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ABSTRACT: Soybean leaves are eaten as seasonal edible greens in Korea. Analysis of the ethyl acetate extract of these leaves
showed that it exhibited potent and selective neuraminidase inhibition, which began at the R3 stage and peaked at R7. Ten
pterocarpans, including the new 6a-hydroxypterocarpan 10, were isolated from soybean leaves and their inhibition activities tested
against a range of glycosidases. The relationship between structure and enzyme inhibition was investigated: 6a-hydroxypterocarpans
exhibited much higher inhibition against neuraminidase (ICso = 2.4—89.4 uM) than a-glucosidase (ICso = 90.4— >100 uM).
Glyceollin VII (7) displayed 40-fold greater activity (ICso = 2.4 M) against neuraminidase than a-glucosidase (ICso = 90.4 uM).
On the other hand, coumestanes (1—3) were good a-glucosidase inhibitors (ICsy = 6.0—42.6 #M). In kinetic analysis, the most
potent neuraminidase inhibitors (5—10) were noncompetitive. HPLC analysis indicated that most pterocarpan synthesis began
from the R3 stage, and a rapid change of pterocarpan concentrations was observed between the R4 and R7 stages.
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B INTRODUCTION

Glycosylation is one of the key modifications of proteins. It
can affect protein stability, localization, and cell signaling."” Tt is
thus of no surprise that the study of glycosidase inhibition has
been pursued vigorously. Two important glycosidases are
a-glucosidase and neuraminidase, which respectively remove
terminal glucose or sialic acids from glycans. Inhibition of
a-glucosidase has a profound effect on glycan structure, which
consequently affects the protein maturation, transport, secretion,
and cell—cell or cell—virus recognition processes.>* It also has
interest in diabetes research because it can also retard the
cleavage of complex carbohydrates and attenuate postprandial
glucose absorption, thus regulating blood sugar levels. Neurami-
nidase specifically cleaves N-acetylneuraminic acid (NeuSAc)
from cell-surface glycoproteins when 31a11c acids are joined to
galactose via an a2—3 or a2—6 linkage.> ¢ Neuraminidase plays
immensely important roles in biological recognition by virtue of
being situated at the outer periphery of the cell surface, where it
participates in numerous interactions that a cell makes with its
microenvironment. Thus, neuraminidase inhibitors can contri-
bute to the control of cancer development, viral/bacterial infec-
tion, and inflammatory response.7’8

In recent years, many papers have reported that pterocar-
pans constitute a basis for significant a-glucosidase and neur-
aminidase inhibitions.” Pterocarpans are found almost ex-
clusively in the Leguminosae or Fabaceae plant families,
because they are formed by an unusual ring cyclization of
isoflavones, which occurs only in these species. Soybean is
considered to be one of the richest sources of isoflavones,

v ACS Publications ©2011 american chemical Society

including pterocarpans, which are representative phytoalexins
that plants use to kill pathogens.'® Pterocarpans are also well-
known polyphenols with antioxidant properties.'" They also
display estrogenic activity that can prevent osteoporosis and
breast and prostate cancer.'” Thus, an array of biological
properties remain to be found in the study and isolation of
pterocarpans, and with this in mind we set about this work. We
are particularly interested in correlating properties of the crude
leaf extract, where the majority of secondary metabolites exist,
having isolated and characterized biochemically the com-
pounds. Because soybean leaves have long been used as
seasonal edible greens in Korea, these data are directly relevant
to the food industry. In this study, we show that ethyl acetate
extracts of soybean leaves display potent and selective inhibi-
tion of neuraminidase and a-glucosidase activities. This in-
hibition emerges across the development stages of the plant,
becoming most significant in the R7 phase. In all, 10 glycosi-
dase inhibitory pterocarpans (1—10) were isolated, including
new pterocarpan 10. These were the most prevalent in the plant at
the R7 phase.

