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Soybean phytochemicals responsible for bacterial
neuraminidase inhibition and their
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Ethanol extract of soybean (Glycine max (L.) Merr.) showed good inhibitory activity against bacterial neura-

minidase (BNA), which plays a pivotal role in the pathogenesis of a number of microbial diseases. The

saponin portion fractionated through preparative HPLC (IC50 = 2.25 μg mL−1) was found to be responsible

for the observed BNA inhibition. Estimation of the inhibitory effects by individual compounds showed that

the soyasaponins of group B (Ba, Bb, Bb’, Bc, and Bd) exhibited extremely high inhibitions (IC50 =

0.25–0.48 μM), whereas group A (Aa, Ab, and Ac) was almost inactive. Kinetic studies determined that

group B soyasaponins were noncompetitive inhibitors. Furthermore, molecular docking experiments

confirmed that soyasaponin Ba (group B) could undergo binding interactions with various residues in the

binding pocket. In contrast, soyasaponin Aa (group A) failed to enter the binding pocket due to its extra

scaffold structure of oligosaccharides bonded to the 22-hydroxyl position. The metabolites in the

soybean extract were fully characterized using UPLC-ESI-TOF/MS.

1. Introduction

Soybean (Glycine max (L.) Merr.) is considered to be one of the
most popular food sources, because of the large amount of
nutrient content, such as proteins, carbohydrates, lipids,
dietary fiber, and vitamins.1 In recent decades, numerous
studies have focused on the phytochemicals of soybean that
are beneficial for human health.2 Among them, isoflavonoids
and soyasaponins are the main bioactive ingredients which are
significant for nutraceutical purposes.3 Isoflavones have a
unique chemical structure that provides versatile human
health benefits based on their antioxidant potential and
alternative effects on the female hormone, estrogen.4

Specifically, the isoflavones show a preventive ability against
complex diseases associated with menopausal disorders and
cardiovascular, musculoskeletal, reproductive and cognitive
systems.5 On the other hand, the soyasaponins have also sig-
nificant potential with respect to anticarcinogenic, hypoglyce-
mic, hyposterolemic, hepatoprotective and anti-inflammatory

activities.6,7 Overall, soybean extract is known for its antiviral
and antimicrobial effects, but the activity of the individual
components still awaits detailed investigation.8,9 In our study,
during the investigation of new biological functions of
soybean extract, the soyasaponin enriched fraction showed a
significant inhibition effect on bacterial neuraminidase (BNA).

The BNA (EC 3.2.1.18) belongs to the group of exo-siali-
dases, which cleaves an α-ketosidic bond between a terminal
sialic acid residue and adjoining oligosaccharide fragment.10

This enzyme plays crucial roles in the infection by pathogenic
bacteria, immune cascade after infection, and bacterial metab-
olism.11 The sialic acid linkage is an important target of infec-
tion by pathogenic bacteria, such as Clostridium perfringens.
Enhancement of the adhesion of C. perfringens is due to the
negative charges of sialic acids and their ability to disrupt the
integrity of the endothelial barrier.12 Therefore, neuraminidase
inhibitors are involved in the infection step when the sialic
acid linkage is one of the target recognition points for the bac-
teria.12 Meanwhile, after infection, the sialic acid linkage plays
a key role in initiating the inflammatory cascade to produce
explosive cytokines leading to sepsis.13 The BNA plays certain
roles in the regulation of the release of toxins from intestinal
infections and substrate generation needed for bacterial
metabolism as an energy source for growth.14 Based on the
involvement in bacterial metabolism, BNA inhibitors could
prevent pathogenic bacterial diseases along with antibiotics.

The current research presents the disclosure of neuramini-
dase-inhibiting soyasaponins in soybean extract by activity-
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guided fractionation. Enzyme kinetic studies were carried out
with individual soyasaponins to find out the active com-
ponents. Molecular docking experiments were accomplished
to explain the interaction between group B soyasaponin and
the BNA enzyme. Additionally, most of the metabolites in an
ethanol extract were annotated by UPLC-ESI-Q-TOF/MS.

