using one-way ANOVA followed by Student’s ¢-test.
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I11. Results

1. Anti-diabetic activity

1-1. PTP1B inhibitory activities of P lobata roots and its

constituents

As shown in Fig. 7, The 70% EtOH extract of P. lobata roots showed PTP1B
inhibitory activiy in a dose dependent manner with an ICsy value of 384.21 +
13.30 pg/mL. Since the 70% EtOH extract of P. lobata showed PTP1B inhibitory
activity, it was further fractionated for detailed investigation. The 70% EtOH
extract of the root of P. lobata was dissolved in H,O successively partitioned with
n-hexane, CH,Cl,, EtOAc, and n-BuOH to obtain different solvent-soluble
fractions. PTP1B inhibitory activity of the individual fractions of the root of P.
lobata were then evaluated. Among the five solvent soluble fractions of the 70%
EtOH extract, the n-hexane and EtOAc fractions showed potent PTP1B inhibitory
potential with ICsy values of 12.43 + 0.16 and 9.97 + 0.65 ug/mL, respectively.
The CH,Cl, and n-BuOH fractions showed moderate inhibitory activities with
ICsp values of 85.68 + 6.29 and 118.20 £ 8.09 pg/mL. However, the H,O fraction
showed no activity under the concentration of 800 pg/mL (Table 1). Of the
isolated compounds, lupeol and lupenone belonging to triterpenoids showed most

33



potent PTP1B inhibitory activity with respective 1Csy values of 38.89 + 0.17 and
15.11 £ 1.23 uM, and puerarol and tuberosin significantly inhibited PTP1B with
ICso values of 110.65 + 3.81 and 183.95 + 2.27 uM, respectively. Calycosin
isolated from the CH,Cl, fraction; and daidzein, genistein, puerarin and puerarol
B-2-0O-glucoside isolated from the EtOAc fraction were exhibited good inhibitory
activities with ICso values of 273.23 + 1.85, 145.15 £ 2.36, 207.00 + 13.47,
115.81 + 1.72 and 258.15 + 0.33 uM, respectively. Moreover, daidzin, genistin,
3’-methoxypuerarin and daidzein 8C-apiosyl (1—6) glucoside isolated from the
n-BuOH fraction also showed high inhibitory activities with ICsg values of 207.68
+ 0.45, 157.30 + 1.74, 175.09 £ 3.60 and 222.73 + 3.59 uM, respectively. But,
coumestrol, 3’-hydroxypuerarin and allantoin exhibited marginal PTPIB
inhibitory activities with ICsq values of 415.52 + 18.81, 573.38 + 12.04 and 1078

+ 12.97 uM, respectively (Table 2).

1-2. a-Glucosidase inhibitory activities of P. lobata roots and its

constituents

The 70% EtOH extract of P. lobata roots showed dose dependent a-glucosidase
inhibitory activiy with an ICsy value of 531.24 £ 7.95 pg/mL. Among the five

solvent soluble fractions of the 70% EtOH extract, the CH,Cl, fraction showed

34



highest a-glucosidase inhibitory activity compared to the other fractions with an
ICsg value of 1.96 £ 0.10 pg/mL. The n-hexane and EtOAc fractions also showed
high inhibitory activities with respective ICsy values of 37.35 = 1.90 and 40.39 +
1.89 pug/mL. However, the n-BuOH fraction showed moderate activity with an
ICso value of 596.92 + 1.24 pg/mL and the H,O fraction showed no activity
under the concentration of 1000 pg/mL (Table 1). Strong a-glucosidase
inhibitory activity was observed at lupenone, lupeol and puerarol from the n-
hexane fraction; calycosin and tuberosin from the CH,Cl, fraction; and daidzein,
genistein and puerarin from the EtOAc fraction. These compounds has higher
activities with 1Csy values ranging between 2.37 + 0.52 and 176.35 + 0.21 uM
compared to positive control acarbose (ICsop = 144.26+ 10.49 uM). Especially,
daidzein, genistein and calycosin belonging to isoflavone showed notable
inhibitory activities (ICso values of 8.58+ 0.94, 2.37 £ 0.52 and 6.84 £ 1.58 uM,
respectively). In addition, puerarol B-2-O-glucoside, daidzin and coumestrol
showed moderate a-glucosidase inhibitory activity with ICso values of 609.43 +
1.78, 485.73 £2.81 and 495.03 + 2.99 uM, respectively. However, the rest of the
compounds showed no a-glucosidase inhibitory effects under the tested

concentrations (Table 2).
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Table 1. Protein tyrosine phosphatase 1B and a-glucosidase inhibitory activities
of the 70% EtOH extract and its various solvent soluble fractions of P.