Bl MATERIALS AND METHODS

General Apparatus and Chemicals. Melting points were mea-
sured on a Thomas Scientific capillary apparatus. CD spectra were
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Table 1. 'H and *C NMR Data of New Compound 10 in
CD,0D*

position Oy (J in Hz) Oc HMBC

1 161.3

2 118.8

3 161.5

4 6.30 (1H, s) 973 C-2,34a,1lab

4a 156.6

6 (6a) 3.86 (1H, d, J = 11.3 Hz); 714 C-4a,6b,11a
(68) 4.05 (1H, d, J = 11.3 Hz)

6a 77.3

6b 121.7

7 7.15 (1H, d, ] = 8.1 Hz) 1254 C-63,89,10a

8 6.40 (1H, d, J = 8.1 Hz) 109.7 C-6b,9,10

9 161.7

10 625 (1H, s) 99.4 C-6b,8,9

10a 162.5

1la 5.33 (1H, s) 83.3 (C-1,42,6,6a,6b,11b

11b 108.5

by 327 (2H, m) 241 C-1,23.2,3

2 5.15 (1H, m) 1252 C-I'4,9

3 132.1

4 1.75 (3H, s) 184 C-2/,3.8

s 1.67 (3H, s) 263 C-234

3-OCH; 390 (3H, s) 638 C-3

9-OCH; 3.75(3H,s) 565 C9

“ Assignments were made by "H—"H COSY, HMQC and HMBC data.

recorded on a JASCO J-71S spectropolarimeter, and optical rotations
were measured on a Perkin-Elmer 343 polarimeter. NMR spectra were
recorded on a Bruker AM 500 spectrometer with TMS as an internal
standard, and chemical shifts are expressed in O values. EIMS and
HREIMS were obtained on a JEOL JMS-700 mass spectrometer
(JEOL, Tokyo, Japan). Qualitative analyses were made using a
Perkin-Elmer HPLC S200 (Perkin-Elmer, Bridgeport, CT). All pur-
ifications were monitored on commercially available glass-backed
Merck precoated TLC plates and visualized under UV at 254 and
366 nm or stained with 10% H,SO, solution. Silica gel (230—400
mesh, Merck), RP-18 (ODS-A, 12 nm, S-150 uM, YMC), and
Sephadex LH-20 (Pharmacia Biotech AB, Uppsala, Sweden) were
used for column chromatography. All solvents used for extraction and
isolation were of analytical grade.

Plant Material and Extraction. Soybeans, Glycine max (L.)
Merrill, were cultivated at Jinju in the experimental field of Gyeong-
sang National University, Gyeongsangnam-do, Korea. The leaves of
soybean were collected over a period of 3 months (R1 stage, July 12, to
R7 stage, September 27,2009). The collected leaves were freeze-dried
immediately after sampling and stored at —40 °C until needed. Prior
to further analysis, leaves were thawed and cut into small pieces with a
laboratory blade cutter. All sample masses were based on dry weight.
Two grams of chopped leaves was extracted (with shaking) into 20 mL
of ethyl acetate at room temperature for 24 h. Suitable filtered aliquots
were then used for enzymatic assays and HPLC analyses. Soybean
leaves were harvested from each replicate plant at different stages as
follows. The R3 and R4 stages are the beginning period of pod growth
and the period of full pod, respectively. The RS stage is the beginning
period during which the seed length increases rapidly and the pods fill.
At this point, nutrients are being redistributed from the plant to the
seeds, which are approximately 3 mm long. The R6 stage is the period

when the pods fill with fully grown green seeds and the leaves
gradually turn yellow. The R7 stage is physiological maturity, when
the seeds become brown and the plant continues to lose leaves and
dry down.

HPLC Analysis. Quantification of the relative abundance of the
compounds isolated and assayed in this paper within the crude leaf
extract was carried out by HPLC (Perkin-Elmer 200 series) using a
Zorbax SB-C 18 column (4.6 X 150 mm, 5 1M, Agilent, Santa Clara, CA).
Absorbances were measured at 280 nm. About 10 uL of crude leaf
extract was loaded onto the column. Gradient elution was carried out
with water/0.1% acetic acid (solvent A) and acetonitrile (solvent B) at a
constant flow rate of 1.0 mL/min. The linear gradient elution program
was as follows: 0—5 min, 5—45% B; 5—10 min, 45—15% B; 10—15 min,
15—30% B; 15—30 min, 30—40% B; 30—40 min, 40—50% B; 40—60
min, 50—95% B; 60—70 min, back to 5% B.