2. Materials and methods
2.1. Plant materials and chemicals

Soybeans (G. max (L.) Merr.) were purchased from the Korea
Seed & Variety Service (Andong, South Korea). Soyasapongenol
A, soyasaponin Aa, soyasaponin Ab, soyasaponin Ac, soyasapo-
genol B, soyasaponin Ba, soyasaponin Bb, soyasaponin Bb′,
soyasaponin Bc, soyasaponin Bd, and soyasaponin Be were
provided by ChemFaces (Wuhan, Hubei, China). Water and
acetonitrile required for UPLC-ESI-Q-TOF/MS analysis were
from Milli-Q Academic (Merck Millipore, Burlington, MA,
USA). Ethanol, all other chemicals and solvents used in the
current study were of analytical grade and purchased from
Fisher Scientific (Fair Lawn, NJ, USA). C. perfringens neurami-
nidase (EC 3.2.1.18), quercetin, and 4-methylumbelliferyl-α-D-
acetylneuramic acid sodium salt were obtained from Sigma
Aldrich (St Louis, USA).

2.2. Extraction and fractionation

Soybeans were crushed using a grinder and sieved (200 µm).
Then, 10 g of powdered soybeans were extracted using 50 mL of
80% ethanol by sonication for 3 h at 25 °C. The ethanol extract
(EE) was centrifuged at 3000 rpm for 10 min, and the supernatant
was filtered through a syringe filter (0.2 µm, hydrophobic,
Advantec, Japan) and Sep-Pac cartridge (Waters Corporation
Milford, Massachusetts, USA) to remove lipids. The filtered
extract was concentrated through evaporation. Fractionation of
the extract was performed using a preparative HPLC Forte/R 100
(YMC Co., Kyoto, Japan) with a reverse-phase C18 column (Triart
Prep C18-S, 250 × 20 mm, S-10 μm, 12 nm, YMC-Actus). For this,
the dry EE dissolved in water was fractioned with gradual chan-
ging of the water/methanol system (97 : 3 → 0 : 100) to obtain a
polyphenol rich fraction (PF) and a soyasaponin rich fraction
(SF), which were directly dried for use in further enzymatic assay.

2.3. UPLC-ESI-Q-TOF/MS analysis

The metabolite profiles of soybean EE were analyzed using a
UPLC-ESI-Q-TOF/MS system. The EE (10 mg mL−1, 1 μL) was
subjected to a reverse phase column (Acquity UPLC BEH C18,
2.1 × 100 mm, 1.7 μm; Waters). Separation was performed with
gradient conditions of two mobile phases (A: water with 0.1%
formic acid; B: ACN with 0.1% formic acid): 0–1 min, 3–15% B;
1–5 min, 15–25% B; 5–7 min, 25–30% B; 7–15 min, 30–57% B;
15–18 min, 57–100% B and 18–20 min, 10% B were provided.
The analysis was performed at a flow rate of 0.35 mL min−1.
Mass spectrometry was conducted in positive ion mode ([M +
H]+). The desolvation temperature was 400 °C at 800 L h−1 and
the source temperature was 100 °C at 30 L h−1. The capillary

and cone voltages were 3 kV and 30 V, respectively. The data
obtained for each sample were in the range of m/z 50–1500
with a 0.2 s scan time and a 0.01 s interscan delay. The col-
lision energy ramp was from 10 to 30 eV for full scan of (m/z
50–1500) exact MS.

2.4. Data processing

The data sets obtained from LC-Q-TOF/MS were analyzed
using UNIFI v1.8.1 software (Waters). The peaks indicating
metabolites were obtained with a peak-width at 5% half peak
height, the noise of peak-to-peak baseline was 1000, the elim-
ination of noise was 6, and the threshold intensity was 10 000.
Data alignment was performed via a 0.05 Da mass window and
a 0.2 min retention time window. An internal standard was
used to normalize the mass spectra. The metabolites were
identified according to ChemSpider (https://www.chemspider.
com), human metabolome databases (https://www.hmdb.ca),
and the METLIN databases.