lobata roots

IC50 (Mean + SEM)
a b
PTPIB a-Glucosidase

70% EtOH extract 384.21 + 13.30 531.24 £ 795
n-Hexane fraction 12.43 + 0.16 3735 £ 1.90
CH_CI, fraction 85.68 + 6.29 1.96 + 0.10
EtOAc fraction 9.97 + 0.65 40.39 + 1.89
n-BuOH fraction 118.20 + 8.09 596.92 + 1.24
HzO fraction > 800 > 1000
Ursolic acidC 1.77 = 0.08
Acarbosecl 92.54 £ 2.16

%" The 50 % inhibitory concentration (ICso) values (ug/mL) were calculated
from a log dose inhibition curve and are expressed as mean + standard error of
the mean (SEM) of triplicate experiments.®  Positive control.
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Table 2. PTP1B and o-glucosidase inhibitory activities of compounds from P,

lobata roots

IC50 (Mean + SEM)
PTPIB a-Glucosidase

Daidzein 145.15 + 2.36 8.58 + 0.94
Genistein 207.00 + 13.47 2.37 + 0.52
Puerarin 115.81 = 1.72 147.30 + 1.33
Puerarol B-2-O-glucoside 258.15 £ 0.33  609.43 + 1.78
Allantoin 1078.04 + 12.97 > 1500
3'-Hydroxypuerarin 573.38 + 12.04 > 1500
Daidzein 8C-apiosyl (1—6) glucoside BR773 + 3.59 > 1500
3'-Methoxypuerarin 175.09 + 3.60 > 1500
Daidzin 207.68 + 0.45  485.73 + 2.81
Genistin 157.30 £ 1.74 > 1500
Lupeol 38.89 + 0.17 176.35 + 0.21
Lupenone 1l + J¥8 112.36 = 0.18
Puerarol 110.65 + 3.81 50.70 + 1.53
Coumestrol 415.52 + 18.81 495.03 + 2.99
Tuberosin 183.95 + 2.27 28.07 + 3.10
Calycosin 273.23 £ 1.85 6.84 + 1.58
Ursolic acid 6.84 + 0.13

d
Acarbose

144.26 + 10.49

% The 50 % inhibitory concentration (ICso) values (uM) were calculated from a
log dose inhibition curve and are expressed as mean + SEM of triplicate
experiments. © ¢ Positive controls.
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2. Enzyme Kkinetic analysis

2-1. Enzyme Kkinetic analysis of active compounds from P. lobata

roots with PTP1B

Among the compounds isolated from P. lobata roots, active compounds were
analyzed to identify the correlation of compounds with substrate pNPP in PTP1B.
Lineweaver-Burk plots were used to determine the type of inhibition and the
inhibition constant (Ki) was determined using Dixon plots. Since daidzein,
genistein, daidzin, genistin, lupenone and lupeol were showed high inhibitory
activity compared with other compounds, these six compounds were investigated
using the enzyme kinetic study. According to the Lineweaver-Burk plots based on
PTP1B kinetic experiments, these 6 compounds showed noncompetitive-type
inhibition against PTP1B that reduces the V., values without changing the K,
values. Moreover, the Dixon plots showed Ki values of 30.75, 20.04, 105.84,
33.81, 13.88 and 21.24 uM, respectively (Fig. 8, 9, 10 and Table 3). Since the Ki
value represents the concentration needed to combine the inhibitor with PTP1B
enzyme, compounds with a lower Ki value were generally more effective
inhibitors against PTP1B. Following the results, lupenone and lupeol possess
notable Ki and ICsy values. In addition, daidzein and genistein belonging to

isoflavone have more low Ki values than daidzin and genistin belonging to
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isoflavonone glycoside.