Extraction and Isolation of Phenolic Phytochemicals. The
air-dried soybean leaves (4.0 kg) collected at growth stage 7 (R7) after
seeding were chopped and extracted with EtOAc (12 L) at room
temperature for 7 days. The extract was evaporated to dryness under
reduced pressure at a temperature below 35 °C to afford EtOAc-
soluble extracts (76 g). The EtOAc extract was subjected to column
chromatography (CC) on silica gel (10 X 40 cm, 230—400 mesh, 750 g)
using a hexane to acetone gradient (50:1—1:1) to give eight
fractions (A—H). Fraction C (1.8 g) was fractionated by silica gel
flash CC employing a gradient of hexane to acetone, resulting in nine
subfractions. Subfractions (C6—C8), enriched with compounds 3 and 8,
were combined (362 mg) and further purified by reversed-phase CC
(ODS-A, 12 nm, S-150 uM) eluting with CH;0H/H,O (4:1) to afford
compounds 3 (42 mg) and 8 (3.2 mg). Fraction D (3.1 g) was
fractionated by silica gel flash CC employing a gradient of hexane to
acetone, resulting in 25 subfractions. Subfractions (D12—D23), en-
riched with compounds 9 and 10, were combined (308 mg) and further
purified by Sephadex LH-20 (Pharmacia Biotech AB) with 80%
CH;O0H as eluent, yielding compounds 9 (17 mg) and 10 (13 mg).
Fraction E (4.6 g) was subjected to flash CC employing a gradient
of CHCI; to EtOAc, giving 12 subfractions. Subfractions E2 and E3
were purified using Sephadex LH-20 column chromatography, eluting
with 95% CH;OH to afford compound 7 (8 mg). Subfractions
(E4—E11), enriched with compounds 1, 2, and 4, were combined
(461 mg) and further purified by reversed-phase CC (ODS-A,
12 nm, S-150 uM) eluting with CH;0H/H,O (3:2) to afford
compounds 1 (158 mg), 2 (20 mg), and 4 (22 mg). Fraction F
(4.1 g) was subjected to reversed-phase CC (ODS-A, 12 nm, S-150
uM) eluting with CH;0H/H,0 (4:1) to afford compounds 6 (16
mg) and 5 (14 mg). All isolated compounds were identified on the
basis of the following spectroscopic data.

Coumestrol (1): yellow needles; mp >300 °C; EIMS, m/z 268 [M];
HREIMS, m/z 268.0373 (calcd for C,sHgOs 268.0372); 'H NMR (500
MHz, DMSO-dg) 6 6.91 (1H, d, J = 1.9 Hz, H-4), 6.93 (1H, dd, ] = 8.5,
2.1Hz,H-2),6.95 (1H,dd, ] = 8.3,2.1 Hz, H-8), 7.17 (1H, d, ] = 1.9 Hz,
H-10), 7.69 (1H, d, ] = 8.4 Hz, H-7), 7.85 (1H, d, ] = 8.4 Hz, H-1).

Isotrifoliol (2): pale-yellow needles; mp >300 °C; EIMS, m/z 298
[M]*; HREIMS, m/z 298.0476 (caled for C,¢H,005 298.0477); 'H
NMR (500 MHz, DMSO-dg) 0 3.98 (1-OCHj), 6.51 (1H, s, H-2), 6.52
(1H,s,H-4),6.94 (1H, d, ] = 8.4 Hz, H-8), 7.13 (1H, s, H-10), 7.68 (1H,
d, ] = 8.4 Hz, H-7).

Phaseol (3): white needles; mp 248—250 °C; EIMS, m/z 336 [M];
HREIMS, m/z 336.1004 (calcd for C,oH,4s05 336.0998); "H NMR
(500 MHz, DMSO-d,) 6 1.63 (3H, s, H-5'), 1.82 (3H, s, H-4'), 3.46
(2H,d,J=7.1Hz, H-1'), 522 (1H, t, ] = 7.2, 6.3 Hz, H-2'), 6.94 (1H, d,
J=8.4Hz,H-8),6.98 (1H, d, ] = 8.6 Hz, H-2), 7.15 (1H, s, H-10), 7.68
(1H, s, H-7), 7.70 (1H, s, H-1).

Glyceollin I (4): amorphous yellow powder; mp 154—158 °C; EIMS,
m/z 338 [M]*; HREIMS, m/z 338.1161 (caled for C,oH;5Os
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Figure 1. Glycosidase inhibitory activities of ethyl acetate extracts from soybean leaves at different growth stages (R3—R7). Values, reported as
inhibition ratio (%), are the mean & SD of measurements carried out on three independent samples analyzed three times.
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Figure 2. Chemical structures of isolated pterocarpans 1—10 from soybean leaves.