2.5. Bacterial neuraminidase inhibition assay

To examine the BNA inhibitions, fluorescence spectra were
recorded on a SpectraMax M3 Multi-Mode Microplate Reader
(Molecular Devices, USA) following the previously published
methods.15,16 The excitation and emission wavelengths were 365
and 450 nm, respectively, and the reactions were performed in a
96-well black immuno-microplate (SPL Life Sciences, Korea) at
37 °C. First, 20 µL of 1 mM aqueous solution of the substrate,
4-methylumbelliferyl-N-acetyl-α-D-neuraminic acid sodium salt,
was mixed with 160 µL of 50 mM sodium acetate buffer (pH
5.0). Then, 10 µL of the test solution and 10 µL of enzyme (0.2
units per mL) were mixed simultaneously. The testing solutions
for determining activity were prepared stock concentrations of
2000 μg mL−1 for extracts (EE, SF and PF) and 8000 µM for com-
pounds. The inhibitor concentration for 50% loss of the enzyme
activity (IC50) was obtained from eqn (1):

Activity ð%Þ ¼ ½1þ ð½I�=IC50Þ� � 100: ð1Þ

2.6. Bacterial neuraminidase kinetic assay

The enzyme kinetic behavior was evaluated with different sub-
strate concentrations (0, 0.5, 1 and 2 mM) and different con-
centrations of the inhibitors using double reciprocal plots
similar to previously published methods.17,18 Kinetic para-
meters, Michaelis–Menten constant (Km) and maximum vel-
ocity (Vmax) were determined from the Lineweaver–Burk plots.
From Dixon plots, enzyme and inhibitor dissociation con-
stants (Ki) were calculated. The experiments were analyzed
using Sigma Plot (v. 10.0).

2.7. Measurement of binding affinity to the enzyme

In 96-well black immuno-plates, 160 µL of buffer, 20 µL of 1
unit per mL BNA, and 20 µL of the inhibitors at different con-
centrations (31.25–500.00 µM) were mixed. Then the spectra of
the fluorescence emissions were recorded from 300 to 400 nm
(with 2.0 nm steps) at an excitation wavelength of 250 nm.16
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2.8. Molecular docking

The C. perfringens neuraminidase crystal structure (PDB ID:
5TSP) complexed with the inhibitor CHES with a resolution of
1.24 Å was taken from RCSB Protein Data Bank (https://www.
rcsb.org).19 Successively, the protein was set by enabling the
Clean Protein tool accessible through Discovery Studio v2018
(DS). After removing the heteroatoms and deleting water mole-
cules, the protein size was reduced using the Minimize and
Refine Protein module with the DS. The 3D structures of com-
pounds 1a and 2a were formed using the sketching tool
(PubChem Sketcher v2.4) and their geometry was improved
with the Avogadro program. To determine the binding modes,
GOLD Suite 5.2.2 (the Cambridge Crystallo-graphic Data
Center, UK) was used with its genetic algorithms.20 The

docking site was determined within 10 Å of the allosteric site
using the reference of the quercetin docking model which was
reported previously.21 In molecular docking simulations, each
ligand generated 30 conformations keeping all other default
parameters invariable. The optimal binding modes of the
inhibitor with the enzyme were designated by the highest
GOLD fitness score.

3. Results and discussion
3.1. Annotation of metabolites in soybeans

Soybean has consistently been of interest for its health
benefits due to the presence of various phytochemicals,

Fig. 1 (A) UPLC-ESI-TOF/MS chromatograms showing the base peak intensity (BPI) of the soybean ethanol extract, (B) flavonoid fraction and (C)
soyasaponin fraction obtained by separation of the ethanol extract using preparative HPLC: peak 1, tryptophan; 2, phenylalanine; 3, daidzin; 4, glyci-
tin; 5, genistein; 6, malonyldaidzin; 7, malonylglycitin; 8, acetyldaidzin; 9, malonylgenistin; 10, daidzein 11, soyasaponin Ab; 12, soyasaponin Ac; 13,
soyasaponin Af; 14, soyasaponin J-αa; 15, soyasaponin Ba; 16, soyasaponin Bb; 17, soyasaponin Bb’; 18, soyasaponin Bc; 19, soyasaponin J-αg; 20,
soyasaponin Bd; 21, soyasaponin αg; 22, soyasaponin Be; 23, soyasaponin βg; 24, soyasaponin βa; 25, soyasaponin γg; and 26, soyasaponin γa.
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mainly flavonoids and saponins. It is well documented that
soybean has a variety of pharmaceutical benefits, such as
anticancer,22,23 anti-inflammatory,24 and antimicrobial
activities,9,25 and relieving of menopause.26 In the course of
research on enzyme inhibitors, 80% of the ethanol extracts
(EEs) of soybeans was found to be effective toward bacterial
neuraminidase (BNA) inhibition that is associated with con-
trolling pathogenic bacteria. Consequently, the EE was fractio-
nated into two parts – the polyphenolic fraction (PF) contain-
ing mainly flavonoids and the saponin fraction (SF) using pre-
parative HPLC. The SF had significant BNA inhibition
(vide infra) and further activity guided analysis of the respon-
sible metabolites was conducted. The phytochemicals in the
EE were analyzed by UPLC-ESI-Q-TOF/MS to reveal that the fla-
vonoids and saponins are the most abundant secondary
metabolites in soybean. Within 20 minutes, UPLC executed a
complete chromatographic separation of the various major
and minor peaks. Most of the peaks in the BPI (Base Peak Ion)
chromatogram were annotated to give twenty-six phytochem-
icals (Fig. 1). The retention times, molecular ions and elemen-
tal compositions of the identified phytochemicals using mass
spectra and comparison with previous works are shown in ESI
Table S1.† In this study, we focused on the identification of
ten saponin peaks from soybean due to their greater inhibitory
potential against BNA enzyme than the other metabolites (ESI
Fig. S1–S4†). UPLC in combination with TOF MS forms a
classy method to instantly annotate several glycoside com-
pounds because of the product ions that are generated from
the fragmentation of a selected precursor ion. The annotation
of the remaining eight flavonoids and lipids is provided in ESI
Table S1 and Fig. S5 and S6.†