2-2. Enzyme Kinetic analysis of active compounds from P. lobata

roots with a-glucosidase

Among the several compounds isolated from P. lobata roots, active compounds
were analyzed to identify the correlation of compounds with substrate pNPG in o-
glucosidase. Lineweaver-Burk plots were used to determine the type of inhibition
and the inhibition constant (K7) was determined using Dixon plots. Since daidzein,
genistein and calycosin were showed significantly high inhibitory activities in
comparison with positive control acarbose, these three compounds were
investigated using the enzyme kinetic study. According to the Lineweaver-Burk
plots based on a-glucosidase kinetic experiments, these three compounds showed
noncompetitive-type inhibition against a-glucosidase that reduces the V. values
without changing the K, values. Moreover, the Dixon plots showed Ki values of
17.64, 5.03 and 13.83 uM, respectively (Fig. 11 and Table 4). Since the Ki value
represents the concentration needed to combine the inhibitor with a-glucosidase
enzyme, compounds with a lower Ki value were generally more effective

inhibitors against a-glucosidase.
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Table 3. Enzyme kinetic analysis of compounds from P. lobata roots with PTP1B

Test compounds Ki (uM) value * Inhibition mode
Daidzein 30.75 Noncompetitive
Genistein 20.04 Noncompetitive

Daidzin 105.84 Noncompetitive
Genistin 33.81 Noncompetitive
Lupenone 13.88 Noncompetitive
Lupeol 21.24 Noncompetitive

* Determined by Dixon plots. ° Determined by Lineweaver-Burk plots.

Table 4. Enzyme kinetic analysis of compounds from P. lobata roots with a-

glucosidase

Test compounds Ki (uM) value * Inhibition mode
Daidzein 17.64 Noncompetitive
Genistein 5.03 Noncompetitive
Calycosin 13.83 Noncompetitive

* Determined by Dixon plots. ° Determined by Lineweaver-Burk plots.
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Fig. 8. Dixon and Lineweaver-Burk plots of the inhibition of PTP1B by daidzein

and genistein. The results showed the effects of the presence of different
concentrations of the substrate (2.0 mM ( ® ), 1.0 mM ( o ), 0.5 mM
( ¥ )) for (A) daidzein and (B) genistein and the effect of the presence of
different concentrations of (C) daidzein (0 uM ( A ), 49.21 uM (o ),
98.43 uM ( 0 ), 196.85 uM ( ¥ )) and (D) genistein (0 uM ( A ), 23.15
uM (¥ ), 46.30 uM ( 0 ), 231.48 uM ( @ )). Error bar indicates SEM.
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Fig. 11. Dixon and Lineweaver-Burk plots of the inhibition of a-glucosidase by daidzein,
genistein, and calycosin. The results showed the effects of the presence of
different concentrations of the substrate (0.625 mM ( ¥ ), 1.25 mM ( o0 ), 2.5
mM (e )) for (A) daidzein, (B) genistein, and (C) calycosin and the effect of the
presence of different concentrations of (D) daidzein (0 uM ( A ), 0.39 uM (@),
1.97 uM (0 ), 9.84 uM ( ¥ )), (E) genistein (0 uM ( A ), 0.37 uM ( ¥ ), 1.85
uM (0 ), 9.26 uM ( ®)), and (F) calycosin (0 uM ( & ), 0.70 uM ('@ ), 3.52 uM
(0),17.59 uM ( ¥ )). Error bar indicates SEM.
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3. Molecular docking simulation study

3-1. Molecular docking simulation in PTP1B inhibition

To understand protein-ligand interaction geometrics at molecular level,
molecular docking simulation is a good choice. In these studies, lupenone and
lupeol with PTPIB molecular docking simulation was performed, where
compound 23 was considered as the standard ligand for validating the Autodock
4.2 results. The binding energy of lupenone and lupeol with interacting residues
including H-bond interacting residues and Van der Waals interacting residues
along with number of H-bonds are listed in Table 5. The simulation results of
Autodock 4.2 simulation are shown in Fig. 14, and the PTP1B-lupenone inhibitor
complex showed a -8.53 kcal/mol binding energy with two hydrogen bonds with
interacting residues of CYS215 and ALA217. The sulfur group (SG) of CYS215
and the nitrogen group (NG) of ALA217 were involved in the strong hydrogen
bonding interaction with the oxygen (O1) of lupenone with bond distances of
3.00 and 3.19 A, respectively. In addition, hydrophobic interactions were also
observed between SER216, LYS116, ASP181, GLY183, PHE182, THR263,
ASP265, ARG221, GLN266 and GLY220. All of these hydrophobic interactions
are important to strengthening the protein-ligand interaction and for positioning
of lupenone in the catalytic pocket in order to inhibit the activity of PTP1B. The