338.1154); "H NMR (500 MHz, CH;0H) 6 1.39 (3H, s, H-15), 1.40
(3H,'s,H-16),3.92 (1H, d, J = 11.4 Hz, H-6a), 413 (1H, d, ] = 11.4 Hz,
H-68), 5.18 (1H, s, H-11a), 5.63 (1H, d, ] = 9.8 Hz, H-13), 6.24 (1H, s,
H-10), 6.26 (1H, d, ] = 8.1 Hz, H-8), 6.40 (1H, d, J = 8.4 Hz, H-2), 6.43
(1H,d,J=9.8 Hz, H-12), 7.11 (1H, d, ] = 8.1 Hz, H-7), 7.17 (1H, d, ] =
8.4 Hz, H-1).

Glyceofuran (5): colorless needles; mp 181—183 °C; EIMS, m/z 354
[M]*; HREIMS, m/z 354.1127 (caled for C,oH;30¢ 354.1103); 'H
NMR (500 MHz, CH;0H) 6 1.62 (6H, s, H-15, 16), 3.98 (1H, d, ] =
11.4 Hz, H-6a), 4.18 (1H, d, ] = 11.4 Hz, H-68), 5.39 (1H, s, H-11a),
6.25 (1H, d, J = 1.9 Hz, H-10), 6.43 (1H, dd, ] = 8.2, 2.1 Hz, H-8), 6.62
(1H, d, J = 0.7 Hz, H-12), 6.99 (1H, s, H-4), 7.20 (1H, d, ] = 8.2 Hz,
H-7), 7.65 (1H, s, H-1).

Glyceollin Ill (6): colorless needles; mp 148—152 °C; EIMS, m/z 338
[M]*; HREIMS, m/z 338.1158 (caled for C,oH,3O5 338.1154); 'H
NMR (500 MHz, CD;0D) 6 1.75 (3H, s, H-16), 3.00 (1H, m, H-12a),
3.37 (1H, m, H-128), 3.90 (1H, d, ] = 11.3 Hz, H-6a), 4.12 (1H, d,

Figure 3. Selected HMBC correlations for new pterocarpan 10.

J=11.3 Hz, H-68), 4.89 (1H, m, H-15a), 4.91 (1H, s, H-11a), 5.20 (1H,
m, H-15b), 5.21 (1H, t, ] = 8.1 Hz, H-13), 6.24 (1H, s, H-10), 6.28 (1H,
s,H-4),6.41 (1H, dd, ] = 8.1,2.1 Hz, H-8), 7.17 (1H, d, ] = 8.1 Hz, H-7),
7.25 (1H, s, H-1).

Glyceollin VIl (7): yellowish powder; mp 149—151 °C; [a]p>° —142
(c0.26, CH;0H); EIMS, m/z 336 [M]*; HREIMS, m/z 336.1007 (calcd
for C,0H ;605 336.0998); CD (DMSO) ... Ac nm +166.7 (289),

12685 dx.doi.org/10.1021/jf203326c |J. Agric. Food Chem. 2011, 59, 12683-12690



Journal of Agricultural and Food Chemistry

—57.6 (235); "H NMR (500 MHz, CD;0D) 6 2.00 (3H, s, H-16), 3.90
(1H,d, J = 11.4 Hz, H-61), 4.07 (1H, d, ] = 11.4 Hz, H-68), 5.04 (1H, s,
H-15b), 5.27 (1H, s, H-11a), 5.58 (1H, s, H-15a), 6.14 (1H, s, H-10),
6.31 (1H, dd, J= 8.1, 1.5 Hz, H-8), 6.61 (1H, s, H-12), 6.86 (1H, s, H-4),
7.09 (1H, d, ] = 8.1 Hz, H-7), 7.55(1H, s, H-1).

Glyceollin VI (8):yellow solid; mp 147—150 °C; [a]p>® +42.8 (¢ 0.24,
CH;O0H); EIMS, m/z 320 [M]*; HREIMS, m/z 320.1050 (calcd for

Table 2. Inhibitory Effects of Compounds 1—10 on Neur-
aminidase and a-Glucosidase Activities

neuraminidase a-glucosidase

compound  ICs" (uM)  kinetic mode (K", uM) ICs (uM)
1 378+ 038 noncompetitive (44.8) 6.0 + 0.6
2 >100 nt” 23.0+ 1.6
3 >100 nt 426£19
4 894+ 1.3 nt >100

S 22.6 + 0.6 noncompetitive (21.6) >100

6 3.6+ 1.6 noncompetitive (3.3) >100

7 24+ 19 noncompetitive (1.9) 90.4 + 1.9
8 40+ 1.9 noncompetitive (3.7) >100

9 231+ 0.6 noncompetitive (23.3) >100

10 324+ 14 noncompetitive (35.8) >100
quercetin 174 £ 12 nt nt

? All compounds were examined in a set of experiments repeated three
times; ICso values of compounds represent the concentration that
caused 50% enzyme activity loss. * Values of inhibition constant. nt,
not tested.