The ESI/MS spectra of three peaks 11–13 (tR = 10.12, 10.26
and 10.71 min) exhibited the molecular ions [M + H]+ at m/z
1437.6, m/z 1421.6, and m/z 1275.5. All the three ions had their
own unique precursor ions, viz. 975.5 (for peak 9), 959.5 (for
peak 10) and 813.4 (for peak 11), resulting from the decompo-
sition of the molecular ion at m/z 462.1 [acetyl Glc–Ara]. On
the basis of the above results and earlier reports, their struc-
tures were assigned as soyasaponin Ab,27,28 soyasaponin Ac,27

and soyasaponin Af,27,29 respectively. Peaks 14 and 19 (tR =
11.11 and 12.09 min) exhibiting the molecular ion at m/z 423
[aglycon–OH–H2O]

+ originating from the malonate group in
common together helped identify the molecular ions [M + H]+

m/z 1029.5, m/z 1059.5. Their structures were assigned as soya-
saponin J-αa and J-αg, respectively.30 In particular, the ESI/MS
spectra of four peaks 15–18 (tR = 11.47, 11.72, 11.09, 11.72,
12.09 and 12.09 min) exhibited the molecular ion at m/z 441
which originated from the soyasapogenol B skeleton in
common together with the molecular ions [M + H]+ m/z 959.5,
m/z 943.5, m/z 797.4, and m/z 913.5. Their chemical structures
were assigned as soyasaponin Ba, soyasaponin Bb, soyasapo-
nin Bb′ and soyasaponin Bc, respectively, by comparing with
the earlier publications.27,29 The peaks 20 and 22 were
assigned as soyasaponin Bd and soyasaponin Be from the
molecular ions [M + H]+ at m/z 957.5 and m/z 941.5,
respectively.27,29 They belong to group E saponins having a

common precursor ion at m/z 439.3. The five peaks 21 and
23–26 (tR = 12.76, 13.04, 13.33, 13.66 and 13.83 min) showed
molecular ions [M + H]+ at m/z 1085.5, m/z 1069.5, m/z 1039.5,
m/z 932.4 and m/z 893.4 together with a unique precursor ion
at m/z 567.4 based on DDMP (2,3-dihydro-2,5-dihydroxy-6-
methyl-4H-pyran-4-one) saponins. Thus, their chemical struc-
tures were assigned as soyasaponin αg, soyasaponin βg, soyasa-
ponin βa, soyasaponin γg and soyasaponin γa, respectively.27,29

3.2. Neuraminidase inhibition of soyasaponins

In preliminary screening, we observed that the EE of soybeans
showed significant inhibition (50% inhibition at 28 μg mL−1)
of BNA. The high potency of EE encouraged us to identify the
compounds responsible for enzyme inhibition. The EE was
practically separated into two parts, viz. the flavonoid part (PF)
and the saponin part (SF) via preparative HPLC and eluting
solvent, methanol in water. The complete separation of PF and
SF was confirmed by BPI chromatograms (Fig. 1B and C). The
enzyme was assayed following a standard literature procedure
via hydrolysis of sialic acid spectrophotometrically.16 As shown
in Fig. 2A and Table 1, the SF was evaluated as the main frac-
tion for BNA inhibition. The SF (tR = 10–15 min, IC50 = 2.3 μg