molecular docking results were in good agreement with the experimental data. In
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comparison, the lupeol binding affinity with PTP1B was -8.03 kcal/mol for one
hydrogen bond. The SER205 residue is involved with a strong hydrogen bond
with an oxygen (O1) of lupeol having a 2.81 A bond distance. In addition, some
hydrophobic interactions were involved with ILE281, PHE280, ARGI199,
GLY202, GLU200, and PHE196 interacting residues. These interactions may
provide further stability to the lupeol-PTPIB complex and may help lupeol fit
well in the active site pocket of PTPIB. Thus, the hydrogen bond and
hydrophobic interactions from PTP1B might be involved in the hydrolysis of
substrate molecules. The molecular docking result of PTPIB was in close
agreement with the experimental data with respect to the inhibition activity by

lupeol.

47



Table 5. Molecular interaction results of the PTP1B active sites with the known
inhibitor (compound 23), lupenone and lupeol

Binding No. of

Compound  energy ° H- H-bond interacting Van der Waals bond

residues interacting residues °
bonds
(kcal/mol)

SER216,ARG221, TYR46,LYS120,THR263,

Compound 1018 1 ALA217,ILE219, CYS215,CLN266,VAL149,
23 ' GLY220, ARG24, MET25,GLN262,ASP29,
ARG254, ASP48 ARG24,SER28
SER216, LYS116,ASP181,
GLY183,PHE182,THR263,
Lupenone -8.53 2 CYS215, ALA217 ASP265.ARG221.GLN266,
GLY220
Lupeol 803 1 SER205 ILE281,PHE280,ARG199,

GLY202,GLU200,PHE196

* The semi-empirical free-energy force field was used to predict the binding free
energies of protein-ligand complexes of a known structure and the binding
energies of both the bound and unbound states. ™ ¢ All amino acid residues were

located 3.75 A from the original enzyme/inhibitor complex in the Autodock 4.2
program.
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Fig. 12. Molecular docking models of the PTP1B inhibition of compound 23,

lupeol and lupenone.
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Fig. 13. Ligand interaction diagram of PTP1B inhibition of (A) compound 23, (B)

lupeol, and (C) lupenone.
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3-2. Molecular docking simulation in a-glucosidase inhibition

In this molecular docking simulation, daidzein, genistein, and calycosin with a-
glucosidase were analyzed, where a-D-glucose was considered as the standard
ligand for validating the Autodock 4.2 results. The binding energy of these
compounds with interacting residues including H-bond interacting residues and
Van der Waals interacting residues, along with the number of H-bonds are listed
in Table 6. The simulation results of Autodock 4.2 simulation are shown in Fig.
15B, and the a-glucosidase-daidzein inhibitor complex showed a -7.16 kcal/mol
binding energy for four hydrogen bonds. The nitrogen group of HIS295 residue
was involved with hydrogen bonding interaction with an oxygen (O1) of daidzein
with bond distance 3.12 A. The oxygen group of ALA292 and nitrogen group of
HIS295 were involved with strong hydrogen bonding interaction with O2 of
daidzein having bond distance 3.08 and 3.13 A, respectively. Oxygen group of
ARG270 was involved with hydrogen bonding interaction with O4 of daidzein
having bond distance 2.73 A. In addition, hydrophobic interactions were also
observed between ASN259, ILE262, ARG263, VAL266, ILE272, SER292,
GLU296, LEU297, and SER298 residues. All of these hydrophobic interactions
are important to strengthening the protein-ligand interaction and for positioning
of daidzein in the catalytic pocket in order to inhibit the activity of a-glucosidase.