CaoH140, 320.1049); 'H NMR (500 MHz, CD;0OD) 6 1.73 (3H, s,
H-16),2.97 (1H, m, H-12a), 3.33 (1H, m, H-12R), 4.89 (1H, s, H-15a),
5.06 (1H, s, H-15b), 5.19 (1H, t, ] = 8.6 Hz, H-13), 5.45 (1H, s, H-60),
5.47 (1H, s, H-6R), 6.34 (1H, s, H-4), 6.74 (1H, dd, ] = 8.4, 2.1 Hz H-8),
6.92 (1H, s, H-10), 7.06 (1H, dd, ] = 8.4, 2.1 Hz, H-7), 7.23 (1H, s, H-1).

Glyceollin IV (9): yellowish powder; mp 149—151 °C; EIMS, m/z 354
[M]*; HREIMS, m/z 354.1467 (calcd for C,1H,,05 354.1467); CD
(CH;30H) Ay Ae nm +61.7 (290), —157.6 (240); "H NMR (500
MHz, CD;0D) 6 1.70 (3H, s, H-5'), 1.74 (3H, s, H-4'), 323 (2H, m,
H-1"),3.76 (3-OCH3), 3.90 (1H, d, ] = 11.4 Hz, H-61t), 4.10 (1H, d, ] =
11.4 Hz, H-68), 5.16 (1H, s, H-11a), 5.26 (1H, m, H-2'), 6.23 (1H, s,
H-10),6.39 (1H, d,J = 8.2 Hz, H-8), 6.42 (1H, s, H-4), 7.13 (1H, s, H-1),
7.15 (1H, d, ] = 8.2 Hz, H-7).

Glyceollin VIl (10): yellowish powder; mp 151—154°C; [a]p>° —162
(¢ 0.26, CH;OH); EIMS, m/z 384 [M]*; HREIMS, m/z 384.1572 (caled
for Cy,H,404 384.1573); CD (CH30H) Ao Ae nm +54.3 (295),
—156.5 (251); "H NMR and *C NMR data, see Table 1.

Assay of Glycosidase Activity. Neuraminidase (EC 3.2.1.18.
from Clostridium perfringens, Sigma-Aldrich, St. Louis, MO), a-glucosi-
dase (EC 3.2.1.20), [-glucosidase (EC 3.2.1.21), a-mannosidase (EC
3.2.1.24), and a-rhamnosidase (EC 3.2.1.40) inhibitory activities were
calculated using literature experimental procedures with some modifica-
tions. All enzyme activities were determined using the appropriate
substrates (4-methylumbelliferyl-o:-p-N-acetylneuraminic acid, p-nitrophenyl-
a-p-glucopyranoside, p-nitrophenyl-3-p-glucopyranoside, p-nitrophenyl-
a-p-mannopyranoside, and p-nitrophenyl-a-p-rhamnopyranoside,
respectively) at the optimum pH of each enzyme. The reaction was
stopped by adding 2 M NaOH. Glycosidases were assayed according to
standard procedures by following the hydrolysis of 4-methylumbellifer-
yl-a-D-N-acetylneuraminic acid (for neuraminidase) or nitrophenyl
glycosides (all others) spectrophotometrically fluorometrically on a

Inhibition (%)

Inhibition (%)

log [71/M

100

80 g

Inhibition (%)

Inhibition (%)

7 5 5 4
log [1]1 /M

100

log [10] /M

100

e M 5 4
log [2] /M

Figure 4. Inhibitory selectivity of 6a-hydroxypterocarpans (1, 2) and coumestanes (7, 10) with related glycosidase. Inhibitors were tested on
glycosidases (neuraminidase, ®; a-glucosidase, O; f-glucosidase, ¥; a-mannosidase, A; a-rhamnosidase, M). Data represent the results of three

independent experiments performed with three replicates per sample.
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Figure S. (A) Effects of compounds on the activity of neuraminidase for hydrolysis of 4-methylumbelliferyl-a-p-N-acetylneuraminic acid (compound S, @;
compound 6, ¥; compound 7, A; compound 8, O; compound 9, B; compound 10, O0). (B) Hydrolytic activity of neuraminidase as a function of
concentration of compound 7 (0, ®; 1.5 uM, O; 3.1 uM, ¥; 6.2 uM, A). (C) Dixon plots of neuraminidase inhibition by compound 7. The graphical
symbols are substrate concentrations (62.5 uM, @; 125 uM, O; 250 uM, ¥). (D) K, values as a function of the concentrations of compound 7. (Inset)

Dependence of the values of V. on the concentration of compound 7.