Fig. 2 (A) Bacterial neuraminidase (BNA) inhibitory activity of the
ethanol extract (EE), polyphenolic fraction (PF) and saponin fraction (SF)
of soybeans (Glycine max [L.] Merr) at 30 μg mL−1. BNA inhibition per-
centage (B) of soyasapogenol A (1) and soyasaponin Aa (1a) at 50 μM, (C)
of compounds soyasapogenol B (2) and soyasaponin Ba (2a) at 10 μM.
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mL−1) exhibited 10-fold potent inhibition than the PF (tR =
0–7 min, IC50 = 23.3 μg mL−1).

The soyasaponins in soybean have been divided into group
A and group B soyasaponins on the basis of their aglycone
structures.31 The group A soyasaponins are didesmosidic with
sugar substituted in groups of oligosaccharides bonded to the
aglycone at the 3- and 22-hydroxyl positions.32 Group B soyasa-
ponins arise from the bonding of sugars in the oligosaccharide
attached to the 3-hydroxyl position of the aglycone, and they
are again classified as the DDMP group B soyasaponins and
the non-DDMP group B soyasaponins based on the attachment
of 2,3-dihydro-2,5-dihydroxy-6-methyl-4H-pyran-4-one.3 After
determination of the active fraction containing saponins, we
carried out BNA inhibition experiments with eight soyasapo-
nins which are commercially available as chemical reagents.
They are soyasaponin Aa (1a), soyasaponin Ab (1b), soyasapo-
nin Ac (1c), soyasaponin Ba (2a), soyasaponin Bb (2b), soyasa-
ponin Bb′ (2c), soyasaponin Bc (2d), and soyasaponin Bd (2e).
All these 8 compounds were annotated in our soybean EE and
their structures are given in Fig. 3. Soyasapogenol A (1) and

Table 1 Inhibition of bacterial neuraminidase (BNA) by soyabean
extract, fractions, and compounds

Compounds IC50
a (μg mL−1, μM) Kinetic mode (Ki

b, μM)

EEc 28.23 ± 9.20 NTd

PFc 23.25 ± 0.23 NT
SFc 2.25 ± 0.05 NT
1 81.85 ± 0.76 Noncompetitive (74.17 ± 0.25)
1a >200 NT
1b >200 NT
1c >200 NT
2 16.94 ± 4.06 Noncompetitive (15.54 ± 0.06)
2a 0.46 ± 0.01 Noncompetitive (0.42 ± 0.07)
2b 0.26 ± 0.01 Noncompetitive (0.24 ± 0.05)
2c 0.25 ± 0.02 Noncompetitive (0.22 ± 0.04)
2d 0.48 ± 0.15 Noncompetitive (0.45 ± 0.11)
2e 0.27 ± 0.09 Noncompetitive (0.24 ± 0.04)

a All compounds were examined in a set of experiments repeated three
times and the IC50 values of compounds represent the concentrations
in μM (μg mL−1 for extracts) that caused 50% loss of enzyme activity.
b Values of inhibition constant. c EE is the 80% ethanol extract, PF is
the polyphenolic fraction, and SF is the saponin fraction. dNT is not
tested.

Fig. 3 Structures of BNA inhibitory compounds from soybean, soyasapogenol A (1), soyasapogenol B (2), soyasaponin Aa (1a), soyasaponin Ab (1b),
soyasaponin Ac (1c), soyasaponin Ba (2a), soyasaponin Bb (2b), soyasaponin Bb’ (2c), soyasaponin Bc (2d), and soyasaponin Bd (2e).
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soyasapogenol B (2) were examined in BNA inhibition assay to
illustrate the effectiveness of the aglycone part of soyasapo-
nins. Comparing the aglycone parts, soyasapogenol B (2, IC50 =
16.9 μM) was found to have a 4-fold higher inhibition than
soyasapogenol A (1, IC50 = 81.6 μM). Also, the BNA inhibitory

potencies varied according to the type of soyasaponin. Group A
saponins were almost not active to BNA inhibition (IC50 >
200 μM), which is rather lower than that of the aglycone (soya-
sapogenol A) as given in Fig. 2B. The non-DDMP group soyasa-
ponins (2a–2e) exhibited significant BNA inhibition with the