On the other hand, genistein binding affinity with o-glucosidase was a -7.42
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kcal/mol for five hydrogen bond. The nitrogen group of LYS16 residue was
involved in strong hydrogen bonding interaction with an oxygen (O4) of genistein
with bond distance 2.73 A. The oxygen groups of THR290, and ASP341 residues
were involved in strong hydrogen bonding interaction with O2 of genistein with
bond distance 2.86 and 2.95 A, respectively. The oxygen groups of ASN259 and
GLU296 residues were involved with a strong hydrogen bond with O5 of
genistein with bond distance 3.16 and 2.94 A, respectively. In addition, some
hydrophobic interactions were involved with the TRP343, ALA292, CYS342,
LEU297, SER298, THR274, TRP15, ILE272, and LYS13 interacting residues.
These interactions may provide further stability to the genistein-a-glucosidase
complex and may help genistein fit well in the active site pocket of a-glucosidase
(Fig. 15C). In addition, the a-glucosidase-calycosin inhibitor complex showed a -
7.31 kcal/mol binding energy for five hydrogen bonds with interacting residues
ARG270, SER291, ALA292 and HIS295. The oxygen groups of SER291 and
ALA292 were involved in hydrogen binding interaction with oxygen (O5) of
hydroxyl group of calycosin with bond distance 2.56 and 2.99 A. Two nitrogen
groups of HIS295 residue were involved in hydrogen binding interaction with
oxygen (O1 and O5) of calycosin with bond distance 2.91 and 3.03 A. Moreover,
the oxygen group of ARG270 residue was also involved in strong hydrogen
binding interaction with O4 of calycosin with bond distance 2.49 A. In addition,

hydrophobic interactions were also observed between the ASN259, ILE262,
52



ARG263, VAL266, GLU271, ILE272, GLU296, LEU297, and SER298 residues
(Fig. 15D). As shown in Fig. 14, the docking results revealed that the binding
sites on a-glucosidase for compounds were not the same as the binding site for a-
D-glucose, a known competitive inhibitor, and these tested compounds formed
more hydrophobic interactions with a-glucosidase than did a-D-glucose. In
addition, both daidzein and calycosin interacted with the ARG270, ALA292, and
HIS295 residues by forming a hydrogen bond and with the ASN259, ILE262,
ARG263, VAL266, ILE272, GLU296, LEU297, and SER298 residues by
hydrophobic interactions. Moreover, the molecular docking results of a-
glucosidase are in close agreement with the experimental data with respect to the

inhibition activities caused by active compounds.
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Table 6. Molecular interaction results of the a-glucosidase active sites with the

known inhibitor (a-D-glucose), daidzein, genistein and calycosin

Binding N of
°°" H-bond interacting ~ Van der Waals bond
Compound energy * H-
. b . . . ¢
residues interacting residues
(kcal/mol) bonds
GLU277,ARG442

o-D-Glucose -6.74 10
Daidzein -7.16 4
Genistein -7.42 5
Calycosin -7.31 5

TYR72, ASP215, PHE159,

HIS351, ARG213

ASN259,ILE262,ARG263,
VAL266,ILE272,SER292,
GLU296,LEU297,SER298

ARG270,ALA292
, HIS295

TRP343,ALA292,CYS342
,LEU297, SER298,
* THR274, TRP15, ILE272,
LYS13

LYS16, THR290,
ASP341, ASN259
GLU296

ASN259,ILE262,ARG26,
> VAL266,GLU271,ILE27,
GLU296,LEU297,SER298

ARG270,SER291
ALA292, HIS295

* The semi-empirical free-energy force field was used to predict the binding free
energies of protein-ligand complexes of a known structure and the binding
energies of both the bound and unbound states. ™ ¢ All amino acid residues were
located 3.75 A from the original enzyme/inhibitor complex in the Autodock 4.2

program.
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Genistein (red)

Daidzein (green)
Calycosin (black)

a-D-Glucose
(light blue)

Fig. 14. Molecular docking models of the a-glucosidase inhibition of a-D-

glucose daidzein, genistein, and calycosin.
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Fig. 15. Ligand interaction diagram of a-glucosidase inhibition of (A) a-D-

glucose, (B) daidzein, (C) genistein, and (D) calycosin.
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IV. Discussion and conclusion