SpectraMax M3Multi-Mode Microplate Reader (Molecular Devices,
Sunnyvale, CA)."> ' The inhibitory effects of the tested compounds
were expressed as the concentrations that inhibited 50% of the enzyme
activity (ICso). Kinetic parameters were determined using the
Lineweaver—Burk double-reciprocal plot and Dixon plot methods at
increasing concentrations of substrates and inhibitors. The inhibitors
deoxynorijirimycin (Sigma-Aldrich, St. Louis, MO) and quercetin
(Sigma-Aldrich) were used in the assays for comparison. All parameters
were then calculated using SigmaPlot (Systat Software Inc.).

Statistical Analysis. Statistical analysis was undertaken using the
general linear model procedure (GLM) from SAS statistical software
Institute (version 9.1, 2002, SAS, Cary, NC). All determinations were
based on three replicate samples, and the results for content are shown as
mean values. Differences between the means of sample were analyzed by
the least significant differences test at a probability level of 0.05.

B RESULTS AND DISCUSSION

The study began by collecting soybean leaves sequentially at
stages between R1 (beginning flowering) and R7 (beginning
maturity) and extracting them into ethyl acetate. The obtained
crude ethyl acetate extracts were screened and evaluated initially
for their inhibitory properties against a range of glycosidases and
subsequently for their pterocarpan contents by HPLC (vide
infra). All assessments of glycosidase inhibition were carried out
according to standard literature procedures, by following the

12687

inhibitory effect of each extract on the respective glycosidase
spectrophotometrically. To determine the specificity of each
extract with respect to specific glycosidases, the relative inhibi-
tory potencies against the enzymes a-glucosidase, 3-glucosidase,
a-mannosidase, a-rhamnosidase, and neuraminidase were ex-
amined. All extracts exhibited significant and dose-dependent
inhibitory effects on a-glucosidase and neuraminidase. However,
none of the extracts showed any activity against the other
glycosidases at concentrations up to 200 xg/mL. Having identi-
fied a-glucosidase and neuraminidase as the only target enzymes
from our assay group, we determined the relative effectiveness of
the extract of each growth stage by subjecting these enzymes to
increasing amounts of ethyl acetate extracts (6.2, 12.5, 25, S0,
and 100 ug/mL) (Figure 1). Inhibitory potency of neuramini-
dase increased as a function of plant maturity: R3 (ICs, > 200
ug/mL) < R4 (ICso = 154.5 ug/mL) < RS (ICso = 93.5 ug/mL)
<R6 (ICsp = 34.7 ug/mL) < R7 (ICso = 20.4 tg/mL). A similar
inhibitory pattern was observed against a-glucosidase: R3 (ICs, >
200 ug/mL) < R4 (ICs, > 200 ug/mL) < RS (ICso > 200 ug/
mL) < R6 (ICs = 134.7 ug/mL) < R7 (ICs = 70.1 ug/mL).
This trend also revealed that the extracts preferentially inhibited
neuraminidase over a-glucosidase. The specific compounds
responsible for these characteristics were continuously identified.

Ten glycosidase inhibitory pterocarpans (1—10) were iso-
lated from soybean leaves (Figure 2). Compounds 1—9 were
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Figure 6. HPLC profiling of pterocarpans at different growth stages (R3, RS, R6, and R7). The HPLC chromatogram was detected at 280 nm UV.
Peaks: 1, coumestrol; 2, isotrifoliol; 3, phaseol; 4, glyceollin I; S, glyceofuran; 6, glyceollin III; 7, glyceollin VII; 8, glyceollin VI; 9, glyceollin IV; 10,

glyceollin VIIL

Table 3. Chromatographic and Spectral Characteristics of the Pterocarpans in Soybean Leaves