Fig. 4 (A) Dose-dependent behavior of compounds 2, 2a and 2b on BNA. (B) The catalytic activity of BNA as a function of enzyme concentration at
different concentrations of compound 2c. (C) and (E) Lineweaver–Burk plots of compounds 2c and 2d, respectively. (D) and (F) Dixon plots of com-
pounds 2c and 2d. Lineweaver–Burk plots of aglycone compounds (G) soyasapogenol A (1) and (H) soyasapogenol B (2), respectively.
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IC50s ranging from 0.25 to 0.48 μM. Specifically, the BNA
inhibitory potency increased dramatically by 40-fold when
soyasapogenol B became its glycoside (2a–2e), as shown in
Fig. 2C. However, there was not much difference when there
was a combination of sugar motifs at the C-3 hydroxyl posi-
tion. From a literature review, Zhu et al. reported viral neura-
minidase inhibitory activity of triterpenoid saponins from
marine sponge.33 This study is the first report that soyasapo-
nins have great potential for BNA inhibition. Another advan-
tage may be that group B soyasaponins have better bio-
availability than group A soyasaponins.34

A more detailed bioassay of the enzyme active soyasaponins
(2a–2e) was subsequently conducted. Dose-dependent inhibi-
tory effects on BNA activity were observed with soyasapogenol
B (2) and soyasaponins of group B (2a–2e). A dramatic differ-
ence between soyasapogenol B (2) and its glycosides (2a and
2b) was observed and expressed as logarithmic plots, as pre-
sented in Fig. 4A. The soyasaponins Bb′ (2c), Bc (2d) and Bd
(2e) also inhibited BNA appreciably. The inhibition of BNA by
soyasaponin Bb′ (2c), the most potent inhibitor (IC50 =
0.25 μM), is illustrated in Fig. 4B. The plots of residual enzyme
activity vs. BNA enzyme amounts at different concentrations
(0, 0.1, 0.2, and 0.4 μM) of 2c gave a family of straight lines
with the intercept at zero on the y-axis. This kinetic pattern
was consistent with reversible inhibitors. Increasing the con-
centration of 2c resulted in the reduction of the slopes. All
inhibitors 1, 2 and 2a–2e manifested a similar relationship
between enzyme activity and its concentration.

The kinetic behaviors of the hydrolysis of sialic acid lin-
kages by BNA at different concentrations of the inhibitors were
analyzed using both Lineweaver–Burk and Dixon plots. In
these experiments, the initial velocity of the enzyme was moni-
tored via fluorescence emission at 450 nm and the excitation
wavelength was 365 nm. All soyasaponins 2a–2e produced a
family of straight lines with the same x-axis intercept in the
Lineweaver–Burk plots, indicating that there was no change in
the Km value, but the Vmax decreased by the inhibitors (Fig. 4C
and E). Thus, compounds 2a–2e were confirmed as noncompe-
titive inhibitors of the BNA enzyme. The Ki values of 2a–2e

were determined to be 0.22–0.45 μM from the Dixon plots
(Fig. 4D and F). Soyasapogenol A (1) and soyasapogenol B (2)
have also been confirmed as noncompetitive inhibitors from
the Lineweaver–Burk plots, as shown in Fig. 4G and H. This is
the first study that determined that soyasaponins’, particularly
B-type soyasaponins’, inhibition potential and binding mode
with the BNA enzyme. The results of this study are expected to
contribute to the biological study of leguminous crops because
soyasaponins are widely distributed in these crops including
adzuki bean, cowpea lentil, chickpea and scarlet runner bean.