Protein tyrosine phosphatase 1B (PTP1B) is a negative regulator of the insulin
signaling pathway, a-glucosidase increases the absorption of carbohydrates into
the bloodstream. Therefore, identification of new PTP1B and a-glucosidase
inhibitors with higher target selectivity is important to prevent diabetes mellitus.
Research into the structure-activity relationship and mechanistic, pharmacological
and synthetic studies to determine the selectivity of the enzyme inhibitors are
needed (Chen et al, 2015). The root of P. lobata is widely used as health food and
traditional medicine for treatment of diabetes mellitus and fever, and it is used as
a major natural source of isoflavones containing puerarin, daidzein and genistein
that have preventive activities against diabetes mellitus (DM), inflammation, and
oxidation. In this study, we noted that the root of P. lobata was traditionally used
to treat thirst-waste regarded as DM and tried to demonstrate why the root of P.
lobata was included in the composition of Ok-cheon-san which is prescribed for
thirst-waste in traditional Chinese medicine, via screening anti-diabetic effect
including PTPIB and the o-glucosidase inhibitory activities of the root of P
lobata (Yoo et al, 2005). The 70% EtOH extract of P. lobata roots showed PTP1B
and a-glucosidase inhibitory activity in dose-dependent manner. Among the five
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solvent-soluble fractions of the 70% EtOH extract, the n-hexane and EtOAc
fractions showed potent PTT1B inhibitory activities, while the CH,Cl, fraction
showed potent a-glucosidase inhibitory activity compared to the other fractions.
Moreover, we isolated active compounds toward inhibition of PTP1B and a-
glucosidase from the root of P. lobata, especially lupane-type triterpenoids such
as lupeol and lupenone that showed significantly potent PTP1B inhibitory activity,
as well as isoflavones such as puerarin, puerarol and daidzein, which also showed
potent PTP1B inhibitory activity. In prior studies, Li et al. (2014) and Na et al.
(2009) reported that lupeol has better PTP1B inhibitory activity than lupenone.
However, our results showed that lupenone (15.11 £ 1.23 uM) has a lower 1Cs
value with high PTP1B inhibitory activity compare to lupeol (38.89 + 0.17 pM).
The reason behind the higher activity of lupenone compare to lupeol was
explained through enzyme kinetics and the molecular docking simulation study. A
kinetic study using Lineweaver-Burk and Dixon plots demonstrated that lupeol
and lupenone had noncompetitive-type inhibition against PTP1B to reduce the
0Vax values without changing the K,, values with respective K; values of 13.88
uM and 21.24 uM. For the prediction of binding sites and energy after an in vitro
assay of PTP1B, in silico docking studies can provide immense information about
the orientation, strength and stability of ligand-protein interactions, and the
program Autodock can plays an important role exhibiting the results.

Computational docking studies provided important information for understanding
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the mechanism behind active site binding interactions (Mane et al., 2011, Pawar
et al.,, 2010). The catalytic activity of an enzyme molecule can be determined
based on the hydrogen bonds identified in a docking study (Robert, 1998). The
active site of PTP1B is defined by residues 214-221 belonging to the P-loop,
which contains the catalytic CYS215 residue and binds the phosphate group. The
WPD loop, which contains the ASP181 residue contributes considerably to the
recognition of the peptide substrate. The inhibitor/substrate is readily accessible
to the PTP1B binding pocket in the open-form of the WPD-loop. After
inhibitor/substrate binding, active sites are blocked by the WPD-loop. The
CYS215 residue then dephosphorylates the phosphocenter of the substrate
through the nucleophilic attact. TYR46 and PHE182 residues indicate the depth
of the protein tyrosine-binding pocket. Other important residues including ARP47,
LYS120, and VAL49 residues demonstrates electrostatic, hydrophobic
interactions, and hydrogen-bonding interaction. Since many of the amino acid
residues around the active sites are considerably conserved in PTPs, an
investigation of peripheral binding sites or secondary binding pocket sites located
in the other sites with the conserved active site is required to design selective
PTP1B inhibitors (Lee et al., 2007; Choi et al., 2015). By observing the chemical
structure of lupenone and lupeol, it is clear that ketone and hydroxyl groups are
present, respectively (Fig. 13). The oxygen atom of the ketone group in the