peak tr (min) Amax (nm) MS (m/z) HREIMS fragments (m/z) identification
1 41.62 344 268 268.0373 268 (100), 240 (11), 211 (4) coumestrol
2 38.74 342 298 298.0476 298 (100), 270 (59), 255 (36), 242 (12) isotrifoliol
3 54.16 344 336 336.1004 336 (54), 319 (42), 280 (100), 268 (32) phaseol
4 3791 284 338 338.1161 338 (15), 323 (48), 320 (82), 305 (100) glyceollin I
S 24.52 286 354 354.1127 354 (25), 339 (100), 336 (36) glyceofuran
6 36.95 287 338 338.1158 338 (15), 320 (100), 305 (89), 149 (54) glyceollin 11T
7 42.96 285 336 336.1007 336 (9), 329 (16), 318 (100), 178 (38) glyceollin VII
8 48.69 333 320 320.1050 320 (100), 319 (54), 305 (89), 277 (11) glyceollin VI
9 44.75 286 354 354.1467 336 (100), 335 (83), 321 (9), 277 (11) glyceollin IV
10 45.20 284 384 384.1572 384 (17), 366 (100), 365 (77), 351 (19) glyceollin VIII

identified as known compounds coumestrol (1), isotrifoliol (2),
phaseol (3), glyceollin I (4), glyceofuran (5), glyceollin III (6),
glyceollin VII (7), glyceollin VI (8), and glyceollin IV (9) by
comparin(g our spectroscopic data with those previously
reported.'® > New compound 10 was obtained as a yellowish
powder with the molecular formula C,,H,40¢ and 11 degrees of
unsaturation established by HREIMS (1m/z 384.1572 [M*], caled
384.1573). '"H and "*C NMR data in conjuncation with a DEPT
experiment indicated the presence of 22 carbon atoms, consisting of
the following functional groups: 2 methylenes (sp3) , 1 methine (5p3) )

5 methines (sp), 4 methyls, and 10 quaternary carbons
(Table 1). The "*C NMR data enabled carbons corresponding
to 7 C—C double bonds to be identified, and thus accounted for
7 of the 11 degrees of unsaturation. The extra four degrees of
unsaturation were ascribed to four rings, two of which were
aromatic. According to ">C and "H NMR spectra, compound 10
was found to contain both an oxygenated sp® methylene
(diastereotopic protons: Ha Oy 3.86, d; and Hf Oy 4.05, d)
and an oxygenated methine (Jy 5.33, s). The overall NMR
characteristics suggested that 10 bears a 6a-hydroxypterocarpan
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Figure 7. Comparative change of individual 6a-hydroxypterocarpan
contents at different growth stages (R3 and RS—R7). Calculation was
based on the area of HPLC analysis. Values, reported as relative contents
versus the amount of individual pterocarpans at R4 stage, are the mean +
SD of measurements carried out on three independent samples analyzed
three times.

backbone.?! Proton coupling networks (H-1'/H-2/, H-2'/H-4/,
and H-5') in the COSY spectrum revealed a 3,3-dimethylallyl
group. HMBC correlation of H-1" with C-1, C-2, and C-3
revealed that the 3,3-dimethylallyl group was situated on C-2
(Figure 3). The 'H NMR signals of 0y 3.90 (3H, s) and 3.75
(3H, s) were derived from methoxy groups. The methoxy groups
were shown to be positioned at C-3 and C-9 by HMBC
correlations between OCH;/C-3 (d¢ 63.8) and OCH;/C-9
(O¢ 56.5). The AB aromatic proton spin systems (Oy 7.15, d,
for H-7; 044 6.40, d, for H-8) and a single aromatic proton (Og 6.25
for H-10) further indicated the presence of a methoxy group on
C-9. From HMBC correlations of H-4 with both C-3 (¢ 161.3)
and C-4a (O¢ 156.6), the position of the hydroxyl group was
inferred to be at C-1. The absolute configuration at C-6a and
C-11a was assigned as S from its negative optical rotation
([a]p™® —192,¢0.26, CH;0H), negative Cotton effect of ca. 250 nm,
and positive CD peaks at ca. 290 nm.”” Thus, compound 10 was
characterized as  (6aS,11a$)-3,6a-dihydroxy-2-(3,3-dimethylallyl)-
1,9-dimethoxypterocarpan and named glyceollin VIIL.