3.3. Binding affinity to the enzyme

The BNA shows fluorescence because of nine Trp, twenty-two
Tyr, and eight Phe residues.16 The binding affinity of inhibi-
tors to the BNA was evaluated by the measurement of the fluo-
rescence quenching effect, which is explained by the Stern–
Volmer eqn (2):

F0 � F ¼ 1þ KSV½Q� ð2Þ
where F0 and F are the fluorescence intensities in the presence
and absence of the quencher [Q]. KSV is the Stern–Volmer
quenching constant which reflects the quenching duration. The
calculation of the change in the fluorescence intensities and the
quencher amount is performed using following eqn (3):

log½ðF0 – FÞ=F� ¼ log KA þ n log½Q�f ð3Þ
where [Q]f is the concentration of the quenchers; KA is the
binding constant for the acceptable fluorophores; and n is the
number of binding sites per BNA molecule (ESI Table S2†).
The n values were about 1, indicating that the binding site of
the inhibitor to BNA is only one. The spectra in Fig. 5A and B
show that the fluorescence intensities decreased with the
increase of quencher concentrations. The binding constants
(KSV) were measured for soyasaponin 1a as 0.08 × 105 L mol−1

and for 2a as 0.17 × 105 L mol−1 (ESI Table S2†), which corre-
sponded to their inhibitory activities (1a, IC50 > 200 μM vs. 2a,
IC50 = 0.46 μM).

Fig. 5 The fluorescence spectra of BNA in the presence of different concentrations (0, 3.1, 6.3, 12.5, 25.0, and 50.0 μM) for curves a → f, T = 37 °C,
(A) for compound 1a and (B) for compound 2a. (Inset) Areas under curves (AUC) of fluorescence emission spectra for BNA are shown for compounds
1a and 2a, respectively.
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3.3. Molecular docking study

Molecular docking is one of the superior methods that can
predict the binding modes of some given small molecules at
protein active sites.35 To investigate the proper binding modes
of soyasaponin Aa (1a) and soyasaponin Ba (2a) at the

C. perfringens, a neuraminidase binding pocket was used in
the molecular docking simulations. Prior to the docking study,
we collected three-dimensional protein structure information
and performed structural preparation. Interestingly, the
C. perfringens neuraminidase target has two defined binding
sites, the catalytic site and the allosteric site. The allosteric site

Fig. 6 Binding mode and molecular interactions of compound 2a with the key residues in the binding site of the BNA. (A) Binding mode of 2a at the
binding site and interacting residues. (B) Electrostatic surface model to show the binding pocket geometry. (C) Molecular interaction diagram in 2a.
All interactions are indicated by dotted lines. Conventional hydrogen bonds are shown in green, carbon hydrogen bonds in light green, and alkyl
interactions in pink.
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was used in the current study since these compounds were
determined as noncompetitive inhibitors from previous
kinetic experiments.

Molecular docking revealed that the averages of the top 10
docking scores of soyasaponin Aa (1a) and soyasaponin Ba (2a)
were 37.92 and 52.87, respectively. However, compound 2a,
which showed good activity, was observed to form some clusters
through its binding modes. Furthermore, 2a formed hydrogen
bonds with GLY367, LYS368, GLU385, ASN401, LYS505, and
ASN506, and formed an alkyl bond with LEU371 and VAL383,
showing stable binding in the binding pocket (Fig. 6A–C).

On the other hand, the predicted binding modes of 1a did
not converge to one, as the results showed its various forms. It
appeared that the added extra scaffold portion (purple & red
dot circles), which is the main difference from compound 2a,
inhibited the ligand to bind strongly with the pocket. Without
proper entry, the ligands appeared to be spread over the
protein surface. From this binding mode comparison, it can
be assumed that the activity difference between the two com-
pounds was mainly caused by the poor entry into the binding
pocket due to the extra scaffold structure in 1a (Fig. 7A–D).

4. Conclusions

In conclusion, the present study demonstrated that soyasapo-
nins have effective BNA inhibition firstly through practical
activity-guided fractionation. The main components in the
soybean EE were characterized using UPLC-ESI-TOF/MS. The
active compounds soyasaponin Bb (2b) and soyasaponin βg are
the most abundant metabolites in soybean. More detailed
enzyme kinetic experiments showed that the group B soyasapo-
nins were the primary ingredients for BNA inhibition. The
group A soyasaponins showed low activities toward BNA inhi-

bition. Based on the results of molecular docking experiments,
with representative compounds of groups A (1a) and B (2a) we
confirmed that group B soyasaponin could stably reside in the
binding pocket. The low activity of group A was due to
difficulty in entering the binding pocket because of the pres-
ence of its extra scaffold. These results would offer new insight
into the biological advantages of soybean with regard to bac-
terial pathogenesis based on neuraminidase inhibition.
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