lupenone structure is involved with two hydrogen bonds with PTP1B active site
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residues CYS215 and ALA217 showing a -8.53 kcal/mol binding energy.
Compound 23, a reported inhibitor of PTP1B forms 11 hydrogen bonds with
active site residues of PTP1B including SER216, ARG221, ALA217, ILE219,
GLY220, ARG254 and ASP48 residues (Table 5 and Fig. 13A). It is noticeable
that both compound 23 and lupenone interact with the ALA217 active site residue
of PTP1B by forming a hydrogen bond. In addition, the SER205 residue
interacted with the oxygen atom of the hydroxyl group of the lupeol structure by
forming a hydrogen bond having 2.81 A bond distance. In contrast to the lupeol
binding energy (-8.03 kcal/mol), lupenone showed lower binding energy with
higher binding affinity. In addition to the hydrogen bonding interaction, other
hydrophobic interactions helped produce the higher binding affinity of lupenone
toward PTP1B. Although lupenone showed higher inhibitory activity, lupeol was
also showed good inhibitory activity against PTP1B. The results of in silico
molecular docking simulation study are correspond with the results of in vitro
PTPIB inhibitory assay which showed lupenone has more high PTP1B inhibitory
activity than lupeol. According to the results, lupenone containing a ketone group
involved with two hydrogen bonds where lupeol containing hydroxyl group
involved with one hydrogen bond and lupenone had more low ICsy value than
lupeol. Thus, lupane-type triterpenoids with a ketone group are more effective for

inhibiting PTP1B than are those with a hydroxyl group (Fig. 12).
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Considering the o-glucosidase inhibitory potential, strong a-glucosidase
inhibitory activities were observed at daidzein, genistein and calycosin belonging
to isoflavone. Moreover, tuberosin, puerarol, lupenone, and lupeol also revealed
potent a-glucosidase inhibitory effect. In a prior study, Choi et al. (2010) and Liu
et al. (2015) reported that daidzein and genistein showed potent inhibition on o-
glucosidase. However, the potency of calycosin isolated from P. lobata was first
reported in this study, and we tried to determine the mechanism of action and the
structure-activity relationship between a-glucosidase and isoflavones using
enzyme kinetics and molecular docking simulation. The kinetic study
demonstrated that active compounds, daidzein, genistein and calycosin showed
noncompetitive-type inhibition against a-glucosidase with respective K; values of
17.64uM, 5.03uM and 13.83uM. The prediction of binding sites and energy after
the in vitro assay of a-glucosidase using molecular docking studies also showed
that the binding sites between a-glucosidase and active compounds were not the
same as the binding site for a-D-glucose, a known competitive inhibitor (Fig. 14).
a-D-Glucose interacted with ASP215, GLU277, and ASP 352 residues, which are
conserved active site residues (Fig. 15A). The conserved ASP215 residue acts as
the catalytic nucleophile, and the GLU277 residue acts as the general acid-base
catalysis. Moreover, the role of the ASP352 residue is to stabilize the substrate in
the course of catalysis to help boost the acid-base hydrolysis reaction (Yamamoto

et al., 2010). In the results of the molecular docking study, daidzein, genistein and
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calycosin has lower binding energy (-7.47 kcal/mol, -7.42 kcal/mol and -7.33
kcal/mol) with higher binding affinity compared to a standard ligand a-D-glucose
(-6.74 kcal/mol) because these compounds formed more hydrophobic interactions
with a-glucosidase than did a-D-glucose. In addition, both daidzein and calycosin
interacted with similar residues by forming hydrogen bond and hydrophobic
interactions. It is notable that daidzein and calycosin have similar binding sites

and reveal effective a-glucosidase inhibitory activities.

In conclusion, our results confirmed that P lobata roots and its constituents
possess anti-diabetic activities including PTP1B and a-glucosidase inhibitory
activities. Among the isolated compounds, lupane-type triterpenoid, lupenone and
lupeol showed significantly high PTPIB inhibitory activities. Whereas,
outstanding a-glucosidase inhibitory activity was exhibited via daidzein, genistein
and calycosin. In addition, enzyme kinetics that scrutinized the type of enzyme
inhibition and molecular docking simulation between the enzymes and active
compounds supported the above results. Hence, a computational study and
experimental validation may help to reveal new natural drug candidates against
diabetes, providing intense rationale for the application of active compounds as

drug candidates for the treatment of diabetes.
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