Given the data from the crude extracts, all isolated pterocar-
pans (1—10) were screened for their inhibition of a-glucosidase
and neuraminidase. These compounds showed potent inhibition
against a-glucosidase and/or neuraminidase, but they showed no
inhibition against other glycosidases studied above (Table 2).
The structure of the pterocarpan affected its inhibitory potency
significantly. Consistent with the data from the crude leaf extract,
the 6a-hydroxypterocarpan series proved to be more effective
against neuraminidase (ICj, values ranging from 2.4 to 89.4 M)
than against a-glucosidase (ICs, ranging from 94.4 4M to >100
uM). Figure 4 describes the inhibitory selectivity of 6a-hydro-
xypterocarpans (7, 10) and coumestanes (1, 2) with related
glycosidases. 6a-Hydroxypterocarpan 7 inhibited neuraminidase
with an ICsq of 2.4 M, whereas it inhibited a-glucosidase with
an ICsq 0f 90.4 M. The coumestan series was effective against a-
glucosidase, with ICsq values ranging from 6.0 to 42.6 «M, which
compares favorably to neuraminidase inhibition (ICso > 37.8
uM). These inhibitory features encouraged us to investigate
the relationship between 6a-hydroxypterocarpans and neur-
aminidase. All pterocarpans 5—10 exhibited a significant,

dose-dependent degree of inhibition (Figure SA). However, the
activity was affected by subtle changes in structure. Ring closure
of the prenyl group onto C3-OH to form pentacyclic structures
(6,7, and 8) gave significant activity, with ICs, values of 3.6, 2.4,
and 4.0 uM, respectively. However, hydrated pentacycle § was
less potent (ICso = 22.6 uM). Capping the 6a-hydroxypterocar-
pan with a methyl group on C3-OCHj also gave lower potency
(ICso = 23.1 uM). The inhibition of neuraminidase by com-
pound 7 is illustrated in Figure 5B, representatively. Plots of
initial velocity versus enzyme concentration in the presence of
different concentrations of compound 7 gave a family of straight
lines, all of which passed through the origin. Increasing the
inhibitor concentration lowered the line gradients, indicating
that the compound was a reversible inhibitor. The Dixon plot of 7
versus 1/V resulted in a family of straight lines with a common
x-axis intercept (Figure SC). Furthermore, the V,,,, decreased
while K, remained constant with increasing concentrations of
inhibitor 7 (Figure SD). These indicate that pterocarpan 7
exhibits noncompetitive inhibition of neuraminidase.

To set the importance of isolated pterocarpans in a practical
content, a comprehensive profile of the constituents of the ethyl
acetate extract of soybean leaves as a function of growth stage was
established as shown in Figure 6. The compounds represented by
the 10 main pterocarpans peaks (1—10) were collected and
identified. The nature of each peak in the HPLC trace was doubly
verified by comparison with retention time of the pure com-
pound and also by LC-MS (Figure 6 and Table 3). All com-
pounds examined in this study were detected in the HPLC
chromatogram such as 41.6 min, coumestrol (1); 38.7 min,
isotrifoliol (2); 54.1 min, phaseol (3); 37.9 min, glyceollin I (4);
24.5 min, glyceofuran (5); 36.9 min, glyceollin III (6); 42.9 min,
glyceollin VII (7); 48.7 min, glyceollin VI (8); 44.7 min,
glyceollin IV (9); and 45.2 min, glyceollin VIII (10). We chose
to measure absorbance at 280 nm because this was closer to the
Amax of the pterocarpans (1—10). In fact, 6a-hydroxypterocar-
pans were not detected properly at 254 nm, where the focus of
earlier publications, the coumestol series, absorbed.?® Levels of
individual pterocarpans in leaves increased dramatically from the
R3 to R7 stage. Most pterocarpans appeared at the R3 stage, and
a rapid increase in pterocarpan concentration was observed
onward to R7. To measure the relative change of the 6a-
hydroxypterocarpans in different growth stages, HPLC analysis
was used. The areas of each pterocarpan peak were quantified
relative to each peak at the R4 growth stage as shown Figure 7. A
correlation between advance in growth stage and concentration
of pterocarpan is apparent. The most rapid change was observed
in compounds $§ and 7, both of which increased almost 10-fold
between R4 and R7.

In conclusion, the soybean leaves were found to be a rich
source of pterocarpan-derived neuraminidase and a-glucosidase
inhibitors. The principal components were pterocarpans, of
which 10 was defined as a novel compound named glyceollin
VIIL The relationship between structure and enzyme inhibition
was investigated: 6a-hydroxypterocarpans exhibited much higher
inhibition against neuraminidase than against o-glucosidase,
whereas coumestrol showed the reverse trend. We proceeded
to carry out a quantitative analysis of the onset and changes in
concentrations of these 6a-hydroxypterocarpans as a function of
growth stage of the plant from R3 to R7. The emergence and
peak of 6a-hydroxypterocarpans coincided with the onset and
increase in potency of neuraminidase inhibition in the crude
extract of the plant.
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